
Journal Pre-proof

Garlic constituents for cancer prevention and
therapy: From phytochemistry to novel
formulations

Arijit Mondal, Sabyasachi Banerjee, Sankhadip
Bose, Sujayita Mazumder, Rebecca A. Haber,
Mohammad Hosein Farzaei, Anupam Bishayee

PII: S1043-6618(21)00421-7

DOI: https://doi.org/10.1016/j.phrs.2021.105837

Reference: YPHRS105837

To appear in: Pharmacological Research

Received date: 2 June 2021
Revised date: 14 August 2021
Accepted date: 16 August 2021

Please cite this article as: Arijit Mondal, Sabyasachi Banerjee, Sankhadip Bose,
Sujayita Mazumder, Rebecca A. Haber, Mohammad Hosein Farzaei and
Anupam Bishayee, Garlic constituents for cancer prevention and therapy: From
phytochemistry to novel formulations, Pharmacological Research, (2021)
doi:https://doi.org/10.1016/j.phrs.2021.105837

This is a PDF file of an article that has undergone enhancements after acceptance,
such as the addition of a cover page and metadata, and formatting for readability,
but it is not yet the definitive version of record. This version will undergo
additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier.

https://doi.org/10.1016/j.phrs.2021.105837
https://doi.org/10.1016/j.phrs.2021.105837


1 

 

Garlic constituents for cancer prevention and 

therapy: From phytochemistry to novel formula-

tions  
 

Arijit Mondal 
a,
**, Sabyasachi Banerjee 

b
, Sankhadip Bose 

c
, , Sujayita Mazumder 

d
, Re-

becca A. Haber 
e
, Mohammad Hosein Farzaei 

f
 and Anupam Bishayee 

e,
* 

 

a
Department of Pharmaceutical Chemistry, Bengal College of Pharmaceutical Technology, Du-

brajpur - 731 123, India 

b
Department of Phytochemistry, Gupta College of Technological Sciences, Asansol - 713 301, 

India 

c
Department of Pharmacognosy, Bengal School of Technology, Chuchura - 712 102, India  

e
Lake Erie College of Osteopathic Medicine, Bradenton, FL 34211, USA 

f
Medical Technology Research Center, Health Technology Institute, Kermanshah University of 

Medical Sciences, Kermanshah 6734667149, Iran 

 

*Correspondence to: Lake Erie College of Osteopathic Medicine 5000 Lakewood Ranch Boule-

vard, Bradenton, FL 34211, USA  

 

 

**Correspondence to: Department of Pharmaceutical Chemistry, Bengal College of Pharmaceu-

tical Technology, Dubrajpur - 731 123, India 

E-mail addresses: abishayee@lecom.edu or abishayee@gmail.com (A.B.); 

juarjitmondal@gmail.com (A.M.) 

 

Jo
ur

na
l P

re
-p

ro
of



2 

 

Chemical compounds studied in this article 
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Abstract  

Garlic (Allium sativum L.) is one of the oldest plants cultivated for its dietary and medicinal val-

ues. This incredible plant is endowed with various pharmacological attributes, such as antimi-

crobial, antiarthritic, antithrombotic, antitumor, hypoglycemic, and hypolipidemic activities. 

Among the various beneficial pharmacological effects of garlic, the anticancer activity is pre-

sumably the most studied. The consumption of garlic provides strong protection against cancer 

risk. Taking into account the multi-targeted actions and absence of considerable toxicity, a few 

active metabolites of garlic are probably to play crucial roles in the killing of cancerous cells. 

Garlic contains several bioactive molecules with anticancer actions and these include diallyl tri-

sulfide, allicin, diallyl disulfide, diallyl sulfide, and allyl mercaptan. The effects of various gar-

lic-derived products, their phytoconstituents and nanoformulations have been evaluated against 

skin, prostate, ovarian, breast, gastric, colorectal, oral, liver, and pancreatic cancers. Garlic ex-

tract, its phytocompounds and their nanoformulations have been shown to inhibit the different 

stages of cancer, including initiation, promotion, and progression. Besides, these bioactive me-

tabolites alter the peroxidation of lipid, activity of nitric oxide synthetase, nuclear factor-B, ep-

idermal growth factor receptor, and protein kinase C, cell cycle, and survival signaling. The cur-
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rent comprehensive review portrays the functions of garlic, its bioactive constituents and 

nanoformulations against several types of cancers and explores the possibility of developing 

these agents as anticancer pharmaceuticals.  

Keywords: Garlic, Allium sativum, diallyl disulfide, allicin, cancer, antineoplastic agents, mo-

lecular mechanisms, nano-formulations. 

 

1. Introduction 

Throughout history, natural products have played an important role in the treatment of hu-

man ailments and are becoming a significant resource for drug development research. Early di-

agnosis and tumor eradication by radiation therapy or surgical intervention provides the best 

promise for cancer patients. However, regardless of these developments, cancer remains a lead-

ing cause of death around the world [1]. There is a vital need for more efficient methods to 

counter the morbidity and mortality as well as the enormous economic burden associated with 

the illness. Another important solution to alleviating this overwhelming public health risk is the 

use of synthetic or natural products to prevent, retard, or reverse carcinogenesis [2]. Over 60% 

of the current anticancer drugs have been derived, in one way or another, from natural sources 

[3]. In addition to providing nutrition, many natural ingredients help to sustain health and there-

fore reduce the risk of multiple diseases, including cancer [4]. Phytochemicals have been thor-

oughly investigated and have demonstrated anticarcinogenic properties by affecting cancer initi-

ation, promotion and progression by regulation of various pathways, including cell proliferation, 

differentiation, apoptosis, angiogenesis, invasion, migration, and metastasis [5-9]. 

Garlic (Allium sativum L.) is an important member of the family of plants called Alliaceae 

and they are named from the Celtic word “all”, which means powerful and nature’s boon to 

mankind. For the past 5,000 years, garlic has been utilized as a curative food-based plant for the 

treatment of several diseases [10]. It is used in Arabic, Egyptian, Chinese, Persian, and Indian 
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traditional medicinal systems and folk medicines to treat cardiovascular diseases, regulate blood 

pressure, lower the blood sugar, and cholesterol levels [10]. In the ethnomedicinal uses, garlic 

has been reported to be used in the management of diarrhea, prevention of bacterial, viral, fun-

gal, and parasitic infections, improvement of the immune system [11-12]. The plant has been 

used for the treatment of hay fever, asthma, and the common cold in Asia (specifically in India 

and Pakistan) and Europe [13]. The plant also exhibits antitumor and anticancer activities [14]. 

Garlic consists of white to pink colored bulbs (size of 1.5 to 2.5 cm) with aromatic and dis-

tinctive odor. The taste of garlic is choking and aromatic. Multiple epidemiologic, preclinical 

and clinical studies have evaluated the therapeutic and preventive effects of garlic against cancer 

[15]. Preclinical studies provided multiple pieces of evidences for the suppressing effects of gar-

lic in different types of cancers, including oral, gastric, pancreatic, colorectal, ovarian, endome-

trial, breast, prostate, and bone cancers. Clinical evidence also supports the therapeutic anti-

cancer effects of garlic and its ability to reduce the risk of certain cancers [16-17]. According to 

the report of the American Institute for Cancer Research consumption of garlic frequently low-

ers the risk of colorectal cancers [16]. Laboratory studies have shown that garlic compounds 

help to repair DNA, delay cancer cell growth, and reduce inflammation [18]. Various sulfur-

containing compounds and other phytoconstituents of garlic were extracted, purified, and exten-

sively studied for their anticancer properties [19]. According to several reports, allicin is the ma-

jor active sulfur compound and it forms many oil-soluble allyl sulfur compounds with anticancer 

activities [20-23]. Nanotechnology seeks to make medications more successful at reaching their 

intended targets in sufficient amount in the treatment of cancer [24]. Nanotechnology-based de-

livery systems have recently received a lot of recognition as a way to overcome problems with 

bioavailability, solubility, distribution, and toxicity. As a result, novel strategies encompassing 

the medicinal properties of garlic extract and its phytoconstituents alone and in combination 

with nanoparticles may lead to more efficient and effective anticancer activity.  
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Just a few previous reviews offer a detailed knowledge on the progress of this significant 

research area. One of the previous review articles presents a brief overview of compilation and 

exploration of the therapeutic properties of secondary garlic metabolites in cancer [25-27]. There 

are no publications on the overview of novel formulations of banana extract and its phytocon-

stituents in cancer. This review portrays, in detail, the functions of garlic, its bioactive constitu-

ents and nanoformulations against several types of cancers and explores the possibility of devel-

oping these agents as anticancer pharmaceuticals. 

2. Anticancer phytoconstituents of garlic  

Garlic contains numerous phytochemicals but, in this section, we only discuss compounds 

with anticancer activities. Whole intact garlic cloves contain two types of nonvolatile organosul-

fur molecules, such as γ-glutamyl-L-cysteine peptides [comprises of γ-glutamyl-S-allyl-L-

cysteine (1)] and L-cysteine sulfoxides [containing S-allyl-L-cysteine sulfoxide] (Figure 1A) 

[28]. An estimated 80% of cysteine sulfoxides in garlic are S-allyl-L-cysteine sulfoxide, also 

known as alliin (2). An enzyme called alliinase is produced whenever raw garlic cloves are 

crushed, mashed, or chewed. Alliin is an amino acid that is converted to 2-propenesulfenic acid 

by the alliinase enzyme, along with the subsequent liberation of pyruvic acid and ammonia. 2-

Propenesulfenic acid is unstable and extremely reactive at room temperature. Two molecules of 

2-propenesulfenic acid react with each other spontaneously to produce allicin (3) with conse-

quent elimination of water (Figure 1B) [29]. Allicin is a volatile compound found in garlic. Al-

licin breaks down to create a range of organosulfur compounds that are soluble in fat, such as 

diallyl trisulfide (DATS) (4), diallyl disulfide (DADS) (5), diallyl sulfide (DAS) (6), and allyl 

methyl sulfide (AMS) (7) (Figure 1C) [26, 30]. It also produces thiacremonone (8), a novel sul-

fur-containing compound [31]. When fermented with organic solvents, it also produces ajoene 

(9) [32]. Allicin can interact with L-cysteine in the body to form S-allyl mercapto cysteine 

(SAMC) (10)[33]. N-trans-feruloyloctopamine (FO) (11), a derivative of hydroxycinnamic acid, 

was isolated from garlic skin [34]. Garlic contains natural organoselenium molecules called Se-
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methyl-L-selenocysteine (MSeC) (12) which is a derivative of S-methylcysteine. γ-Glutamyl-L-

cysteine is a peptide which contain a water-soluble dipeptide γ-glutamyl-S-allyl-L-cysteine. S-

allyl-cysteine (SAC) (13) and SAMC are water-soluble organosulfur molecules produced from 

γ-glutamyl-S-allyl-L-cysteine after long-term fermentation of crushed garlic in aqueous medi-

um, as shown in the production of aged garlic extracts (Figure 1D). S-benzyl-cysteine (SBC) 

(14) (Figure 1D) is a water-soluble structural analog of SAC was isolated and characterized 

from aged garlic extract. S-propargyl-cysteine (SPRC) (15) (Figure 1D) is a derivative of SAC, 

an H2S donor produced from garlic extract [35-36].  

 

3.  Anticancer effects of garlic extract, phytoconstituents, and their nano-formulations 

Owing to the presence of different sulfur and organic compounds, garlic is known to pos-

sess possible anticancer effects. These compounds with effects on different pathways, such as 

cell cycle interruption, signaling pathway inhibition, induction of apoptosis, autophagy, and an-

tioxidant activity, interact with various stages of cancer cell development, proliferation, growth, 

invasion, migration, and metastasis. Garlic consists of both water-soluble and fat-soluble sulfur 

compounds that exhibit anticancer properties through attenuation of oxidative stress, suppression 

of carcinogen metabolism, and improvement of immune function [37]. Nano-formulations have 

been utilized for the direct delivery of parent compounds to the critical sites of the malignant 

tissues to demonstrate their possible anticancer activities.  Garlic nano-formulations exhibited 

better therapeutic potential than phytocomponent alone. For example, allicin nanoparticles ex-

hibited elevated anti-angiogenesis effect than allicin alone [38]. 

Therefore, it is of considerable significance to analyze the anticancer functions of key garlic 

components, garlic extract and their nano-formulations. The antineoplastic effects and associate 

cellular and molecular mechanisms of action of various garlic extract, its phytocompounds and 

their nano-formulations are discussed in the following sections and highlighted in Tables 1 and 

2. 
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3.1. Breast cancer 

Cancer of the breast is the most prevalent type of neoplasm found in women of both devel-

oping and developed countries worldwide. It is estimated that 2,261,419 new female breast can-

cers and 684,996 cancer deaths occurred worldwide in 2020 [39,40]. It is the most commonly 

diagnosed and leading cause of cancer among women. Available treatments, such as hormone 

therapy, chemotherapy, surgery, and radiation therapy, are used to ameliorate proliferation and 

invasion of breast cancer [41].  

Aqueous extract of garlic powder and allicin inhibited the proliferation of MCF-7 human 

breast cancer cells. Growth inhibition was accompanied by the accumulation of cells in the 

G0/G1 or G2/M phases of the cell cycle. Allicin induced a decrease in the level of intracellular 

glutathione (GSH), which was very closely linked to allicin's growth inhibitory effect [42]. Both 

alliin and allicin decreased the cell viability of luminal A MCF-7 and triple-negative HCC-70 

breast cancer cell lines, but allicin displayed more profound cytotoxicity and antiproliferative 

activity in both the cell lines by inducing apoptosis, decreasing mitochondrial membrane poten-

tial (ΔΨm), and increasing the expression level of caspase-3, caspase-8, and caspase-9. It also 

downregulated the expression level of antiapoptotic protein (Bcl-xL) whereas, the expression 

level of proapoptotic proteins (p21, Noxa, and Bak) were upregulated [43]. Alliin induced se-

nescence in both the cell lines at a concentration of 10 µM, whereas allicin did not exhibit the 

same activity [43]. 

In comparison to water-soluble organosulfur compounds of garlic, oil-soluble compounds, 

such as DAS, DADS, and DATS, markedly suppressed canine mammary tumor (CMT-13) cell 

growth [44]. DAS and DADS were cytostatic, while DATS was cytotoxic. In addition to the 

number of sulfur atoms, the cancer-suppressing potency increases with an increase in intracellu-

lar GSH [44]. In addition to CMT-13 cell growth suppression, DADS exhibited cytotoxicity 

against estrogen receptor (ER)-positive human breast cancer cell lines, MCF-7, KPL-1 (cell line 
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established from the malignant effusion of a breast cancer patient), and T47D (differentiated epi-

thelial sub strain), and ER-negative human breast cancer cell lines MDA-MB-231 and MKL-F 

[45-47]. It induced apoptosis and cell cycle arrest at the sub G1 phase in MDA-MB-231 cells, 

associated with an increase in the protein expression level of Bax, caspase-3, and a decrease in 

Bcl-xL expression level (Figure 2). DADS exhibited its cytotoxicity against MCF-7 carcinoma 

cells by inducing apoptosis with an increase in caspase-3 and PARP cleavages. It further inhibit-

ed the stress-activated protein kinase extracellular signal-regulated kinase (ERK)/MAPK path-

way and also activated the stress-activated protein kinase, SAPK/JNK, and p38 pathways [45]. 

These results were further supported by Altonsy et al. [48] revealed that DADS exhibited its an-

ticancer activities in MCF-7 carcinoma cells by inducing apoptosis and cell cycle arrest at sub-

G0 phase. DADS also triggered phosphatidylserine translocation to activate caspase-3 and 

modulated the protein expression levels of Bax, Bcl-2, Bcl-xL, and Bcl-W and ultimately in-

duced H4 histone hyperacetylation. In a separate study, DADS displayed cytotoxicity against 

MCF-7 cells and inhibited proliferation by inducing apoptosis via intrinsic signaling pathway 

associated with increased expression of Bax, Bad, caspase-3, and caspase-9, and decreased ex-

pression of Bcl-2 [49]. DADS prevented the growth and metastatic capacity of three human tri-

ple-negative breast cancer cells (MDA-MB-231, MDA-MB-468, and BT-549) by inhibiting the 

β-catenin signaling pathway. It induced apoptosis and inhibited cell proliferation linked with an 

increase in the expression level of Bax, caspase-3, and caspase-9, and decrease in the protein 

expression level of Bcl-2, matrix metalloproteinase-9 (MMP-9), and β-catenin siRNA [50]. The 

expression of miR-34a in DADS-treated MDA-MB-231 cells was found to be upregulated. It 

further inhibited the SRC expression to ultimately inhibit the SRC/Ras/ERK signaling pathway 

[51]. DATS suppressed the carcinogenic action of benzo[α]pyrene (BaP) in MCF-10A cells 

(normal human mammary epithelial cells) by abrogation of cell proliferation, inducing cell cycle 

arrest at G2/M phase and inhibition of ROS synthesis, and DNA damage [52].  
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DATS significantly decreased the viability of the MCF-7 breast cancer cell line and MCF-

12A normal human breast epithelial cells by inducing apoptosis and cell cycle arrest at the G2/M 

phase. Activation of apoptosis was linked with the upregulation of the protein expression level 

of Bax and p53 with an increased translocation of p53 from the cytoplasm into the nucleus. It 

further suppressed the protein expression level of Akt and Bcl-2, and increased the expression 

level of FAS and cyclin D1 [53]. DATS prevented the development of tumor spheres utilizing 

cancer stem cells (CSCs) from two human breast cancer cell lines, MCF-7 and SUM159, by de-

creasing the protein expression level of CD44, ALDH1A1, Nanog, and Oct4. Inhibition of cell 

proliferation was induced by apoptosis with a decrease in the expression level of proliferating 

cell nuclear antigen (PCNA), cyclin D1, and Bcl-2, and an increase in the expression level of 

Bax and caspases (caspase-8, cleaved caspase-9, and cleaved caspase-3). DATS blocked the 

Wnt/β-catenin signaling pathway (regulator of breast CSCs). DATS treatment has led to the de-

creased expression level of phospho-glycogen synthase kinase-3β (p-GSK3β), and β-catenin, 

and increased expression level of GSK3β and c-Myc [54]. Kim et al. [55] in support of these re-

sults further observed that DATS-mediated CSC inhibition was associated with a decrease in 

FoxQ1 protein expression level, decrease in aldehyde dehydrogenase 1 (ALDH1) activity, and a 

loss of Dachshund homolog 1 (DACH1) expression. DATS inhibited Trx-1 expressions and Trx-

1 reductase enzyme function in breast cancer cells (MDA-MB-231, Hs578T, MCF-7, and ZR-

75-1). Thioredoxin-1 (Trx-1) is a redox-active disulfide/dithiol-containing 12kD protein and its 

cysteine residues are transformed in a chemical reaction to an oxidized intramolecular disulfide 

bond configuration (Trx-1-S2). Trx-1 is responsible for accelerated tumor development and di-

minished patient survival when secreted by tumor cells. Trx1 overexpression in tumor cells re-

sulted in the suppression of apoptosis signal-regulating kinase 1 (ASK1) expression associated 

with JNK/p38 signaling pathway, and apoptosis suppression [55]. In a separate study, DATS 

demonstrated growth inhibition of MDA-MB-231, MCF-7, and MCF10A-H-Ras breast epitheli-

al cells by inhibiting the expression level of α secretases, such as ADAM-10 (a disintegrin and 
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metalloprotease-10) and ADAM-17 which are associated with the activation of the Notch signal-

ing pathway. Furthermore, it suppressed the Notch ligands Jagged-1 and Jagged-2 associated 

with the activation of the Notch signaling pathway [56]. DATS suppressed the platelet-mediated 

hematogenous metastasis of MDA-MB-231 cells by preventing the activation and aggregation of 

platelet induced by platelet-activating factor (PAF) and ultimately reduced the formation of 

thromboxane B2 (TXB2) and TGF-β1 [57]. Another novel target of DATS in breast cancer was 

ER-α which was inhibited by DATS in MCF-7 and T47D breast carcinoma cells. The expression 

level of pS2 and cyclin D1 were decreased, along with downregulation in nuclear levels of ER-α 

protein, and ER-α mRNA suppression. DATS further inhibited the ERE2e1b-luciferase reporter 

activity associated with a decrease in the over expression level of peptidyl-prolyl cis-trans iso-

merase (Pin1) [58]. DATS intervention also inhibited leptin-induced cell proliferation, clono-

genic cell viability, and migration and invasion potential in MCF-7 and MDA-MB-231 breast 

cancer cells by inhibiting mRNA expression levels of Bcl-2, Bcl-xL, cyclin D1, vascular endo-

thelial growth factor, and MMP-2. DATS also exhibited potent antimetastatic activity against 

triple-negative breast cancer cells (MDA-MB-231 cells and HS 578t) by inhibiting the expres-

sion level of MMP-2 and MMP-9, which finally inhibited both the NF-κB signaling pathway 

and ERK/MAPK signaling pathways [59]. By way of ROS generation and subsequent activation 

of JNK and AP-1, DATS-induced apoptosis was mediated in MCF-7 cells in association with 

increased accumulation of ROS [60].  

SAMC, a stable organosulfur compound of garlic, exhibited strong antiproliferative activity 

against MCF-7 breast carcinoma cells [61]. SAMC inhibited the cell growth of MDA-MB-231 

and MCF-7 breast carcinoma cells by inducing apoptosis and cell cycle arrest at G0/G1 phase 

associated with increased expression of p53 and p21. Associated with the mitochondrial apoptot-

ic pathway, the protein expression level of Bax, caspase-9, and caspase-3 were increased, 

whereas the expression level of Bcl-2 and Bcl-xL were decreased [62]. SAC significantly re-

duced the growth of MDA-MB-231 human breast tumor cells in a concentration and time-
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dependent manner [64]. SAC treatment of MDA-MB-231 cells increased the E-cadherin expres-

sion level and reduced the MMP-2 expression level, suggesting inhibition of cell proliferation, 

adhesion, and invasion, contributing to suppression of metastasis [63].  

A preclinical study revealed the use of garlic powder revealed successful tumor suppres-

sion activities utilizing the DMBA-induced mammary tumor model in rats [64]. It was further 

revealed that DADS has been more active than DAS and AMS [64]. Schaffer et al. [65] reported 

that garlic powder, SAC, and DADS supplementation suppressed the N-methyl-N-nitrosourea 

(MNU)-induced mammary carcinogenesis in rats by minimizing the incidence of mammary tu-

morigenesis.  Garlic extract showed anticancer activity by inhibiting the growth of breast cancer 

cells 67NR, which are implanted in the mammary pads of BALB/c mice [66]. Additionally, gar-

lic powder inhibited DMBA-induced mammary cancer tumor in rats by minimizing DMBA-

DNA interaction to reduce the final mammary tumor incidence [67].   

Oil-soluble garlic compounds have demonstrated potent anticancer activity than water-

soluble compounds in rats among the various organosulfur compounds. DADS exhibited signifi-

cant inhibition against DMBA-, MNU-, and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine 

(PhIP)-induced mammary cancer in rats [68]. DADS displayed anticancer and antiproliferative 

behavior in xenograft tumor models which were established by injecting MCF-7 and MDA-MB-

231 breast cancer cells into nude mice subcutaneously. Treatment with DADS contributed to 

substantial downregulation of protein expression of urokinase-type plasminogen activator (uPA) 

and MMP-9 and stimulation of tristetraprolin (TTP) expression [69]. DADS inhibited the growth 

of human breast cancer cells not only through in vitro analysis but also through in vivo experi-

mentation in mice, where DADS showed growth retardation by suppressing primary tumor 

weight in female nude mice (orthotopic transplantation of KPL-1 in mice) [45].  Another in vivo 

study revealed that DATS downregulated the expression level of phosphorylated STAT3 in 

breast cancer xenografts in rats [70]. DATS diminished the metastasis of breast cancer in xeno-

grafted MDA-MB-231 tumor model by lowering the expression level of MMP-2 and MMP-9 
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[71]. DATS, a natural histone deacetylase inhibitor, prevented the MDA-MB-231 hypoxia-

inducing cell metastasis by inhibiting HIF-1α transcriptional activity in the embryonic zebrafish 

tumor model. Additionally, it decreased the expression of L1CAM, VEGF-A, and epithelial 

mesenchymal transition (EMT)-related proteins (Slug, Snail and MMP-2) [72]. DAS decreased 

the concentrations of diethylstilbestrol (DES)-induced lipid hydroperoxides (LPH) in female 

ACI rats (an inbred line originating from a cross between the strains of August and Copenhagen) 

[73]. 

The anticancer compounds in different extracts can form nanoconjugates which can help to 

prevent cancer cell lines from proliferating. Garlic clove extract-mediated silver nanoparticles 

(G-AgNPs) exhibited cytotoxic activity against MCF7 cell line associated with decrease in cell 

viability at 100 µg/mL. It further exerted nuclear morphological variations, such as cell clump-

ing and membrane instability in MCF-7 cells [74]. G-AgNPs did not induce any toxicity or mor-

tality in Corylus cornuta neonates. In a separate study, garlic extract-mediated silver nanoparti-

cles (Ag-S2) induced cytotoxicity in MCF-7 carcinoma cell line by decreasing cell viability in a 

concentration-dependent manner [75]. However, garlic extract-mediated gold nanoparticles (G-

AuNPs) did not exert any toxicity towards MCF-7 cells [76]. Garlic extract-based size con-

trolled superparamagnetic hematite nanoparticles were prepared and investigated for their cyto-

toxicity against breast cancer MCF-7 cell line. The results suggest that the growth of the cell line 

was concentration-dependently arrested at an IC50 of 346.25 mg/mL [77].  Even ZnO-reduced 

graphene oxide nanocomposites (ZnO-RGO NCs) using garlic clove extract also showed en-

hanced cytotoxicity against MCF-7 cells [78].  DADS solid lipid nanoparticles exhibited higher 

cytotoxicity than DADS alone against MCF-7 carcinoma cells, where it inhibited the prolifera-

tion of carcinoma cells by triggering apoptosis through the intrinsic signaling pathway linked 

with elevated expression level of Bax, Bad, caspase-3, and caspase-9, and decreased protein ex-

pression level of Bcl-2 [49]. 
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3.2. Cervical cancer 

With an expected 604,000 new cases and 342,000 deaths globally in 2020, cervical cancer 

is the fourth most frequently diagnosed cancer and the fourth major cause of cancer mortality in 

women [39,40]. Allicin exhibited antitumor activity by decreasing the cell viability of a human 

cervical squamous cell carcinoma cell line (SiHa cells). It inhibited cell proliferation by induc-

ing apoptosis through suppression of the expression level of nuclear factor erythroid 2-related 

factor 2 (Nrf2) and heme oxygenase 1. Allicin also inactivated the phosphoinositide 3-

kinase/protein kinase B (PI3K/Akt) signaling pathway [79]. Green synthesized silver nanoparti-

cle from aqueous extract of elephant garlic exhibited cytotoxicity against HeLa cervical carci-

noma cell line. It exhibited potent inhibitory activity against the carcinoma cell line with an IC50 

<25 mg/mL [80]. Another study demonstrated that size controlled superparamagnetic hematite 

nanoparticles of garlic extract showed cytotoxic response against HeLa cells with IC50 value of 

285 mg/mL [77]. Garlic extract-mediated silver nanoparticles (Ag-S2) demonstrated cytotoxic 

activity against HeLa cells in which it inhibited cell growth in a concentration-dependent man-

ner [75]. Ag-S2 further induced cytotoxicity against Hep-2 cervical adenocarcinoma cells. 

 

3.3. Colorectal cancer 

In 2020, more than 1.9 million new instances of colorectal cancer (including anus) are esti-

mated to occur with 935,000 deaths. Colorectal cancer is the third most common cancer, but it is 

the second most deadly in terms of mortality [39,40]. The driving forces behind CRC develop-

ment are known to be obesity, lack of physical activity, red meat intake, alcohol, and tobacco. 

Early detection and treatment can reduce CRC mortality.  

Dietary supplement use of garlic can reduce the risk as well as prevent colorectal cancer 

[81]. Aged black garlic extract suppressed the proliferation of HT29 colon cancer cells by induc-

ing apoptosis and cell cycle arrest at the G0/G1 phase through regulation of the P 3K A t path-

way. It upregulated PTEN expression and downregulated the expression level of Akt and p-Akt, 
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and p-70-kDa ribosomal protein S6 kinase 1 (p70S6K1) [82]. The crude extract of garlic trig-

gered apoptosis in human colon cancer colo205 cells. It reduced the mitochondrial membrane 

potential and elevated the caspase-3 activity as well as expression level. The extract also elevat-

ed the expression levels of Bax, cyt. c, and caspase-3, whereas the expression level of Bcl-2 was 

reduced [83].   

Allicin demonstrated its antiproliferative and cytotoxic potential against HCT-116, LS174T, 

HT-29, and Caco-2 colon cancer cell lines by inducing apoptosis. It elevated the expression lev-

el of Bax, and release of cyt. c into the cytoplasm, and decreased the expression level of Bcl-2. It 

also activated the translocation of Nrf2, which further triggered luciferase transactivation activi-

ty [84]. Allicin also increased the radiosensitivity of the colorectal carcinoma HCT116 cells by 

inhibiting the proliferation of the cells through elevated apoptosis [85]. Synergistically, allicin, 

in combination with 5-fluorouracil (5-FU), exhibited potent antitumor activity against colorectal 

carcinoma DLD-1 cells. Additionally, it induced apoptosis with a reduction of total caspase-3 

[86].   

Se-methyl-L-selenocysteine (MseC), an organoselenium compound extracted from garlic, 

inhibited the growth of colo205 cells by inducing apoptosis with the elevated expression level of 

Fas and FasL as well as increased cleavage of caspase-3, caspase-8, DNA fragmentation factor 

45 (DFF45), and poly (ADP-ribose) polymerase (PARP) expression levels. It also increased the 

level of Baxprotein, but decreased the Bid and Bcl-2 proteins expression levels. It also down-

regulated the protein levels of ERK1/2 and PI3K/Akt and has optimized the protein levels p38 

and JNK [87]. 

Thiacremonone, a sulfur compound extracted from garlic, induced apoptotic death of 

SW620 and HCT116 human colon cancer cells by modulating the tumor necrosis factor-α (TNF-

α), TPA-induced NF-κB transcriptional activity, and the DNA binding activity. Moreover, it de-

creased the antiapoptotic proteins, such as Bcl-2, cIAP1/2, and XIAP, and inflammatory pro-
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teins, such as iNOS and COX-2 but it increased the expression level of apoptotic proteins, such 

as Bax, cleaved caspase-3, and cleaved PARP [88-89]. 

Z-ajoene, is also a sulfur-containing compound extracted from garlic, inhibited colon cancer 

cell growth of SW480 cells by reducing the expression levels β-catenin, c-Myc, and cyclin D1. 

It increased the phosphorylation of β-catenin at Ser45 to modulate the casein kinase 1α (CK1α) 

activity and downregulated the Wnt/β-catenin signaling pathway [90]. 

SAMC displayed antiproliferative activity by inducing apoptotic cell death of human colon 

cancer cells (SW-480 and HT-29) via cell cycle arrest at the G2/M phase in association with the 

elevation of the caspase-3 activity. It also activated the Jun kinase activity with significant eleva-

tion in the endogenous levels of the reduced GSH [91]. 

DAS inhibited the arylamine N-acetyltransferase (NAT) activity and expression of mRNA 

NAT in various colon cancer cells, such as colo205, colo320 DM, and colo320 HSR [92]. Anti-

cancer action of DAS led to increased apoptosis of Colo320 DM colon cancer cells and induc-

tion of cell cycle arrest at G2/M phase. Moreover, it increased the expression of NF-B and 

caspase-3 and decreased ERK-2 activity with increased production of ROS [93].  

DADS, an organosulfur compound of garlic, elevated Ca
2+

 mobilization in SW480 colon 

cancer cell line as an early signaling effect [94]. DADS induced cell cycle arrest at the G2/M 

phase in HT-29 Glc(-/+) human colon adenocarcinoma cell line associated with increased L-

glutamine oxidation [95]. DADS-induced apoptosis in colo205 cells was associated with in-

creased expression of signal transducer and activator of transcription 1 (STAT1) [96]. DADS 

caused cell cycle arrest at the G2/M phase in HCT-116 cells associated with increased cyclin B1 

and p53 expression [97]. It also elevated the ROS production in HCT-116 carcinoma cells [98]. 

DADS altered ERK signaling pathway with increased ERK phosphorylation in human colon 

tumor cells (HCT-15) to cause cell cycle arrest at G2/M phase [99]. The antiproliferative activity 

of DADS against Caco-2 and HT-29 cells was exhibited through cell cycle arrest at G2 phase by 

inhibition of histone deacetylase (HDAC) activity, H4 histone hyperacetylation, and increase in 
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the protein expression levels of p21(waf1/cip1) [100]. The sustained hyperacetylation of histone 

H3 K14 was accomplished with repeated DADS exposure [101]. DATS caused cell cycle arrest 

at the G2/M phase in HCT-15 and DLD-1 cell lines, linked with increased caspase-3 activity and 

inhibition of tubulin polymerization [102]. In a separate study, DATS exhibited similar cytotox-

ic activity against HCT-15 and DLD-1 cell lines by inducing apoptosis via disruption of micro-

tubule network formation of the cells in which specific oxidative alteration of cysteine residues 

Cys12β and Cys354β, resulting in the formation of S-allyl-mercaptocysteines within the tubulin 

molecule [103]. 

DAS, DADS, and DATS targeted drug-resistant genes in human colon cancer cells (co-

lo205). DATS elevated the expression level of multidrug-resistant 1 (Mdr1) and MRP-1, where-

as DAS and DADS increased the expression level of multidrug resistance-associated protein-3 

(MRP-3). DADS and DATS targeted and increased the expression of MRP4 and MRP6 genes 

[104]. DAS, DADS, and DATS inhibited the proliferation of colo205 cells by decreasing the 

expression levels of PI3K, Ras, MEKK3, MKK7, ERK1/2, JNK1/2, and p38 to inhibit MMP-2, 

MMP-7, MMP-9, NF-κB and COX-2 expressions [105].  

DAS and AMS inhibited cytochrome p4502E1 (CYP2E1) expression in a nitrosamine in-

duced colon carcinogenic animal model utilizing F344 rats [106]. Garlic extract inhibited the 

growth of tumors induced by 1,2-dimethylhydrazine (DMH) in rats by downregulating the ex-

pression of cyclin B1 and cdk1 through inactivation of NF-κB [107-108]. Allicin inhibited co-

lonic tumorigenesis in mice via inhibiting the proliferation of HCT116 cells by suppressing the 

STAT3 signaling pathway. Treatment with allicin decreased the numbers and the size of the tu-

mors associated with decreased expression level of Mcl-1, Bcl-2 and Bcl-xL [109]. In vivo study 

of allicin combined with X-ray radiotherapy revealed that growth and weight of transplanted 

tumor of CT26 cells in BALB/c mice were inhibited in greater extent in comparison with the X-

ray radiotherapy alone [85]. In vivo analysis revealed that DAS reduced the incidence of colonic 

polyps in colon carcinogenesis utilizing engineered transgenic Apc Min/⁺  mice [110]. DADS 
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inhibited colorectal tumorigenesis in a mouse model involving NF-κB signaling pathway in 

which the nuclear localization of NF-κB and its activity was lost. Moreover, DADS also inhibit-

ed the activation of GSK-3β [111]. DATS suppressed the growth and proliferation of xenograft-

ed CT26 colon carcinoma cells and induced apoptosis, resulting in a reduction of tumor volume 

and weight [112]. Similar observations were reported in an in vivo study utilizing human colon 

colo 205 cancer cells implanted in mice, where DADS and DATS reduced both tumor weight 

and size [104]. 

Size controlled superparamagnetic hematite nanoparticles prepared from aqueous garlic 

clove extract exhibited cytotoxic activity against colorectal carcinoma HCT-116 cell line. It in-

hibited the growth of the cell line in a concentration-dependent manner having an IC50 value of 

230 mg/mL [77]. ZnO-reduced graphene oxide nanocomposites (ZnO-RGO NCs) using garlic 

clove extract exhibited elevated cytotoxicity against human colorectal cancer (HCT116) cells 

[78]. 

 

3.4. Gastric cancer 

Gastric cancer is still a major health challenge in the globe, with over one million new cases 

expected in 2020 and a predicted 769,000 deaths, ranking fifth in incidence and fourth in fatality 

[39,40]. Various factors, such as the environment and genetics, may contribute to its etiology.  

One of the most recommended approaches to gastric cancer prevention is the consumption 

of garlic [113]. Mature black garlic extract showed cytotoxic activity in human gastric cancer 

cells as a result of antioxidant and immunomodulatory concentration-dependent apoptosis in 

SGC7901 [114]. Allicin exhibited chemo-preventive and growth inhibitory action against gastric 

cancer by inducing apoptosis through the induction of ROS and DNA damage through the 

caspase-dependent/-independent pathways and death receptor pathway [115]. Allicin suppressed 

the proliferation of two gastric carcinoma cell lines (HGC27 and AGS) by triggering apoptosis, 

which suppressed cell viability. The treatment further increased the expression of miR-383-5p, 
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whereas the expressions of ERBB4, p-PI3K, and p-Akt were decreased [116]. Allicin inhibited 

SGC-7901 gastric cancer cell proliferation by inducing apoptosis by activating the mitochondrial 

signaling pathways through the release of cyt. c into the cytoplasm, which subsequently activat-

ed caspase-3, caspase-8, and caspase-9. Treatment with allicin further increased the protein ex-

pression of Bax and Fas, and thereby regulating the extrinsic Fas/FasL-mediated cascade [117]. 

In a separate study, allicin exhibited similar anticancer activity by inducing apoptosis and cell 

cycle arrest at G2/M phase associated with inhibited telomerase activity in SGC-7901 cells 

[118]. It also showed growth-inhibitory activity against three human gastric carcinoma cell lines 

(MGC-803, BGC-823, and SGC-7901) by inducing apoptosis and increasing the expression lev-

els of p38, and cleaved caspase-3 associated with an increase in Bax expression level and de-

creased level of Bcl-2. Moreover, it downregulated the p38 MAPK/caspase-3 signaling pathway 

[119].  

DATS, the major volatile metabolite of garlic, inhibited the protein expression level of sul-

firedoxin (Srx), MDA, and ROS in BGC823 gastric carcinoma cells. Overexpression of Srx in 

cancer led to carcinogenesis and tumor progression [120]. DATS inhibited the proliferation of 

SGC-7901 gastric cancer cells by inducing cell cycle arrest at the G2/M phase which is evident 

from the increase in the expression level of the cyclin B1 and cyclin A2. Induction of apoptosis 

by DATS led to upregulation of proapoptotic factors Bax and downregulation of the antiapoptot-

ic factor Bcl-2. It further increased the phosphorylation of ERK, JNK and p38, leading to down-

regulation of the MAPK signaling pathway. It also decreased the expression level of total Akt 

and increased the phosphorylated Akt level, activating the PI3K/Akt signaling pathway (Figure 

3) [121]. DATS, also known as allitridi, exhibited cytotoxic effects by inhibiting the cell growth 

of human gastric cancer cells (MGC803 and SGC7901 cell lines). It induced cell cycle arrest at 

G2/M or M phase by upregulating the expression levels of the p21(WAF1) gene [122]. DATS 

exhibited antiproliferative activity against gastric cancer cell lines, such as BGC823, SGC7901, 

AGS, and MT2A-BGC823, by inducing apoptosis and cell cycle arrest at the G2/M phase. It 
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downregulated the expression of MT2A, which in turn improved the transcription of  κB-α to 

inhibit the activation of NF-κB, thereby regulating the MT2A/NF-κB signaling pathway [123]. 

DATS induced apoptosis in BGC823 cells (a gastric carcinoma cell line) by regulating the ex-

pression level of glutathione S-transferase-pi (GST-pi), voltage-dependent anion channel-1 

(VDAC-1), Annexin I, Galectin, and S100A11, which are associated with mitochondrial apop-

totic pathway [124]. DATS also triggered apoptosis in MGC803 cells, which can be prompted 

by the caspase-3 activation pathway [125]. DATS caused apoptosis and mitotic cell arrest by the 

ROS activation of the AMP-activated protein kinase in AGS cells. It triggered the cell cycle ar-

rest at the G2/M phase via activation of cyclin B1 and cyclin-dependent kinase 

p21(WAF1/CIP1) pathway [126]. DATS also activated the nuclear factor erythroid 2–related 

factor 2 (Nrf2) signaling pathway by interacting with Cys288 residue of Kelch-like ECH-

associated protein-1 (Keap1) [127]. 

SAMC induced apoptosis in SGC 7901 human gastric cancer cells to inhibit cell prolifera-

tion through the JNK and p38 pathway [128]. SAMC displayed a similar cytotoxic effect on 

SNU-1gastric carcinoma cells by inducing apoptosis associated with the increased expression 

levels of p53, Bax, and caspase-9 (Figure 4). It further induced mitochondrial cyt. c release and 

subsequently activated caspase-3 [129]. 

DADS supplementation displayed growth inhibition of MGC-803 gastric cancer cells 

through checkpoint kinase-1 (Chk-1)-mediated G2/M phase cell cycle arrest by activating the 

phospho-Chk1 and decreasing the CDC25C and cyclin B1 expression levels, thereby regulating 

the Chk1/CDC25C/cyclin B1 signaling pathway [130]. DADS exhibited a similar anticancer 

profile against MGC-803 cells through alteration of the ERK1/2 signaling pathway in which it 

reduced the phosphorylation of ERK1/2 [131]. DADS further inhibited the proliferation of the 

AGS human gastric adenocarcinoma cells by inducing apoptosis and increased production of 

ROS. In AGS cells, DADS raised the expression level of Fas, caspase-3, and Bax, and lowered 

the expression level of Bcl-2 [132]. DADS impaired the metastasis of human type II esophage-

Jo
ur

na
l P

re
-p

ro
of



20 

 

al-gastric junction adenocarcinoma cells (OE19) through the suppression of the NF-κB and 

PI3K/Akt signaling pathways, in which it downregulated the expression level of MMP-2, MMP-

9 and uPA [133]. DADS elevated the tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-

2 mRNA levels and proteins expression levels and reduced the levels of claudin proteins (clau-

din-2, claudin-3, and claudin-4), the key components of tight junctions (TJs), thereby inhibiting 

the cell proliferation [134]. 

S-benzyl-cysteine (SBC), a water-soluble compound of garlic, displayed anticancer activity 

against SGC-7901 cells (another gastric carcinoma cell line) by inducing apoptosis and cell cy-

cle arrest at G2 phase associated with loss of mitochondrial membrane potential (Δψm) and in-

creased the activity of caspase-9 and caspase-3.  Furthermore, it upregulated the expression level 

of p53, and Bax, and reduced the expression level of Bcl-2, thereby regulating the p53 and 

Bax/Bcl-2 signaling pathways linked with apoptosis [135].  

SAC, a water-soluble metabolite of garlic, showed chemo-preventive activity against N-methyl-

N’-nitro-N-nitrosoguanidine and sodium chloride-induced gastric carcinogenesis in Wistar rats 

by modulating lipid peroxidation (thiobarbituric acid reactive substances or TBARS) and in-

creasing the GSH-dependent antioxidant enzymes [136]. Another in vivo study revealed that 

SAMC exhibited anticancer activity against SGC-7901 cells which were inoculated subcutane-

ously in BALB/c nude mice. It inhibited the proliferation of SGC-7901 carcinoma cells by acti-

vating the MAPK and inhibiting the PI3K/Akt signaling pathways in which the protein expres-

sion level of p-Akt was decreased and the expression levels of ERK, p38, and JNK were in-

creased. It also reduced Bcl-2 expression, whereas the Bax expression was elevated [137]. Simi-

lar observations were observed, where SAMC exerted antitumor activity in mice bearing KMN-

45 cells injected into the subcutaneous tissues. It inhibited the proliferation of the cancerous 

cells which is evident from the reduction in tumor volume by induction of apoptosis. It further 

increased the expression level of Bax and decreased the expression of Bcl-2 [138]. 
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3.5. Liver cancer 

With about 906,000 new cases and 830,000 fatalities expected in 2020, primary liver cancer 

is the sixth most frequently diagnosed cancer and the third major cause of cancer mortality 

globally [39,40]. It is mostly linked to infection with hepatitis C or B viruses and the 

consumption of alcohol. Among the various liver cancer, hepatocellular carcinoma (HCC) is the 

most prevalent one and it is often diagnosed in the advanced stage [139]. Chemotherapy and 

immunotherapy are the available options. However, new treatment options involving natural 

products can lead to better prognoses. 

Garlic exhibited protective as well as anticancer therapeutic actions against liver cancer 

[140]. Allicin induced apoptosis of Hep 3B (p53
mutation

)  cell lines via p53-mediated autophagy 

induction [141]. Allicin synergistically sensitized hepatocellular cancer cells to 5-fluorouracil. 

The combination therapy inhibited the proliferation of HCC SK-Hep-1 and BEL-7402 cells 

[142].  DAS resisted oxidation, reduction, and metabolism of diethylstilbesterol (DES), thereby 

inhibited the formation of DNA adducts to prevent the risk of liver cancer [143]. DATS lowered 

the cell viability of J5 cells, causing cell cycle arrest at the G2/M phase by decreasing the cyclin-

dependent kinase-7(Cdk7) and increasing the expression level of cyclin B1 [144]. DATS also 

inhibited the proliferation of HepG2 cells by increasing the formation of H2O2, decreased the 

thiol level, and activated the caspase-3 activity [145].   

SAMC induced apoptosis in HepG2cells by promoting the TGF-β1, TβR  , p-smad2/3, 

smad4, and smad7 signal proteins. It also increased the expression of Bim, caspase-3, and 

caspase-9 and decreased the expression of Bcl-2, thereby activating the TGF-β signaling and 

inhibiting the MAPK signaling pathway [146].  

SAC possessed inhibitory action on proliferation and metastasis of MHCC97L HCC cells. 

This compound suppressed the expression of the proliferation marker (Ki-67 and PCNA) and 

caused cell cycle arrest at the S phase. It also reduced the expression of Bcl-xL, Bcl-2, cdc25c, 

cdc2, and cyclin B1, whereas the expression of caspase-3 and caspase-9 were increased [147].  
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FO, a hydroxycinnamic acid compound isolated from garlic skin, exhibited antiproliferative 

activity against Huh7 and HCCLM3 HCC cells by decreasing the phosphorylation expression 

levels of Akt and p38 MAPK. Furthermore, Slug expression was impaired and E-cadherin level 

was enhanced. Furthermore, it regulated the EMT-related signaling molecule (E-cadherin) as 

well as PI3K/Akt, and p38 MAPK signaling pathways [148]. 

Kay et al. [149] showed that ajoene from garlic stimulated Nrf2 in HepG2 cells, resulting in 

increased level of glutamate-cysteine ligase (GCL) and GSH in cells, decreased the interaction 

of Nrf2 with Kelch-like ECH-associated protein-1 and reduced the ubiquitination of Nrf2. 

Combination therapy of allicin and 5-FU exhibited antitumor activity in subcutaneous 

xenograft tumor model by transplanting SK-Hep-1-GFP cells into nude mice. This treatment 

induced apoptosis through elevated levels of ROS, decreased mitochondrial membrane potential 

(ΔΨm), activated caspase-3 and PARP, and decreased expression of Bcl-2 [142]. DAS inhibited 

the formation of DNA adducts, which is induced by diethylstilbesterol in male Sprague-Dawley 

rats. SAMC inhibited hepatic tumorigenesis in Huh-7 xenograft/orthotopic mouse model by 

reducing the overexpression of low-density lipoprotein receptor (LDLR)-related protein 6 

(LRP6) and activating the LRP6/Wnt pathway [150]. SAC prevented N-nitrosodiethylamine 

(NDEA)-induced hepatocarcinogenesis in Wistar rats by reducing tumor incidence, increasing 

lipid peroxidation and the level of the antioxidants, and decreasing the glutathione S-transferase 

(GST) activity [151]. 

Silver nanoparticles synthesized using garlic extract induced cytotoxicity in HepG2 human 

liver carcinoma cells to inhibit its proliferation [152]. It induced apoptosis, DNA fragmentation 

and cell cycle arrest at G2/M phase in a concentration-dependent manner. It reduced the protein 

expression level of Bcl-2, increased the expression levels of Bax, caspase-3, caspase-9, and 

reslted in cleavage of PARP. It further reduced the expression levels of cyclin B, cdc2 and 

cdc25c, and increased the expression level of p21 and p53. In a separate analysis, alginate-based 

black garlic nanoparticles exhibited cytotoxicity against HepG2 cells. The percentage inhibition 
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for the above-mentioned cell line was found to be 85.6±4.5%, but the concentration of the 

nanoparticles was not mentioned [153]. In another liver cancer cell line Hep-2, the silver 

nanoparticles of garlic aqueous extract was applied to screen cytotoxic effect, where the 

nanoparticles was found to be capable of inhibiting the cell proliferation in a concentration-

dependent manner associated with decrease in cell viability with IC50 value of 27.63±0.88 

μg/mL [75]. Allicin-loaded polypyrrole (PPY) nanoparticles exhibited elevated cytotoxicity in 

HepG2 carcinoma cell line in comparision to allicin alone with significant decrease in cell 

viability of 30% at 100/500 µg/ml concentration [154]. 

 

3.6. Lung cancer 

Lung cancer is the second most frequently diagnosed cancer and the major cause of cancer 

mortality in 2020, with an expected 2.2 million new cases and 1.8 million fatalities [39,40]. Al-

licin decreased the cell viability, proliferation, and migration of non-small cell lung cancer 

(NSCLC) cells (A549 and NCI-H460). It induced apoptosis and triggered the autophagy path-

way in A549 cells by increasing ROS level and caused cell cycle arrest at S/G2-M phase. It was 

further reported that it exhibited cytotoxic activity through regulation of ROS/MAPK and 

ROS/JNK signaling pathway [155]. 

Garlic extracts mediated silver nanoparticles (Ag-S2) showed cytotoxicity against lung car-

cinoma cell line (A549) by inducing apoptosis associated with morphological changes in the 

cells [75]. During a study with alginate-based black garlic nanoparticles, it has been found that it 

possesses anticancer activity against lung carcinoma LU-1 (HTB-57
TM

) cell lines with an inhibi-

tion of 47.8±2.7%, but the concentration at which it exhibited this inhibition was not mentioned 

[153]. 
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3.7. Oral cancer 

Oral cancer is becoming one of the most common form of cancer worldwide as a result of 

tumor invasion and several lymph node metastases. It is estimated that 377,713 new cases of 

cancers of the oral cavity and more than 177,757 deaths will occur in 2020 [39,40]. The expo-

sure of tobacco to the oral epithelium surface to free nitrogen and oxygen radicals is one of the 

risk factors for oral cancer.  

Garlic consumption can reduce the risk and growth of oral cancer [156]. Alliin activated the 

human salivary aldehyde dehydrogenase (hsALDH) enzymatic activity which could reduce the 

risk of oral carcinogenesis [157]. Allicin decreased the cell viability of oral squamous cell carci-

noma (OSCC) at a concentration of 100 ng/mL. It inhibited the protein expression level of 

TNF-, IL-8, and endothelin [158]. SAC treatment inhibited the growth of human oral squa-

mous cancer CAL-27 cells by increasing the expression of E-cadherin and stabilizing the E-

cadherin/β-catenin adherent junction complex. Therefore, it inhibited and regulated the 

MAPK/ERK signaling pathway by reducing the SLUG repressor protein expression [159].  

Consumption of SAC inhibited the growth and proliferation of oral tumor cells in a mouse 

xenograft model bearing CAL-27 cells. It suppressed the N-methylpurine DNA glycosylase and 

osteopontin (OPN) level in the plasma associated with the prevention of phosphorylation of Akt, 

decrease the expression level of cyclin D1 protein with an increase in the level of cell-cycle in-

hibitor p16(Ink4) expression. In addition, SAC blocked the protein expression of COX-2, vi-

mentin, and NF-κB p65 (RelA) [160].  

In an experiment performed by Ai Thach et al. [153], cytotoxic effect of alginate-based 

black garlic nanoparticles was studied against human mouth epidermal carcinoma KB (CCL-

17
TM

) cell line. The black garlic nanoparticles showed significantly inhibition of 42.4±3.1%, but 

the concentration at which it exhibited this inhibition was not reported. Garlic extract-modified 

titanium dioxide nanoparticles exhibited cytotoxic activity against KB oral cancer cell line by 

decreasing the cell viability dependent on concentration. The percentage cell viability was found 
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to be 60.76% at 10 mg/mL concentration. Moreover, the production of ROS led to decrease in 

cell viability [161].   

 

3.8. Ovarian cancer  

It is expected that there are 313,959 new diagnosed cases of ovarian cancer and 207,252 

cancer deaths worldwide in 2020 [39,40]. Because of limited success in surgery and short sur-

vival times after chemotherapy, it is important to boost its prevention or novel treatment.  

Garlic and its components have shown inhibitory activity against multiple types of ovarian 

carcinoma cells. SAC exhibited antiproliferative, apoptosis-inducing effects, and G1/S phase cell 

cycle arrest in A2780 human ovarian cancer cells in a concentration-dependent fashion [162-

163]. SAC also downregulated the expression of PARP-1, pro-caspase-3, and Bcl-2, and in-

creased in the expression levels of Bax and caspase-3. SAC suppressed the expression of c-Jun, 

p-Akt, and Wnt5a, the main proteins that are implicated in cancer cell proliferation metastasis 

[162]. SAC also elicited DNA 5-mC demethylation with a decrease in DNA methyltransferase 

(DNMT) activity where the mRNA expression level of DNMT1 was reduced markedly, whereas 

the mRNA levels of cyclin-dependent kinase inhibitor 1A (CDKN1A) was increased [163].  

Allicin, one of the active compounds of garlic, possesses significant antiproliferative activi-

ty against the human ovarian cancer cell line SKOV3 by inducing apoptosis and JNK phosphor-

ylation linked with JNK MAPK signaling pathway (Figure 5). It further increased the expres-

sion level of Bax and cyt. c [164]. By conjugation of garlic with other natural/synthetic com-

pounds, the effectiveness of those natural/synthetic compounds can be enhanced in the treatment 

of ovarian cancer. For example, daidzein-alliinase conjugates with alliin demonstrated signifi-

cant antiproliferative activity in various xenografted ovarian cancer models (ES-2 and 

OVCAR3) [165].  

Silver nanoparticles synthesized using garlic extract exhibited antiproliferative activity by 

inducing cytotoxicity in Skov3 ovarian cancer cell line. It exerted apoptosis, DNA fragmentation 
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and induced cell cycle arrest at G2/M phase in concentration-dependent manner. It also de-

creased the expression level of Bcl-2 and upregulated the expressions of Bax, caspase-3, caspa-

se-9 with PARP cleavage. The expression levels of cyclin B, cdc2 and cdc25c were reduced, 

whereas the expression levels of p21 and p53 were increased [152]. 

 

3.9. Pancreatic cancer 

Because of its dismal prognosis, pancreatic cancer is the seventh largest cause of cancer 

mortality in both sexes worldwide, accounting for nearly as many deaths (466,000) as diagnoses 

(496,000) [39,40]. Available treatment options include chemotherapy, radiation therapy, and 

surgery. Targeted therapy with natural products can be an alternative option. 

Garlic showed potential anticancer activity by inhibiting the proliferation of various pancreatic 

carcinoma cell lines [166]. Allicin exhibited cytotoxicity against pancreatic cancer cells (MIA 

PaCa-2 cells) associated with a decrease in cell viability and activation of apoptosis. It further 

elevated the expression level of caspase-3 and p21
Waf1/Cip1

. Moreover, it induced cell cycle arrest 

at G1 phase with increased ROS level and decreased intracellular glutathione (GSH) content 

[167]. DATS activated apoptotic pathway to inhibit the proliferation of human pancreatic cancer 

cells having wild-type p53 genes (Capan-2) and promoting cell cycle arrest at the G2/M phase. It 

increased the protein expression level of Fas, p21, p53, Bax, and cyclin B1 and decreased the 

protein expression level of Akt, cyclin D1, MDM2, and Bcl-2 [168].  

S-propargyl-L-cysteine (SPRC) exhibited anticancer activity against pancreatic ductal 

adenocarcinoma (PDA) by inhibiting the proliferation and inducing apoptosis and cell cycle 

arrest at the G2/M phase in PDA cell line. It also inhibited tumor growth in Panc-1 xenograft 

models through the activation of the JNK signaling pathway [169]. 

Silver nanoparticle of elephant garlic aqueous extract was green synthesized in order to 

evaluate its cytotoxic activity against pancreatic tumor (insulinoma) βTC-3 cell line. The result 
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demonstrated a concentration-dependent potent inhibitory action against the above-mentioned 

cell line with an IC50 value < 25 μg/mL [80]. 

 

3.10. Prostate cancer 

Prostate cancer is the second most common cancer in males and the fifth greatest cause of 

cancer mortality in 2020, with an expected 1.4 million new cases and 375,000 deaths globally 

[39,40]. Cancer of the prostate may spread to several parts of the body, specifically lymph nodes 

and bones. The available therapeutic options involve diagnosis, surgery, radiotherapy, and 

chemotherapy at the early stages [170]. It is particularly important to identify alternative ap-

proaches towards successful prevention and treatment of prostate cancer [171].  

The garlic component DATS induced cell cycle arrest at the G2/M phase in DU145 prostate 

carcinoma cell line which is correlated with the decrease in the expression level of the Cdc25C 

(cell division cycle 25C) protein during mitotic arrest and delayed nuclear translocation of cy-

clin-dependent kinase 1 (cdk1) [172]. Similar observations were reported where PC-3 and 

DU145 carcinoma cells treated with DATS which exhibited G2/M phase cell cycle arrest with a 

reduction in the protein expression level of Cdc25C which is phosphorylated on Ser
216

 and it is 

caused by ROS [173]. DATS-induced ROS generation in human prostate cancer cells was medi-

ated by an increase in labile iron due to the degradation of ferritin through the c-Jun NH2-

terminal kinase (JNK) signaling pathway which plays a critical role in the regulation of apopto-

sis and cell survival (Figure 6) [174]. DADS inhibited the proliferation of the PC-3 by modulat-

ing the insulin-like growth factor (IGF) signaling pathway. It blocked the phosphorylation of the 

Akt and thus restricted the progression of the cell cycle and cell survival. An increase in cell 

apoptosis is linked with downregulation of the protein expression level of cyclin D1, NF-B, 

XIAP, and Bcl-2 and upregulation of the expression level of Bad, Bax, FAS mRNA, caspase-8, 

and caspase-9 [175]. There is an increase in the protein expression level of cyclin B1 and de-

crease in CDK1 expression level [176]. 
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Additional analysis has been conducted to elucidate other possible mechanisms through 

which garlic derivatives exert their cytotoxic effects on prostate carcinoma cells. In androgen-

independent prostate cancer cell lines (PCa and DU145), SAC and SAMC, water-soluble garlic 

derivatives, suppressed the proliferation and invasion ability of prostate cancer cells via restora-

tion of E-cadherin expression and inhibiting the expression level of E-cadherin suppressor, Snail 

[177].  

DADS suppressed the proliferation of PC-3 cells, an androgen-independent human prostate 

cancer cell line, in a concentration-dependent manner by induction of cell cycle arrest at the 

G2/M phase transition [174].  SAC, another major component of garlic, is an inhibitor of NF-κB 

activation in the NF-B signaling pathway [178]. DATS-induced apoptosis in human prostate 

cancer cells (PC-3 and DU145) was triggered by Akt inactivation, leading to mitochondrial 

translocation of BAD followed by activation of caspase-3 and caspase-9 [179]. DATS activated 

both the checkpoint kinase 1 (Chk1) and checkpoint kinase 2 (Chk2), which acts as the mediator 

of DNA damage response (DDR).  Chk1 plays an important role in Ser216 phosphorylation of 

Cdc25C in human prostate cancer cells (PC-3 and DU145) [180]. DADS inhibited the growth of 

androgen-dependent prostate cancer cell line LNCaP by inducing apoptosis with a decrease in 

the activity of prostatic acid phosphatase (PAcP) and the level of prostate-specific antigen (PSA) 

[181]. Similarly, SAMC induced growth arrest of androgen-dependent LNCaP human prostate 

cancer cells and caused a decreased PSA secretion [182]. 

In an in vivo study, SAC inhibited the growth and proliferation of CWR22R tumor, a human 

androgen-independent prostate cancer xenograft, in nude mice, in which a decrease in the serum 

PSA level was observed with concurrent restoration of the protein expression level of E-

cadherin and γ-catenin. The suppressing effect was associated with the downregulation of Bcl-2 

and upregulation of caspase-3 [183]. Similarly, SAMC acted as an antimetastatic agent in the 

therapy of androgen-independent prostate cancer as revealed from an in vivo study in CB-17 

SCID/SCID mice [184]. Administration of DATS inhibited the growth of androgen-independent 
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PC-3 human prostate cancer xenograft (implanted to athymic mice), which correlated with the 

induction of Bax and Bak apoptotic proteins in vivo [185].  

In a clinical study, the effects of aqueous garlic extract supplementation in the patients with 

benign prostatic hyperplasia (BPH) and prostate cancer, the mass of the prostate in the BPH cat-

egory has been found to decrease substantially. Total and free PSA values have been substantial-

ly decreased following the extract intake in the prostate cancer category. Urinary frequency de-

clined and the median urinary flow volumes increased sharply after the trial [186]. So, garlic in-

take is useful in the prevention and treatment of prostate cancer, which is revealed through vari-

ous mechanisms [187]. 

 

3.11. Skin cancer 

Cancer of the skin is one of the most common cancers worldwide and it is classified into 

melanoma and non-melanoma. Over one million new instances of nonmelanoma skin cancer are 

diagnosed each year (excluding basal cell carcinoma), with 64,000 fatalities worldwide [39,40]. 

Several factors are responsible for the initiation of cancer of the skin and this includes high ex-

posure to ultraviolet radiation, depletion of the ozone layer, inflammation, suppression of the 

immune system, genetic factors, dietary and lifestyle patterns, and reactive oxygen species 

(ROS) [188]. Hence, prevention and treatment of skin cancer with natural products can be one of 

the alternative options.  

Reports showed that the capacity of garlic to abrogate cancer of the skin is correlated to the 

organosulfur molecules present in the garlic. These include SAC, allicin, ajoene, and allyl sul-

fides [189-192]. DATS decreased the cell viability of A375 and basal cell carcinoma (BCC) 

cells. But the viability of the human keratinocyte HaCaT cell line (normal cell line) did not 

change. Moreover, DATS inhibited the cell growth of A375 human melanoma and BCC cells 

via activation of multiple target pathways [193-194]. DATS induced cell cycle arrest at the 

G2/M phase by triggering apoptosis associated with decreased protein expression level of 
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Cdc25c and Cdc2 and increased protein expression level of Wee 1, cyclin B1, and caspase-3. It 

increased the intracellular ROS generation, activated the mobilization of cytosolic Ca
2+

, and de-

creased the mitochondrial membrane potential (ΔΨm). The level of expression of DNA damage 

markers, such as phosphorylated protein, H2A histone family member X (ɣ-H2AX), phospho-

p53 (Ser 15), and p21, has been substantially enhanced by DATS treatment [192]. DATS also 

disrupted the ΔΨm which is associated with the decrease of the antiapoptotic protein Bcl-2, Bcl-

xL, and increase of proapoptotic protein Bax, cytochrome c (cyt. c), and apoptotic protease acti-

vating factor 1 (Apaf-1) (Figure 7) [178]. Recent studies have shown that allyl sulfides induced 

G2/M phase cell cycle arrest in several human skin cancer cells [195-196]. The overexpression 

of antiapoptotic Bcl-2 protein was directly related to enhanced cell survival [197].  

In an in vivo study, both oral and topical application of garlic oil or allyl sulfides exhibited 

protection against skin papilloma genesis induced by various chemical carcinogens, such as 

7,12-dimethyl benz(a)anthracene (DMBA), 12-O-tetradecanoylphorbol-13-acetate (TPA), and 

phorbol myristate acetate (PMA), reduced tumor incidence, and increased the survival rates of 

tumor-bearing mice [189-192, 198-199]. Apoptosis induction and regulation of tumor suppres-

sor p53 were considered to be the possible modes of action of antitumor activity of allyl sulfides 

in DMBA-induced mouse skin tumorigenesis [200-201]. Accordingly, the p53 pathway can 

serve an important role in allyl sulfide-induced apoptosis, which led to cell death of skin carci-

noma cells. DAS inhibited DMBA-induced skin tumors by decreasing the expression level of 

Ras oncoprotein, and inhibiting Ras-mediated phosphatidylinositol 3-kinase (PI3K)/Akt signal-

ing pathway. DAS also reduced the level of p38 mitogen-activated protein kinase (MAPKs) pro-

tein expression [202]. DATS is an effective antitumor agent in suppressing TPA-induced cy-

clooxygenase-2 (COX-2) overexpression. DATS also blocked the DMBA-initiated and TPA-

promoted COX-2 and activator protein 1 (AP-1) expression level by inhibiting the JNK or Akt 

signaling pathway in mouse skin [203]. 
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The topical application of ajoene onto BCC tumors in nodular or superficial basal cell car-

cinoma patients reduced the tumor size through induced apoptosis and decrease in the expres-

sion level of Bcl-2 protein [204].  In the A375 and BCC cancer cell lines, the p53 signaling 

pathway plays an important role associated with apoptosis. The phosphorylation of p53 protein 

at serine 15 performs a function in response to the damage of cellular DNA and hence the inci-

dence of apoptosis induced by p53 occurs [205-206]. Garlic restores the p53 by activating the 

p53 pathway in A375 and BCC cancer cells. DAS exerted its antitumorigenic effects through 

several mechanisms of action, such as activating carcinogen metabolism, suppressing carcino-

gen-induced damage to DNA, promoting the cell defense mechanism, and inducing apoptosis in 

carcinogen-induced skin tumors [200-202, 206-210]. 

Alginate-based black garlic nanoparticles showed cytotoxicity against skin cancer SK-Mel 2 

(HTB – 68
TM

) cell line, where it exhibited 54.3±8.4% inhibition, but the concentration was not 

reported [153]. 

 

3.12. Renal cancer 

It is estimated that 431,288 new cases and 179,368 deaths globally occurred in 2020 due to 

renal cancer [39,40]. Hence, prevention and treatment with garlic phytoconstituents and their 

nano-formulations can be alternate options. Allicin exhibited cytotoxicity against human renal 

clear cell carcinoma RCC-9863 cells by inducing apoptosis with decreased cell viability, colony 

formation, and cell migration. It significantly decreased the protein expression level of hypoxia-

inducible factor 1- (HIF-1α), thereby it increased the expression of Bax and decreased the ex-

pression of vascular endothelial growth factor (VEGF) and Bcl-2 [211]. 

DADS exhibited inhibitory activity against N-diethylnitrosamine-induced renal carcinogen-

esis in male F344 rats. Treatment with DADS reduced the kidney tubular lesions as well as low-

ered the incidence of nephroblastomas (212).  
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4. Clinical trials of garlic products and constituents 

Garlic intake inhibited the progression of various cancers in humans, which have been summa-

rized in Table 3. A clinical study conducted on 17 volunteers revealed that 5 g raw, crushed gar-

lic upregulated the expression level of aryl hydrocarbon receptor (AHR), aryl hydrocarbon re-

ceptor nuclear translocator (ARNT), hypoxia-inducible factor 1α (H F1A), proto-oncogene c-

Jun (JUN), nuclear factor of activated T cells (NFAT) activating protein with immunoreceptor 

tyrosine-based activation motif 1 (NFAM1), oncostatin M (OSM), and V-rel avian reticuloendo-

theliosis viral oncogene homolog (REL) to inhibit proliferation of cancer cells by inducing apop-

tosis [213]. Similar observations were reported in a clinical trial where raw garlic, along with 

allicin exhibited cytotoxicity against various cancer types conducted on 20 cancer patients [214]. 

Garlic supplementation was also found to be useful in the treatment of patients with benign 

breast disease in which it induced regression of breast fibromatosis [215]. In a randomized con-

trolled trial among breast cancer survivors, health can be improved by increasing the consump-

tion of garlic [216]. In patients with advanced colon, liver, and pancreatic cancer, aged garlic 

extract greatly improved the level of natural killer (NK) cells and NK cell activity to boost im-

mune functions after given a dose of 4 capsules per day for a period of 12 weeks. Each capsules 

contained 500 mg of AGE, 727 mg of crystalline cellulose, and 11 mg of sucrose fatty acid es-

ter. The doses were stopped after 12 weeks and a follow up was conducted for another 12 weeks 

to observe the level of NK cells and NK cell activity [217]. Aged garlic extract suppresses the 

development of human colorectal adenomas in order to decrease the incidence of cancer and re-

duce its growth and proliferation through different pathways [218-219]. In a randomized con-

trolled trial conducted on 57 560 patients bearing colorectal adenoma, raw garlic intake of 5 

pyramid servings/day for a period of 12 months followed by a follow up of 12 months revealed 

that it reduced risk of colorectal adenoma [220]. Long-term garlic supplementation was associ-

ated with a statistically relevant decreased risk of death due to gastric cancer [221-222]. A dose 

containing 200 mg aged garlic extract and 1 mg steam distilled garlic oil was given twice daily 
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for a period of 7 years. 2×2 factorial design was adopted with 3,365 participants to analyze the 

gastric cancer incidence and mortality in this randomized intervention trial. Initially the follow 

up time is 7.3 years and, later on, the follow up time is increased to 22.3 years [221-222]. A 

greater protective effect of garlic supplementation on gastric cancer (GC) prevention was corre-

lated with not consuming alcohol [223]. Smoking was linked to an elevated risk of GC incidence 

and death in this randomized clinical study involving 3,365 individuals. Garlic supplementation 

had a higher anti-GC impact when the participants did not consume alcohol with a follow up 

period of 22.3 years [223]. Garlic preparations inhibited the progression of precancerous gastric 

lesions, and it is further revealed that the concentration of S-allyl cysteine (SAC) was substan-

tially higher among subjects in the participating treatment groups, based on serum sample meas-

urements [224]. In a separate study of a randomized controlled trial involving 80 patients, allicin 

was administered via gastroscopy to the lesion region of patients bearing gastric carcinoma. It 

was administered 48 h before the patient underwent surgical operations. The gastric carcinoma 

tissue collected from gastrectomy were subjected to laboratory analysis, which revealed the an-

tiproliferative potential of allicin based on its ability to induce apoptosis. Additionally, it trig-

gered cell cycle arrest at G0/G1 phase by increasing the expression level of Bax, Fas and de-

creasing the expression of Bcl-2 [225]. 

Garlic phytoconstituents, such as allin and allicin, exerted protective effects in patients 

against post-chemotherapy complications, such as febrile neutropenia. This was commonly ob-

served in patients with hematological malignancies receiving chemotherapy. Two doses of 450 

mg (containing allin 9.9 mg and allicin 4.5 mg) per day were administered to patients enrolled in 

a randomized controlled trial on 101 patients. The patients were analyzed by continuous evalua-

tion of complete blood counts daily till the resolution of neutropenia [226]. In a clinical study, 

aqueous garlic extract exhibited protective effects against prostate cancer by improving the uri-

nary frequency and urinary flow. The trial was conducted on 27 patients with a dose of 1 ml/kg 

body weight per day for 1 month, although the follow up period was not reported [186]. Ajoene, 
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the active constituent of garlic demonstrated antitumor activity against skin cancer, which was 

conducted on 21 patients. Topical application of 0.4% ajoene cream (400 mg ajoene, 0.3 mL 

polysorbate 80, and 0.3 mL sorbitonoleate in 100 ml 1% carbomeric gel) reduced the tumor size 

which is evident by induction of apoptosis and decreased expression of Bcl-2 [204].    

5. Adverse effects of garlic constituents 

Garlic exerts various beneficial pharmacological activities, but considerations are needed to 

be paid towards its possible adverse effects. Safety and efficacy documentation is important in 

the identification of medications and nutritional supplements used for therapeutic purposes. In 

general, commercial garlic preparations are classified into four main types, such as fresh garlic, 

garlic oil, garlic powder, and aged garlic extract. Among the different components of garlic, al-

licin is known to exhibit toxic side effects. The intestinal epithelium was compromised using 

enteric coated garlic preparation, and the intestinal microflora was affected whenever allicin was 

administered directly into the intestines in rats [227]. Higher amounts of garlic extract in mice 

have proved to be clastogenic or mutagenic agent. Feeding of rats with raw garlic for extended 

period of time led to anemia and excessive weight loss due to red blood cell lysis [228]. The 

surviving rats displayed liver swelling, spleen and adrenal gland hypertrophy and a decline of 

the number of erythrocytes with different morphological modifications. The treatment with 

aqueous garlic extracts manifested liver damage as evidenced from elevated aspartate ami-

notransferase enzyme levels [229]. The adverse effects, metabolism, synergistic drug activity, 

interference with enzymes, and impact on natural microflora should be taken into consideration 

while utilizing garlic and its components for the treatment of cancer.  

 

6. Conclusions 

Garlic has been utilized for its nutritional and medicinal properties. Garlic is a plant used 

worldwide as an herb for the prevention and management of several disease conditions, includ-

ing cancer. Among the different phytoconstituents of garlic, several compounds which exhibited 
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significant antineoplastic activities against various cancer models are allicin, SAC, SAMC, 

DAS, DADS, and DATS. Bioactive compounds found in garlic displayed significant anticar-

cinogenic actions via several mechanisms, including apoptosis of cancer cells, arrest of cell cy-

cle, and activation of angiogenic cascade. Garlic nanoparticles exhibited better bio-efficacy than 

garlic alone in the treatment of cancer. Garlic, its active metabolites and their nano-formulations 

induce a change in expression level of various commonly known genes to regulate numerous 

well-known signaling networks, such as JNK signaling pathway, EMT-related signals, PI3K/Akt 

and p38 MAPK signaling pathways, LRP6/Wnt pathway, p53-mediated autophagy, hyperacety-

lation of histone H3 K14, ERK signaling pathway, NF-κB signaling pathway, Wnt/β-catenin 

signaling pathway, STAT3 signaling pathway, ERK1/2 signaling pathway, 

Chk1/CDC25C/cyclin B1 signaling pathway, Nrf2 signaling pathway, and MT2A/NF-κB signal-

ing pathway. By modulating these pathways, bioactive phytochemicals from garlic and their 

nano-formulations confer inhibition of cell proliferation, apoptosis evasion, adhesion, invasion, 

migration, and metastasis of skin, prostate, ovarian, breast, gastric, ovarian, colorectal, oral, liv-

er, and pancreatic cancer cells in various preclinical models (Figure 8). While various research-

ers have suggested many signaling pathways for the anticancer activity of garlic phytochemicals, 

more studies need to be performed to thoroughly understand the molecular targets of these bio-

active phytochemicals and their metabolites within different organ systems.  

The majority of known reports of the antineoplastic effects of the constituents of garlic and 

their nano-formulations are based on in vitro cancer models with only minimal in vivo research. 

More in vivo experiments should be performed since most of the available studies are based on 

in vitro analysis. With encouraging preclinical mechanistic results on anticancer effects of garlic 

phytochemicals, the need for further clinical research is increased by the lack of well-designed, 

prospective clinical studies and in-depth safety evaluation. The garlic nano-formulations high-

lighted some effective delivery systems with improved bioavailability and efficient targeting. 

Additional in vivo studies are also required to determine if garlic nano-formulations exert any 
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toxicity or not. In addition to conducting well-controlled clinical studies, more research on novel 

molecular targets and signaling mechanisms of garlic extract, its constituents and their nano-

formulations will improve its therapeutic potential in the management of many forms of cancer. 

In the last several decades, despite the success of drug discovery initiatives, future efforts con-

front numerous obstacles. In order to maintain pace with other efforts in drug discovery, the 

quality and quantity of phytochemicals which come into drug development will have to be con-

stantly improved by natural product scientists and the pharmaceutical sector. The drug discovery 

process is predicted to take 10 years on average and cost billions of dollars. A great deal of ef-

fort and resources are invested on numerous leads which were later rejected in the process of 

drug discovery. Only one in 5,000 lead substances is anticipated effectively to be used and au-

thorized by clinical studies. The lead optimization process, involving pharmacology, toxicology, 

pharmacokinetics and drug delivery as well as clinical studies are all time consuming. In conclu-

sion, our in-depth review of existing studies has shown the promise of garlic-based phytocon-

stituents and their nano-formulations as valuable nutraceuticals and pharmaceutical products for 

prevention and treatment of cancer.  

 

 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relation-

ships that could have appeared to influence the work reported in this paper.

Jo
ur

na
l P

re
-p

ro
of



37 

 

References 

1. National Cancer Institute: Surveillance, Epidemiology, and End Results Program. SEER. 

http://seer.cancer.gov/statfacts/html/all.html (accessed on April 30, 2019) 

2. W.K. Hong, M.B Sporn, Recent advances in chemoprevention of cancer, Science. 278 

(1997) 1073-1077. 

3. D.J. Newman, G.M. Cragg, Natural products as sources of new drugs over the 30 years 

from 1981-2010, J Nat Prod. 75 (2012) 311-335. 

4. G.M. Cragg, D.J. Newman, Nature: A vital source of leads for anticancer drug develop-

ment, Phytochem Rev. 8 (2009) 313-331. 

5. P.G. Grothaus, G.M. Cragg, D.J. Newman, Plant Natural Products in anticancer drug 

discovery, Curr Org Chem. 14 (2010) 1781-1791. 

6. A.L. Demain, P. Vaishnav, Natural products for cancer chemotherapy, Microb Bio-

thenol. 4 (2011) 687-699. 

7. G.M. Cragg, D.G.I. Kingston, D.J. Newman, Anticancer agents from Natural Products, 

ed 2, Boca Ratton, CRC/ Taylor & Francis, 2012. 

8. C. Basmadjian, Q. Zhao, E. Bentouhami, A. Djehal, C.G. Nebigil, R.A. Johnson, M. 

Serova, A. De Gramont, S. Faivre, E. Raymond, L.G. Désaubry, Cancer wars: natural 

products strike back, Front.Chem. 2 (2014) 20. 

9. F. Roussi, F. Gueritte, J. Fahy, The vinca alkaloids; In G.M. Cragg, D.I. Kingston, D.J. 

Newman, (eds), Anticancer agents from natural products, ed 2, Boca Ratton, CRC/ Tay-

lor & Francis, 2012. 

10. K.  Tripathi, A review-Garlic, the spice of life-(Part -I), Asian J. Res. Chem. 2 (2009) 

0974-4169.   

11. G. Gebreyohannes, M.   Gebreyohannes, Medicinal values of garlic, A review. Inter J 

Med Sci. 5 (2013) 401-408. 

Jo
ur

na
l P

re
-p

ro
of



38 

 

12. M. Ali, I.S. Ibrahim, Phytochemical screening and proximate analysis of garlic (Allium 

sativum), Arc Org Inorg Chem Sci., 4 (2019) 478-482. 

13. B.B. Timbo, M.P. Ross, P.V. McCarthy, C.T. Lin, Dietary supplements in a national sur-

vey: Prevalence of use and reports of adverse events, Am. Diet Asso. 106 (2006) 1966-

1974. 

14. M.S. Akhtar, M.K. Swamy, eds., Anticancer plants: Nnatural products and Biotechno-

logical Implements, Vol. 920, Springer, Singapore, 2018.  

15. S. Tanaka, K. Haruma, M. Yoshihara, G. Kajiyama, K. Kira, H. Amagase, K. Chayama, 

Aged garlic extract has potential suppressive effect on colorectal adenomas in humans, J. 

Nutr. 136 (2006) 821S-826S. 

16. Annual report of American Institute of Cancer Research, 4 Reasons eating garlic is good 

for cancer prevention, Nov 2016.  

17. C.S. Charron, H.D. Dawson, G.P. Albaugh, P.M. Solverson, B.T. Vinyard, G.I. Solano-

Aguilar, A. Molokin, J.A. Novotny, A single meal containing raw, crushed garlic influ-

ences expression of immunity-and cancer-related genes in whole blood of humans, J. 

Nutr. 145 (2015) 2448-2455. 

18. S. Bose, B. Laha, S. Banerjee, Anti-inflammatory Activity of Isolated Allicin from Gar-

lic with Post-Acoustic Waves and Microwave Radiation, J. Adv. Pharm. Edu. Res. 3 

(2013) 512-515. 

19. S.K. Mandal, A. Das, S. Dey, U. Sahoo, S. Bose, A. Bose, N. Dhiman, S. Madan, M.A. 

Ramadan, Bioactivities of Allicin and Related Organosulfur Compounds from Garlic: 

Overview of the Literature Since 2010, Egypt. J. Chem. 62 (2019) 1-11. 

20. X. Zou, J. Liang, J. Sun, X. Hu, L. Lei, D. Wu, L. Liu, Allicin sensitizes hepatocellular 

cancer cells to anti-tumor activity of 5-fluorouracil through ROS-mediated mitochondrial 

pathway, J. Pharmacol. Sci. 131 (2016) 233-240. 

Jo
ur

na
l P

re
-p

ro
of



39 

 

21. F. Chen, H. Li, Y. Wang, M. Gao, Y. Cheng, D. Liu, M. Jia, J. Zhang, Inhibition of al-

licin in Eca109 and EC9706 cells via G2/M phase arrest and mitochondrial apoptosis 

pathway, J. Funct. Foods. 25 (2016) 523-536. 

22. W. Bat-Chen, T. Golan, I. Peri, Z. Ludmer, B. Schwartz, Allicin purified from fresh gar-

lic cloves induces apoptosis in colon cancer cells via Nrf2, Nutr. Cancer. 62 (2010) 947-

957. 

23. S. Dhanarasu, Protective role of allicin (diallyl thiosulfinate) on cell surface glycoconju-

gate moieties in 7, 12-dimethylbenz (a) anthracene-induced oral carcinogenesis, Trop. J. 

Pharm. Res. 16 (2017) 1797-1804. 

24. M. Ghanbari-Movahed, T. Kaceli, A. Mondal, M.H. Farzaei, A. Bishayee, Recent ad-

vances in improved anticancer efficacies of camptothecin nano-formulations: A system-

atic review, Biomedicines. 9 (2021) 480.  

25. Y. Zhang, X. Liu, J. Ruan, X. Zhuang, X. Zhang, Z. Li, Phytochemicals of garlic: Prom-

ising candidates for cancer therapy, Biomed. Pharmacother. 123 (2020) 109730. 

26. A. Shang, S.Y. Cao, X.Y. Xu, R.Y. Gan, G.Y. Tang, H. Corke, V. Mavumengwana, H.B. 

Li, Bioactive compounds and biological functions of garlic (Allium sativum L.). Foods. 8 

(7) (2019) 246.  

27. D. De Greef, E.M. Barton, E.N. Sandberg, C.R. Croley, J. Pumarol, T.L. Wong, N. Das, 

A. Bishayee, Anticancer potential of garlic and its bioactive constituents: A systematic 

and comprehensive review, Semin. Cancer Biol. (2020), In press.  

28. S.H. Omar, N.A. Al-Wabel, Organosulfur compounds and possible mechanism of garlic 

in cancer, Saudi Pharm. J. 18 (2010) 51-58. 

29. L.D. Lawson, Garlic: a review of its medicinal effects and indicated active compounds. 

In: Lawson LD, Bauer R, eds. Phytomedicines of Europe: Chemistry and Biological Ac-

tivity. Washington, D. C.: American Chemical Society; (1998) 177-209. 

Jo
ur

na
l P

re
-p

ro
of



40 

 

30. S. Sato, Y. Sekine, Y. Kakumu, T. Hiramoto, Measurement of diallyl disulfide and allyl 

methyl sulfide emanating from human skin surface and influence of ingestion of grilled 

garlic. Sci Rep 10 (2020) 465. 

31. E.J. Kim, D.H. Lee, H.J. Kim, S.J. Lee, J.O. Ban, M.C. Cho, H.S. Jeong, Y. Yang, J.T. 

Hong, D.Y. Yoon, Thiacremonone, a sulfur compound isolated from garlic, attenuates li-

pid accumulation partially mediated via AMPK activation in 3T3-L1 adipocytes. J Nutr 

Biochem. 23 (2012) 1552-1558.  

32. V. Viswanathan, A.G. Phadatare, A. Mukne, Antimycobacterial and antibacterial activity 

of Allium sativum bulbs. Indian J Pharm Sci. 76 (2014) 256-261.  

33. G. Sigounas, J.L. Hooker, W. Li, A. Anagnostou, M. Steiner, S-allylmercaptocysteine, a 

stable thioallyl compound, induces apoptosis in erythroleukemia cell lines. Nutr Cancer. 

28 (1997)153-159.  

34. Y. Wu, Z.R. Wu, P. Chen, Yang-Li, W.R. Deng, Y.Q. Wang, H.Y. Li, Effect of the tyro-

sinase inhibitor (S)-N-trans-feruloyloctopamine from garlic skin on tyrosinase gene ex-

pression and melanine accumulation in melanoma cells. Bioorg Med Chem Lett. 25 

(2015) 1476-1478.  

35. P. Rose, M. Whiteman, P.K. Moore, Y.Z. Zhu, Bioactive S-alk (en) yl cysteine sulfoxide 

metabolites in the genus Allium: the chemistry of potential therapeutic agents, Nat. Prod. 

Rep. 22 (2005) 351-368. 

36. P. Rose, P.K. Moore, M. Whiteman, Y.Z. Zhu, An appraisal of developments in allium 

sulfur chemistry: Expanding the Pharmacopeia of garlic. Molecules 24 (2019) 4006.  

37. M. Miroddi, F. Calapai, G.  Calapai, Potential beneficial effects of garlic in oncohema-

tology, Mini-Rev. Med. Chem. 11 (2011) 461-472. 

38. K. Shafeeque, KM. Hashim, Comparative anti-angiogenesis study between allicin nano-

particle and normal allicin from garlic (Allium Sativum Linn), Eur. J. Exp. Biol. 8 (2018) 

27.  

Jo
ur

na
l P

re
-p

ro
of



41 

 

39. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global 

Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide 

for 36 Cancers in 185 Countries. CA Cancer J Clin. 71 (2021) 209-249.  

40. World Health Organization (WHO). GLOBOCAN 2020: New Global Cancer Data. 

WHO; 2020. Accessed July 15, 2021. https://www.uicc.org/news/globocan-2020-new-

global-cancer-data.  

41. 41. Y.M. Nkrumah-Elie, J.S. Reuben, A. Hudson, E. Taka, R. Badisa, T. Ardley, S.Y. 

Sadrud-Din, E. Oriaku, S.F. Darling-Reed, Diallyl trisulfide as an inhibitor of benzo (a) 

pyrene-induced precancerous carcinogenesis in MCF-10A cells, Food Chem Toxicol. 50 

(2012) 2524-2530. 

42. K. Hirsch, M. Danilenko, J. Giat, T. Miron, A. Rabinkov, M. Wilchek, D. Mirelman, J. 

Levy, Y. Sharoni,Effect of purified allicin, the major ingredient of freshly crushed garlic, 

on cancer cell proliferation, Nutr. Cancer. 38 (2000) 245-254. 

43. V.C. Rosas‐ González, M.C. Téllez‐ Bañuelos, G. Hernández‐ Flores, A. Bra-

vo‐ Cuellar, A. Aguilar-Lemarroy, L.F. Jave‐ Suárez, J. Haramati, F. Solorzano‐ Ibarra, 

P.C. Ortiz‐ Lazareno, Differential effects of alliin and allicin on apoptosis and senes-

cence in luminal A and triple‐ negative breast cancer: Caspase, ΔΨm, and pro‐ apoptotic 

gene involvement, Fundam. Clin. Pharmacol. 34 (2020) 671-686.  

44. S.G. Sundaram, J.A. Milner, Impact of organosulfur compounds in garlic on canine 

mammary tumor cells in culture, Cancer Lett. 74 (1993) 85-90. 

45. H. Nakagawa, K. Tsuta, K. Kiuchi, H. Senzaki, K. Tanaka, K. Hioki, A. Tsubura, 

Growth inhibitory effects of diallyl disulfide on human breast cancer cell lines, Carcino-

genesis. 22 (2001) 891-897. 

46. M.A. Lea, V.M. Randolph, M. Patel, Increased acetylation of histones induced by diallyl 

disulfide and structurally related molecules, Int. J. Oncol. 15 (1999) 347-352.  

Jo
ur

na
l P

re
-p

ro
of



42 

 

47. X.Y. Lei, S.Q. Yao, X.Y. Zu, Z.X. Huang, L.J. Liu, M. Zhong, B.Y. Zhu, S.S. Tang, 

D.F. Liao, Apoptosis induced by diallyl disulfide in human breast cancer cell line MCF-

7, Acta. Pharmacol. Sin. 29 (2008) 1233-1239. 

48. M.O. Altonsy, T.N. Habib, S.C. Andrews, Diallyl disulfide-induced apoptosis in a 

breast-cancer cell line (MCF-7) may be caused by inhibition of histone deacetylation, 

Nutr. Cancer. 64 (2012) 1251-1260. 

49. S.V. Talluri, G. Kuppusamy, V.V.S.R. Karri, K. Yamjala, A. Wadhwani, S.V. 

Madhunapantula, S.S.S. Pindiprolu, Application of quality-by-design approach to opti-

mize diallyl disulfide-loaded solid lipid nanoparticles, Artif. Cell. Nanomed. B. 45 

(2016) 474-488.  

50. J. Huang, B. Yang, T. Xiang, W. Peng, Z. Qiu, J. Wan, L. Zhang, H. Li, H. Li, G. Ren, 

Diallyl disulfide inhibits growth and metastatic potential of human triple‐ negative 

breast cancer cells through inactivation of the β‐ catenin signaling pathway, Mol. Nutr. 

Food Res. 59 (2015) 1063-1075. 

51. X. Xiao, B. Chen, X. Liu, P. Liu, G. Zheng, F. Ye, H. Tang, X. Xie, Diallyl disulfide 

suppresses SRC/Ras/ERK signaling-mediated proliferation and metastasis in human 

breast cancer by up-regulating miR-34a, PLoS One. 9 (2014) e112720. 

52. Y.M. Nkrumah-Elie, J.S. Reuben, A. Hudson, E. Taka, R. Badisa, T. Ardley, S.Y. 

Sadrud-Din, E. Oriaku, S.F. Darling-Reed, Diallyl trisulfide as an inhibitor of benzo (a) 

pyrene-induced precancerous carcinogenesis in MCF-10A cells, Food Chem. Toxicol. 50 

(2012) 2524-2530. 

53. A. Malki, M Ei-Saadani, A.S. Sultan, Garlic constituent diallyl trisulfide induced apopto-

sis in MCF7 human breast cancer cells, Cancer Biol. Ther. 8 (2009) 2175-2185. 

54. X. Li, Y. Meng, C. Xie, J. Zhu, X. Wang, Y. Li, S. Geng, J. Wu, C. Zhong, M. Li, Dial-

lyl Trisulfide inhibits breast cancer stem cells via suppression of Wnt/β‐ catenin path-

way. J. Cell. Biochem. 119 (2018) 4134-4141. 

Jo
ur

na
l P

re
-p

ro
of



43 

 

55. S.H. Kim, C.H. Kaschula, N. Priedigkeit, A.V. Lee, S.V. Singh, Forkhead box Q1 is a 

novel target of breast cancer stem cell inhibition by diallyl trisulfide, J. Biol. Chem. 291 

(2016) 13495-13508. 

56. V.A. Kiesel, S.D. Stan, Diallyl trisulfide, a chemopreventive agent from Allium vegeta-

bles, inhibits alpha-secretases in breast cancer cells. Biochem. Biophys. Res. Comm. 484 

(2017) 833-838. 

57. Y. Liu, Y. Zhao, Y. Wang, P. Zhu, Z. Wei, S. Wang, L. Tao, Z. Liu, H. Wu, X. Sheng, 

Y. Lu, Suppressive role of diallyl trisulfide in the activated platelet-mediated hematog-

enous metastasis of MDA-MB-231 human breast cancer cells, Int. J. Mol. Med. 39 

(2017) 1516-1524.  

58. E.R. Hahm, S.V. Singh, Diallyl trisulfide inhibits estrogen receptor-α activity in human 

breast cancer cells, Breast Cancer Res.Treat. 144 (2014) 47-57. 

59. Y. Liu, P. Zhu, Y. Wang, Z. Wei, L. Tao, Z. Zhu, X. Sheng, S. Wang, J. Ruan, Z. Liu, Y. 

Cao, Antimetastatic therapies of the polysulfide diallyl trisulfide against triple-negative 

breast cancer (TNBC) via suppressing MMP2/9 by blocking NF-κB and ERK/MAPK 

signaling pathways, PloS one. 10 (2015) e0123781. 

60. H.K. Na, E.H. Kim, M.A. Choi, J.M. Park, D.H. Kim, Y.J. Surh, Diallyl trisulfide induc-

es apoptosis in human breast cancer cells through ROS-mediated activation of JNK and 

AP-1, Biochem. Pharmacol. 84 (2012) 1241-1250. 

61. G. Sigounas, J. Hooker, A. Anagnostou, M. Steiner, S-allyl-mercaptocysteine inhibits 

cell proliferation and reduces the viability of erythroleukemia, breast, and prostate cancer 

cell lines, Nutr. Cancer. 27 (1997) 186-191. 

62. H. Zhang, K. Wang, G. Lin, Z. Zhao, Antitumor mechanisms of S-allyl mercaptocysteine 

for breast cancer therapy, BMC Complement. Alternat. Med. 14 (2014) 1-12. 

63. L.A. Gapter, O.Z. Yuin, K.Y. Ng, S-Allyl-cysteine reduces breast tumor cell adhesion 

and invasion, Biochem. Biophys. Res. Commun. 367 (2008) 446-451.  

Jo
ur

na
l P

re
-p

ro
of



44 

 

64. C. Ip, D.J. Lisk, G.S. Stoewsand, Mammary cancer prevention by regular garlic and se-

lenium-enriched garlic, Nutr. Cancer., 17 (1992) 279-286. 

65. E.M. Schaffer, J.Z. Liu, J. Green, C.A. Dangler, J.A. Milner, Garlic and associated allyl 

sulfur components inhibit N-methyl-N-nitrosourea induced rat mammary carcinogenesis, 

Cancer Lett. 102 (1996) 199-204. 

66. V. Petrovic, A. Nepal, C. Olaisen, S. Bachke, J. Hira, C.K. Søgaard, L.M. Røst, K. Mis-

und, T. Andreassen, T.M. Melø, Z. Bartsova, Anti-cancer potential of homemade fresh 

garlic extract is related to increased endoplasmic reticulum stress, Nutrients. 10 (2018) 

450. 

67. Liu, J.; Lin, R.I.; Milner, J.A. Inhibition of 7,12-dimethylbenz[a] anthracene-induced 

mammary tumors and DNA adducts by garlic powder. Carcinogenesis 13 (1992) 1847-

1851. 

68. N. Suzui, S. Sugie, K.M. Rahman, M. Ohnishi, N. Yoshimi, K. Wakabayashi, H. Mori, 

Inhibitory effects of diallyl disulfide or aspirin on 2-amino-1-methyl-6-

phenylimidazo[4,5-b] pyridine induced mammary carcinogenesis in rats, Jpn. J. Cancer 

Res. 88 (1997) 705-711. 

69. T. Xiong, X.W. Liu, X.L. Huang, X.F. Xu, W.Q. Xie, S.J. Zhang, J. Tu, Tristetraprolin: 

A novel target of diallyl disulfide that inhibits the progression of breast cancer, Oncol. 

Lett. 15 (2018) 7817-7827. 

70. S.H. Kim, E.R. Hahm, K.B. Singh, S.V. Singh, Diallyl Trisulfide Inhibits Leptin-induced 

Oncogenic Signaling in Human Breast Cancer Cells but Fails to Prevent Chemically-

induced Luminal-type Cancer in Rats, J. Cancer Prev. 25 (2020) 1. 

71. Y. Liu, Y. Zhao, Z. Wei, L. Tao, X. Sheng, S. Wang, J. Chen, J. Ruan, Z. Liu, Y. Cao, Y. 

Shan, Targeting thioredoxin system with an organosulfur compound, diallyl trisulfide 

(DATS), attenuates progression and metastasis of triple-negative breast cancer (TNBC), 

Cell. Physiol. Biochem. 50 (2018) 1945-1963.  

Jo
ur

na
l P

re
-p

ro
of



45 

 

72. Z. Wei, Y. Shan, L. Tao, Y. Liu, Z. Zhu, Z. Liu, Y. Wu, W. Chen, A. Wang, Y. Lu, Dial-

lyl trisulfides, a natural histone deacetylase inhibitor, attenuate HIF-1α synthesis, and de-

creases breast cancer metastasis, Mol. Carcinog. 10 (2017) 2317-2331.  

73. L.R. Gued, R.D. Thomas, M. Green, Diallyl sulfide inhibits diethylstilbestrol-induced 

lipid peroxidation in breast tissue of female ACI rats: implications in breast cancer pre-

vention, Oncol. Rep. 10 (2003) 739-743.  

74. S. Vijayabkumar, B. Malaikozhundan, K. Saravanakumar, E. F. Durán-Lara, M.-H. 

Wang, B. Vaseeharan, Garlic clove extract assisted silver nanoparticle- Antibacterial, an-

tibiofilm, antihelminthic, anti-inflammatory, anticancer and ecotoxicity assessment, J. 

Photochem. Photobiol. B: Biology. 198 (2019) 111558.  

75. D. Arumai Selvan, D. Mahendiran, R. Senthil Kumar, A. Kalilur Rahiman, Garlic, green 

tea and turmeric extracts-mediated green synthesis of silver nanoparticles: Phytochemi-

cal, antioxidant and in vitro cytotoxicity studies, J. Photochem. Photobiol. B: Biology. 

180 (2018) 243-252.  

76. D. Menon, A. Basanth, A. Retnakumari, K. Manzoor, S.V. Nair, Green Synthesis of Bio-

compatible Gold Nanocrystals with Tunable Surface Plasmon Resonance Using Garlic 

Phytochemicals, J. Biomed. Nanotech. 8 (2012) 901-911.  

77. K. Rath, S. Sen, Garlic extract based preparation of size controlled superparamagnetic 

hematite nanoparticles and their cytotoxic applications, Indian J. Biotechnol. 18 (2019) 

108-118.  

78. M. Ahamed, M.J. Akhtar, M.A.M. Khan, H.A. Alhadlaq, Facile green synthesis of ZnO-

RGO nanocomposites with enhanced anticancer efficacy, Methods. (2021) In press.  

79. Zhang Q, Yang D. Allicin suppresses the migration and invasion in cervical cancer cells 

mainly by inhibiting NRF2. Exp Ther Med. 17 (2019) 1523-1528.  

80. F. Jalilian, A. Chahardoli, K. Sadrjavadi, A. Fattahi, Y. Shokoohinia, Green synthesized 

silver nanoparticle from Allium ampeloprasum aqueous extract: Characterization, antiox-

Jo
ur

na
l P

re
-p

ro
of



46 

 

idant activities, antibacterial and cytotoxicity effects, Adv. Powder Tech. 31 (2020) 

1323-1332.  

81. A.T. Fleischauer, L. Arab, Garlic and cancer: a critical review of the epidemiologic liter-

ature, J. Nutr. 131 (2001) 1032S-1040S. 

82. M. Dong, G. Yang, H. Liu, X. Liu, S. Lin, D. Sun, Y. Wang, Aged black garlic extract 

inhibits HT29 colon cancer cell growth via the PI3K/Akt signaling pathway, Biomed. 

Rep. 2 (2014) 250-254.  

83. C.C. Su, G.W. Chen, T.W. Tan, J.G. Lin, J.G. Chung, Crude extract of garlic induced 

caspase-3 gene expression leading to apoptosis in human colon cancer cells, In Vivo. 20 

(2006) 85-90. 

84. W. Bat-Chen, T. Golan, I. Peri, Z. Ludmer, B. Schwartz, Allicin purified fresh garlic 

cloves induces apoptosis in colon cancer cells via Nrf2, Nutr. Cancer. 62 (2010) 947-

957.  

85. Huang WL, Wu SF, Xu ST, Ma YC, Wang R, Jin S, Zhou S. Allicin enhances the radio-

sensitivity of colorectal cancer cells via inhibition of NF-κB signaling pathway. J Food 

Sci. 85 (2020) 1924-1931.  

86. Țigu AB, Toma VA, Moț AC, Jurj A, Moldovan CS, Fischer-Fodor E, Berindan-Neagoe 

I, Pârvu M. The synergistic antitumor effect of 5-fluorouracil combined with allicin 

against lung and colorectal carcinoma cells. Molecules. 25 (2020) 1947.  

87. Y.C. Tung, M.L. Tsai, F.L. Kuo, C.S. Lai, V. Badmaev, C.T. Ho, M.H. Pan, Se-Methyl-

L-selenocysteine induces apoptosis via endoplasmic reticulum stress and the death recep-

tor pathway in human colon adenocarcinoma COLO 205 cells, J. Agric. Food Chem. 63 

(2015) 5008-5016.  

88. J.O. Ban, D.Y. Yuk, K.S. Woo, T.M. Kim, U.S. Lee, H.S. Jeong, D.J. Kim, Y.B. Chung, 

B.Y. Hwang, K.W. Oh, J.T. Hong, Inhibition of cell growth and induction of apoptosis 

Jo
ur

na
l P

re
-p

ro
of



47 

 

via inactivation of NF-kappa B by a sulfur compound isolated from garlic in human co-

lon cancer cells, J. Pharmacol. Sci. 104 (2007) 374-83.  

89. J.O. Ban, H.S. Lee, H.S. Jeong, S. Song, B.Y. Hwang, D.C. Moon, S.B. Han, J.T. Hong, 

Thiacremonone augments chemotherapeutic agent-induced growth inhibition in human 

colon cancer cells through inactivation of nuclear factor-{kappa}B, Mol. Cancer Res. 7 

(2009) 870-879.  

90. H. Li, J.H. Jeong, S.W. Kwon, S.K. Lee, H.J. Lee, J.H. Ryu, Z-Ajoene inhibits growth of 

colon cancer by promotion of CK1α dependent β-catenin phosphorylation, Molecules. 25 

(2020) 703. 

91. H. Shirin, J.T. Pinto, Y. Kawabata, J.W. Soh, T. Delohery, S.F. Moss, V. Murty, R.S. 

Rivlin, P.R. Holt, I.B. Weinstein, Antiproliferative effects of S-allylmercaptocysteine on 

colon cancer cells when tested alone or in combination with sulindac sulfide, Cancer 

Res. 61 (2001) 725-731. 

92. J.G. Chung, H.F. Lu, C.C. Yeh, K.C. Cheng, S.S. Lin, J.H. Lee, Inhibition of N-

acetyltransferase activity and gene expression in human colon cancer cell lines by diallyl 

sulfide, Food Chem. Toxicol. 42 (2004) 195-202. 

93. N. Sriram, S. Kalayarasan, P. Ashokkumar, A. Sureshkumar, G. Sudhandiran, Diallyl 

sulfide induces apoptosis in Colo 320 DM human colon cancer cells: involvement of 

caspase-3, NF-kappaB, and ERK-2, Mol. Cell. Biochem. 311 (2008) 157-165. 

94. C.Y. Chen, C.F. Huang, Y.T. Tseng, S.Y. Kuo, Diallyl disulfide induces Ca2+ mobiliza-

tion in human colon cancer cell line SW480, Arch. Toxicol. 86 (2012) 231-238.  

95. V. Robert, B. Mouillé, C. Mayeur, M. Michaud, F. Blachier, Effects of the garlic com-

pound diallyl disulfide on the metabolism, adherence and cell cycle of HT-29 colon car-

cinoma cells: evidence of sensitive and resistant sub-populations, Carcinogenesis 22 (8) 

(2001) 1155-1161.  

Jo
ur

na
l P

re
-p

ro
of



48 

 

96. H.F. Lu, J.S. Yang, Y.T. Lin, T.W. Tan, S.W. Ip, Y.C. Li, M.F. Tsou, J.G. Chung, Dial-

lyl disulfide induced signal transducer and activator of transcription 1 expression in hu-

man colon cancer colo 205 cells using differential display RT-PCR, Cancer Genomics 

Proteomics. 4 (2007) 93-97. 

97. H.J. Jo, J.D. Song, K.M. Kim, Y.H. Cho, K.H. Kim, Y.C. Park, Diallyl disulfide induces 

reversible G2/M phase arrest on a p53-independent mechanism in human colon cancer 

HCT-116 cells, Oncol. Rep. 19 (2008) 275-280. 

98. J.D. Song, S.K. Lee, K.M. Kim, S.E. Park, S.J. Park, K.H. Kim, S.C. Ahn, Y.C. Park, 

Molecular mechanism of diallyl disulfide in cell cycle arrest and apoptosis in HCT-116 

colon cancer cells, J. Biochem. Mol. Toxicol. 23 (2009) 71-79.  

99. L.M. Knowles, J.A. Milner, Diallyl disulfide induces ERK phosphorylation and alters 

gene expression profiles in human colon tumor cells, J. Nutr. 133 (2003) 2901-2906. 

100. N. Druesne, A. Pagniez, C. Mayeur, M. Thomas, C. Cherbuy, P.H. Duée, P. Martel, C. 

Chaumontet, Diallyl disulfide (DADS) increases histone acetylation and p21(waf1/cip1) 

expression in human colon tumor cell lines, Carcinogenesis. 25 (2004) 1227-1236.  

101. N. Druesne, A. Pagniez, C. Mayeur, M. Thomas, C. Cherbuy, P.H. DUÉE, P. Martel, C. 

Chaumontet, Repetitive treatments of colon HT-29 cells with diallyl disulfide induce a 

prolonged hyperacetylation of histone H3 K14, Ann. N. Y. Acad. Sci. 1030 (2004) 612-

621.  

102. T. Hosono, T. Fukao, J. Ogihara, Y. Ito, H. Shiba, T. Seki, T. Ariga, Diallyl trisulfide 

suppresses the proliferation and induces apoptosis of human colon cancer cells through 

oxidative modification of beta-tubulin, J. Biol. Chem. 280 (2005) 41487-41493. 

103. T. Seki, T. Hosono, T. Hosono-Fukao, K. Inada, R. Tanaka, J. Ogihara, T. Ariga, Anti-

cancer effects of diallyl trisulfide derived from garlic, Asia Pac. J. Clin. Nutr. 17 (1) 

(2008) 249-252. 

Jo
ur

na
l P

re
-p

ro
of



49 

 

104. K.C. Lai, C.L. Kuo, H.C. Ho, J.S. Yang, C.Y. Ma, H.F. Lu, H.Y. Huang, F.S. Chueh, 

C.C. Yu, J.G. Chung, Diallyl sulfide, diallyl disulfide and diallyl trisulfide affect drug re-

sistant gene expression in colo 205 human colon cancer cells in vitro and in vivo. Phy-

tomed. 19 (2012) 625-630.  

105. K.C. Lai, S.C. Hsu, C.L. Kuo, J.S. Yang, C.Y. Ma, H.F. Lu, N.Y. Tang, T.C. Hsia, H.C. 

Ho, J.G. Chung, Diallyl sulfide, diallyl disulfide, and diallyl trisulfide inhibit migration 

and invasion in human colon cancer colo 205 cells through the inhibition of matrix met-

alloproteinase-2, -7, and -9 expressions, Environ. Toxicol. 28 (2013) 479-488.  

106. M.J. Wargovich, Diallyl sulfide and allyl methyl sulfide are uniquely effective among 

organosulfur compounds in inhibiting CYP2E1 protein in animal models, J. Nutr. 136 

(2006) 832S-834S. 

107. H. Jikihara, G. Qi, K. Nozoe, M. Hirokawa, H. Sato, Y. Sugihara, F. Shimamoto, Aged 

garlic extract inhibits 1,2-dimethylhydrazine-induced colon tumor development by sup-

pressing cell proliferation, Oncol. Rep. 33 (2015) 1131-1140.  

108. J.Y. Cheng, C.L. Meng, C.C. Tzeng, J.C. Lin, Optimal dose of garlic to inhibit dime-

thylhydrazine-induced colon cancer, World J. Surg. 19 (1995) 621-625. 

109. X. Li, J. Ni, Y. Tang, X. Wang, H. Tang, H. Li, S. Zhang, X. Shen, Allicin inhibits 

mouse colorectal tumorigenesis through suppressing the activation of STAT3 signaling 

pathway, Nat. Prod. Res. 33 (2019) 2722-2725.  

110. J.S. Kang, T.M. Kim, T.J. Shim, E.I. Salim, B.S. Han, D.J. Kim, Modifying effect of di-

allyl sulfide on colon carcinogenesis in C57BL/6J-ApcMin/⁺  mice, Asian Pac. J. Cancer 

Prev. 13 (2012) 1115-1118.  

111. S.M. Saud, W. Li, Z. Gray, M.S. Matter, N.H. Colburn, M.R. Young, Y.S. Kim, Diallyl 

disulfide (DADS), a constituent of garlic, inactivates NF-κB and prevents colitis-induced 

colorectal cancer by inhibiting GSK-3β, Cancer Prev Res (Phila). 9 (2016) 607-615.  

Jo
ur

na
l P

re
-p

ro
of



50 

 

112. P.P. Wu, K.C. Liu, W.W. Huang, F.S. Chueh, Y.C. Ko, T.H. Chiu, J.P. Lin, J.H. Kuo, 

J.S. Yang, J.G. Chung, Diallyl trisulfide (DATS) inhibits mouse colon tumor in mouse 

CT-26 cells allograft model in vivo, Phytomed. 18 (2011) 672-676.  

113. R. Alizadeh-Navaei, A. Shamshirian, A. Hedayatizadeh-Omran, R. Ghadimi, G. Janba-

bai, Effect of garlic in gastric cancer prognosis: a systematic review and meta-analysis, 

World Cancer Res. J. 5 (2018) 1184. 

114. X. Wang, F. Jiao, Q.W. Wang, J. Wang, K. Yang, R.R. Hu, H.C. Liu, H.Y. Wang, Y.S. 

Wang, Aged black garlic extract induces inhibition of gastric cancer cell growth in vitro 

and in vivo, Mol. Med. Rep. 5 (2012) 66-72. 

115. R. Luo, D. Fang, H. Hang, Z. Tang, The mechanism in gastric cancer chemoprevention 

by allicin, Anti-Cancer Agents Med. Chem. 16 (2016) 802-809. 

116. Lv Q, Xia Q, Li J, Wang Z. Allicin suppresses growth and metastasis of gastric carcino-

ma: the key role of microRNA-383-5p-mediated inhibition of ERBB4 signaling. Biosci 

Biotechnol Bi-ochem. 84 (2020) 1997-2004.  

117. W. Zhang, M. Ha, Y. Gong, Y. Xu, N. Dong, Y. Yuan, Allicin induces apoptosis in gas-

tric cancer cells through activation of both extrinsic and intrinsic pathways, Oncol. Rep. 

24 (2010) 1585-1592.  

118. L. Sun, X. Wang, Effects of allicin on both telomerase activity and apoptosis in gastric 

cancer SGC-7901 cells, World J Gastroenterol. 9 (2003) 1930-1934.  

119. X. Zhang, Y. Zhu, W. Duan, C. Feng, X. He, Allicin induces apoptosis of the MGC-803 

human gastric carcinoma cell line through the p38 mitogen-activated protein ki-

nase/caspase-3 signaling pathway, Mol. Med. Rep. 11 (2015) 2755-2760.  

120. J. Wang, L. Si, G. Wang, Z. Bai, W. Li, Increased sulfiredoxin expression in gastric can-

cer cells may be a molecular target of the anticancer component diallyl trisulfide, Bio-

med. Res. Int. 2019 (2019) 4636804.  

Jo
ur

na
l P

re
-p

ro
of



51 

 

121. X. Jiang, X. Zhu, W. Huang, H. Xu, Z. Zhao, S. Li, S. Li, J. Cai, J. Cao, Garlic-derived 

organosulfur compound exerts antitumor efficacy via activation of MAPK pathway and 

modulation of cytokines in SGC-7901 tumor-bearing mice, Int. Immunopharmacol. 48 

(2017) 135-145.  

122. M.W. Ha, R. Ma, L.P. Shun, Y.H. Gong, Y. Yuan, Effects of allitridi on cell cycle arrest 

of human gastric cancer cells, World J. Gastroenterol. 11 (2005) 5433. 

123. Y. Pan, S. Lin, R. Xing, M. Zhu, B. Lin, J. Cui, W. Li, J. Gao, L. Shen, Y. Zhao, M. 

Guo, Epigenetic upregulation of metallothionein 2A by diallyl trisulfide enhances 

chemosensitivity of human gastric cancer cells to docetaxel through attenuating NF-κB 

activation, Antioxidants Redox Signaling. 24 (2016) 839-854. 

124. N. Li, R. Guo, W. Li, J. Shao, S. Li, K. Zhao, X. Chen, N. Xu, S. Liu, Y. Lu, A proteo-

mic investigation into a human gastric cancer cell line BGC823 treated with diallyl tri-

sulfide, Carcinogenesis. 27 (2006) 1222-1231. 

125. X.L. Xiao, J. Peng, Q. Su, S.L. Xiang, G.H. Tang, Y.S. Huang, X.T. Zhou, Diallyl trisul-

fide induces apoptosis of human gastric cancer cell line MGC803 through caspase-3 

pathway, Ai Zheng. 25 (2006) 1247-1251. 

126. Y.H. Choi, Diallyl trisulfide induces apoptosis and mitotic arrest in AGS human gastric 

carcinoma cells through reactive oxygen species-mediated activation of AMP-activated 

protein kinase, Biomed. Pharmacother. 94 (2017) 63-71.  

127. S. Kim, H.G. Lee, S.A. Park, J.K. Kundu, Y.S. Keum, Y.N. Cha, H.K. Na, Y.J. Surh, 

Keap1 cysteine 288 as a potential target for diallyl trisulfide-induced Nrf2 activation, 

PloS one. 9 (2014) e85984. 

128. J.Y. Yan, F.M. Tian, W.N. Hu, J.H. Zhang, H.F. Cai, N. Li, Apoptosis of human gastric 

cancer cells line SGC 7901 induced by garlic-derived compound S-allylmercaptocysteine 

(SAMC), Eur. Rev. Med. Pharmacol. Sci. 17 (2013) 745-751. 

Jo
ur

na
l P

re
-p

ro
of



52 

 

129. Y. Lee, Induction of apoptosis by S-allylmercapto-L-cysteine, a biotransformed garlic 

derivative, on a human gastric cancer cell line, Int. J. Mol. Med. 21 (2008) 765-770.  

130. H. Ling, L.F. Lu, J. He, G.H. Xiao, H. Jiang, Q. Su, Diallyl disulfide selectively causes 

checkpoint kinase-1 mediated G2/M arrest in human MGC803 gastric cancer cell line, 

Oncol. Rep. 32 (2014) 2274-82.  

131. H. Ling, L.Y. Zhang, Q. Su, Y. Song, Z.Y. Luo, X.T. Zhou, X. Zeng, J. He, H. Tan, J.P. 

Yuan, Erk is involved in the differentiation induced by diallyl disulfide in the human 

gastric cancer cell line MGC803, Cell. Mol. Biol. Lett. 11 (2006) 408-423. 

132. J.E. Lee, R.A. Lee, K.H. Kim, J.H. Lee, Induction of apoptosis with diallyl disulfide in 

AGS gastric cancer cell line, J. Korean Surg. Soc. 81 (2011) 85-95.  

133. X. Yin, C. Feng, L. Han, Y. Ma, Y. Jiao, J. Wang, L. Jia, F. Jing, X. Gao, Y. Zhang, J. 

Zhang, Diallyl disulfide inhibits the metastasis of type II esophageal gastric junction ad-

enocarcinoma cells via NF-κB and P 3K/AKT signaling pathways in vitro, Oncol Rep. 

39 (2018) 784-794. 

134. H.S. Park, G.Y. Kim, I.W. Choi, N.D. Kim, H.J. Hwang, Y.W. Choi, Y.H. Choi, Inhibi-

tion of matrix metalloproteinase activities and tightening of tight junctions by diallyl di-

sulfide in AGS human gastric carcinoma cells, J. Food Sci. 76 (2011) T105-T111. 

135. H.J. Sun, L.Y. Meng, Y. Shen, Y.Z. Zhu, H.R. Liu, S-benzyl-cysteine-mediated cell cy-

cle arrest and apoptosis involving activation of mitochondrial-dependent caspase cascade 

through the p53 pathway in human gastric cancer SGC-7901 cells, Asian Pac. J. Cancer 

Prev. 14 (2013) 6379-6384. 

136. B. Velmurugan, V. Bhuvaneswari, S. Nagini, Effect of S-allylcysteine on oxidant-

antioxidant status during N-methyl-N'-nitro-N-nitrosoguanidine and saturated sodium 

chloride-induced gastric carcinogenesis in Wistar rats, Asia Pac. J. Clin. Nutr. 12 (2003) 

488-494.  

Jo
ur

na
l P

re
-p

ro
of



53 

 

137. X. Zhu, X. Jiang, A. Li, Y. Sun, Y. Liu, X. Sun, X. Feng, S. Li, Z. Zhao, S-

allylmercaptocysteine suppresses the growth of human gastric cancer xenografts through 

induction of apoptosis and regulation of MAPK and PI3K/Akt signaling pathways, Bio-

chem. Biophys. Res. Commun. 491 (2017) 821-826.  

138. Y. Lee, H. Kim, J. Lee, K. Kim, Anticancer activity of S-allylmercapto-L-cysteine on 

implanted tumor of human gastric cancer cell, Biol. Pharm. Bull. 34 (2011) 677-681.  

139. D. Anwanwan, S.K. Singh, S. Singh, V. Saikam, R. Singh, Challenges in liver cancer 

and possible treatment approaches, Biochim Biophys Acta Rev Cancer. 1873 (2020) 

188314.  

140. Y. Zhou, Y. Li, T. Zhou, J. Zheng, S. Li, H.B. Li, Dietary Natural Products for Preven-

tion and Treatment of Liver Cancer, Nutrients 8 (2016) 156. 

141. Y.L. Chu, C.T. Ho, J.G. Chung, R. Raghu, Y.C. Lo, L.Y. Sheen, Allicin induces anti-

human liver cancer cells through the p53 gene modulating apoptosis and autophagy, J. 

Agric. Food Chem. 61 (2013) 9839-9848.  

142. Zou X, Liang J, Sun J, Hu X, Lei L, Wu D, Liu L. Allicin sensitizes hepatocellular can-

cer cells to anti-tumor activity of 5-fluorouracil through ROS-mediated mitochondrial 

pathway. J Pharmacol Sci. 131 (2016) 233-240.  

143. M. Green, R. Thomas, L. Gued, S. Sadrud-Din, Inhibition of DES-induced DNA adducts 

by diallyl sulfide: implications in liver cancer prevention, Oncol. Rep. 10 (2003) 767-

771.  

144. C.C. Wu, J.G. Chung, S.J. Tsai, J.H. Yang, L.Y. Sheen, Differential effects of allyl sul-

fides from garlic essential oil on cell cycle regulation in human liver tumor cells, Food 

Chem. Toxicol. 42 (2004) 1937-1947.  

145. M.  cie ,  . Kwiecień, G. Chwat o, M. So ołows a-Jeżewicz, D. Kowalczy -Pachel, H. 

Rokita, The effects of garlic-derived sulfur compounds on cell proliferation, caspase 3 

Jo
ur

na
l P

re
-p

ro
of



54 

 

activity, thiol levels and anaerobic sulfur metabolism in human hepatoblastoma HepG2 

cells, Cell. Biochem. Funct. 30 (2012) 198-204.  

146. D. Tong, H. Qu, X. Meng, Y. Jiang, D. Liu, S. Ye, H. Chen, Y. Jin, S. Fu, J. Geng, S-

allylmercaptocysteine promotes MAPK inhibitor-induced apoptosis by activating the 

TGF β signaling pathway in cancer cells, Oncol. Rep. 32 (2014) 1124-1132.  

147. K.T. Ng, D.Y. Guo, Q. Cheng, W. Geng, C.C. Ling, C.X. Li, X.B. Liu, Y.Y. Ma, C.M. 

Lo; R.T. Poon, S.T. Fan, A garlic derivative, S-allylcysteine (SAC), suppresses prolifera-

tion and metastasis of hepatocellular carcinoma, PLoS One. 7 (2012) e31655.  

148. Z.T. Bai, Z.R. Wu, L.L. Xi, X. Li, P. Chen, F.Q. Wang, W.B. Meng, W.C. Zhou, X.A. 

Wu, X.J. Yao, M. Zhang, Inhibition of invasion by N-trans-feruloyloctopamine via AKT, 

p38MAPK and EMT related signals in hepatocellular carcinoma cells, Bioorg. Med. 

Chem. Lett. 27 (2017) 989-993.  

149. H.Y. Kay, J. Won Yang, T.H. Kim, D.Y. Lee, B. Kang, J.H. Ryu, R. Jeon, S.G. Kim, 

Ajoene, a stable garlic by-product, has an antioxidant effect through Nrf2-mediated glu-

tamate-cysteine ligase induction in HepG2 cells and primary hepatocytes, J. Nutr. 140 

(2010) 1211-1219.  

150. J. Xiao, F. Xing, Y. Liu, Y. Lv, X. Wang, M.T. Ling, H. Gao, S. Ouyang, M. Yang, J. 

Zhu, Y. Xia, Garlic-derived compound S-allylmercaptocysteine inhibits hepatocarcino-

genesis through targeting LRP6/Wnt pathway, Acta Pharm Sin B. 8 (2018) 575-586.  

151. S. Sundaresan, P. Subramanian, Prevention of N-nitrosodiethylamine-induced hepatocar-

cinogenesis by S-allylcysteine, Mol. Cell. Biochem. 310 (2008) 209-214.  

152. A.M.K. Pandian, C. Karthikeyan, M. Rajasimman, M.G. Dinesh, Synthesis of silver na-

noparticle and its application, Ecotoxicol. Environ. Safety. 121 (2015) 211-217.  

153. N. Ai Thach, H.P. Thu, N.M. Thuy, In-vitro evaluation of cytotoxicity, antimicrobial, 

and enzyme inhibition activity of black garlic and its nanoparticles, Int. J. Engineer. Sci. 

Res. Tech. 8 (2019) 59-63.  

Jo
ur

na
l P

re
-p

ro
of



55 

 

154. R.M Hathout, A.A. Metwally, S.H. El-Ahmady, E.S. Metwally, N.A. Ghonim, S.A. 

Bayoumy, T. Erfan, R. Ashraf, M. Fadel, A.I. El-Kholy, J.G.  Hardy, Dual stimuli-

responsive polypyrrole nanoparticles for anticancer therapy, J. Drug Delivery Sci. Tech. 

47 (2018) 176-180.  

155. Pandey N, Tyagi G, Kaur P, Pradhan S, Rajam MV, Srivastava T. Allicin Overcomes 

Hy-poxia Mediated Cisplatin Resistance in Lung Cancer Cells through ROS Mediated 

Cell Death Pathway and by Suppressing Hypoxia Inducible Factors. Cell Physiol Bio-

chem. 54 (2020) 748-766.  

156. Z. Tang, Z. Shen, S. Liu, The effect of topically garlic solution painting on experimental 

oral precancer and oral cancer in rats, Zhonghua Kou Qiang Yi Xue Za Zhi. 30 (1995) 

232-234.  

157. A.A. Laskar, S.H. Khan, N. Subbarao, H. Younus, Enhancement in the catalytic activity 

of human salivary aldehyde dehydrogenase by alliin from garlic: Implications in alde-

hyde toxicity and oral health, Curr. Pharm. Biotechnol. 20 (2019) 506-516.  

158. Alamir AH, Patil S. Allicin Could Potentially Alleviate Oral Cancer Pain by Inhibiting 

"Pain Mediators" TNF-alpha, IL-8, and Endothelin. Curr Issues Mol Biol. 43 (2021) 

187-196.  

159. F.Y. Tang, E.P.I. Chiang, J.G. Chung, H.Z. Lee, C.Y. Hsu, S-allylcysteine modulates the 

expression of E-cadherin and inhibits the malignant progression of human oral cancer, J. 

Nutr. Biochem. 20 (2009) 1013-1020.  

160. M.H. Pai, Y.H. Kuo, E.P. Chiang, F.Y. Tang, S-Allylcysteine inhibits tumour progres-

sion and the epithelial-mesenchymal transition in a mouse xenograft model of oral can-

cer, Br. J. Nutr. 108 (2012) 28-38.  

161. P. Maheswari, S. Ponnusamy, S. Harish, M.R. Ganesh, Y. Hayakawa, Hydrothermal syn-

thesis of pure and bio modified TiO2: characterization, evaluation of antibacterial activi-

Jo
ur

na
l P

re
-p

ro
of



56 

 

ty against gram positive and gram negative bacteria and anticancer activity against KB 

Oral cancer cell line, Arabian J. Chem. 13 (2020) 3484-3497.  

162. Y.S. Xu, J.G. Feng, D. Zhang, B. Zhang, M. Luo, D. Su, N.M. Lin, S-allylcysteine, a 

garlic derivative, suppresses proliferation and induces apoptosis in human ovarian cancer 

cells in vitro, Acta Pharmacol Sin. 35 (2014) 267-274.  

163. Y. Xu, D. Su, L. Zhu, S. Zhang, S. Ma, K. Wu, Q. Yuan, N. Lin, S-allylcysteine sup-

presses ovarian cancer cell proliferation by DNA methylation through DNMT1, J. Ovari-

an Res. 11 (2018) 39.  

164. L. Xu, J. Yu, D. Zhai, D. Zhang, W. Shen, L. Bai, Z. Cai, C. Yu, Role of JNK Activation 

and Mitochondrial Bax Translocation in Allicin-Induced Apoptosis in Human Ovarian 

Cancer SKOV3 Cells, Evid. Based Complement Altern. Med. 2014 (2014) 378684. 

165. E. Appel, A. Rabinkov, M. Neeman, F. Kohen, D. Mirelman, Conjugates of daidzein-

alliinase as a targeted pro-drug enzyme system against ovarian carcinoma, J. Drug Tar-

get. 19 (2011) 326-335.  

166. X.Y. Lan, H.Y. Sun, J.J. Liu, Y. Lin, Z.Y. Zhu, X. Han, X. Sun, X.R. Li, H.C. Zhang, 

Z.Y. Tang, Effects of garlic oil on pancreatic cancer cells, Asian Pac. J. Cancer Prev. 14 

(2013) 5905-5910.  

167. Chhabria SV, Akbarsha MA, Li AP, Kharkar PS, Desai KB. In situ allicin generation 

using targeted alliinase delivery for inhibition of MIA PaCa-2 cells via epigenetic chang-

es, oxidative stress and cyclin-dependent kinase inhibitor (CDKI) expression. Apoptosis. 

20 (2015) 1388-409.  

168. H.B. Ma, S. Huang, X.R. Yin, Y. Zhang, Z.L. Di, Apoptotic pathway induced by diallyl 

trisulfide in pancreatic cancer cells, World J. Gastroenterol. 20 (2014) 193-203.  

169. W. Wang, J. Cheng, Y. Zhu, The JNK signaling pathway is a novel molecular target for 

S-Propargyl-L-Cysteine, a naturally-occurring garlic derivatives: Link to its anticancer 

Jo
ur

na
l P

re
-p

ro
of



57 

 

activity in pancreatic cancer in vitro and in vivo, Curr. Cancer Drug Targets. 15 (2015) 

613-623.  

170. S. Mariani, L. Lionetto, M. Cavallari, A. Tubaro, D. Rasio, C. De Nunzio, G.M. Hong, 

M. Borro, M. Simmaco, Low prostate concentration of lycopene is associated with de-

velopment of prostate cancer in patients with high-grade prostatic intraepithelial neo-

plasia, Int. J. Mol. Sci. 15 (2014) 1433-1440. 

171. N. Özten-Kandaş, M.C. Bosland, Chemoprevention of prostate cancer: Natural com-

pounds, antiandrogens, and antioxidants–in vivo evidence, J. Carcinogenesis. 10 (2011) 

27. 

172. A. Herman-Antosiewicz, Y.A. Kim, S.H. Kim, D. Xiao, S.V. Singh, Diallyltrisulfide-

induced G2/M phase cell cycle arrest in DU145 cells is associated with delayed nuclear 

translocation of cyclin-dependent kinase, Pharm. Res. 27 (2010) 1072-1079. 

173. D. Xiao, A. Herman-Antosiewicz, J. Antosiewicz, H. Xiao, M. Brisson, J.S. Lazo, S.V. 

Singh, Diallyl trisulfide-induced G2–M phase cell cycle arrest in human prostate cancer 

cells is caused by reactive oxygen species-dependent destruction and hyperphosphoryla-

tion of Cdc25C, Oncogene. 24 (2005) 6256-6268. 

174. J. Antosiewicz, A. Herman-Antosiewicz, S.W. Marynowski, S.V. Singh, c-jun NH2-

terminal kinase signaling axis regulates diallyl trisulfide-induced generation of reactive 

oxygen species and cell cycle arrest in human prostate cancer cells, Cancer Res. 66 

(2006) 5379-5386. 

175. R. Arunkumar, G. Sharmila, P. Elumalai, K. Senthilkumar, S. Banudevi, D.N. Gun-

adharini, C.S. Benson, P. Daisy, J. Arunakaran, Effect of diallyl disulfide on insulin-like 

growth factor signaling molecules involved in cell survival and proliferation of human 

prostate cancer cells in vitro and in silico approach through docking analysis, Phytomed. 

19 (2012) 912-923. 

Jo
ur

na
l P

re
-p

ro
of



58 

 

176. A. Arunkumar, M.R. Vijayababu, N. Srinivasan, M.M. Aruldhas, J. Arunakaran, Garlic 

compound, diallyl disulfide induces cell cycle arrest in prostate cancer cell line PC-3, 

Mol. Cell. Biochem. 288 (2006) 107-113. 

177. Q. Chu, M.T. Ling, H. Feng, H.W. Cheung, S.W. Tsao, X. Wang, Y.C. Wong, A novel 

anticancer effect of garlic derivatives: inhibition of cancer cell invasion through restora-

tion of E-cadherin expression, Carcinogenesis. 11 (2006) 2180-2189. 

178. B.B. Aggarwal, S. Shishodia, Molecular targets of dietary agents for prevention and 

therapy of cancer, Biochem. Pharm. 71 (2006) 1397-1421. 

179. D. Xiao, S.V. Singh, Diallyl trisulfide, a constituent of processed garlic, inactivates Akt 

to trigger mitochondrial translocation of BAD and caspase-mediated apoptosis in human 

prostate cancer cells, Carcinogenesis 27 (2006) 533-540. 

180. A. Herman-Antosiewicz, S.V. Singh, Checkpoint kinase 1 regulates diallyl trisulfide-

induced mitotic arrest in human prostate cancer cells, J. Biol. Chem. 280 (2005) 28519-

28528. 

181. D.N. Gunadharini, A. Arunkumar, G. Krishnamoorthy, R. Muthuvel, M.R. Vijayababu, 

P. Kanagaraj, N. Srinivasan, M.M. Aruldhas, J. Arunakaran, Antiproliferative effect of 

diallyl disulfide (DADS) on prostate cancer cell line LNCaP, Cell Biochem. Funct. 24 

(2006) 407-412. 

182. J.T. Pinto, C. Qiao, J. Xing, B.P. Suffoletto, K.B. Schubert, R.S. Rivlin, R.F. Huryk, D.J. 

Bacich, W.D. Heston, Alterations of prostate biomarker expression and testosterone uti-

lization in human LNCaP prostatic carcinoma cells by garlic-derived S-

allylmercaptocysteine, The Prostate. 45 (2000) 304-314. 

183. Q. Chu, D.T. Lee, S.W. Tsao, X. Wang, Y.C. Wong, S-allylcysteine, a water-soluble gar-

lic derivative, suppresses the growth of a human androgen-independent prostate cancer 

xenograft, CWR22R, under in vivo conditions, BJU International 99 (2007) 925-932. 

Jo
ur

na
l P

re
-p

ro
of



59 

 

184. E.W. Howard, M.T. Ling, C.W. Chua, H.W.; Cheung, X. Wang, Y.C. Wong, Garlic-

derived S-allylmercaptocysteine is a novel in vivo antimetastatic agent for androgen-

independent prostate cancer, Clin. Cancer Res. 13 (2007) 1847-1856. 

185. D. Xiao, K.L. Lew, Y.A. Kim, Y. Zeng, E.R. Hahm, R. Dhir, S.V. Singh, Diallyl trisul-

fide suppresses growth of PC-3 human prostate cancer xenograft in vivo in association 

with Bax and Bak induction, Clin. Cancer Res. 12 (2006) 6836-6843. 

186. E. Yılmaz, E. Devrim, H. Per , M. Kaçmaz, Consumption of aqueous garlic extract leads 

to significant improvement in patients with benign prostate hyperplasia and prostate can-

cer, Nutrition Res. 23 (2003) 199-204. 

187. Devrim E, Durak I. Is garlic a promising food for benign prostatic hyperplasia and pros-

tate cancer? Mol Nutr Food Res. 51 (2007) 1319-23.  

188. R. Kumar, G. Deep, R. Agarwal, An overview of ultraviolet B radiation-induced skin 

cancer chemoprevention by silibinin, Curr. Pharmacol. Rep. 1 (2015) 206-215. 

189. A.S. Sadhana, A.R. Rao, K. Kucheria, V. Bijani, Inhibitory action of garlic oil on the ini-

tiation of benzo[a]pyrene-induced skin carcinogenesis in mice, Cancer Lett. 40 (1988) 

193-197. 

190. J.P. Perchellet, E.M. Perchellet, S. Belman, Inhibition of DMBA-induced mouse skin 

tumorigenesis by garlic oil and inhibition of two tumor-promotion stages by garlic and 

onion oils, Nutr.Cancer. 14 (1990) 183-193. 

191. M. Athar, R. Raza, D.R. Bickers, H. Mukhtar, Inhibition of benzoyl peroxide mediated 

tumor promotion in 7,12-dimethylbenz(a) anthracene-initiated skin of Sencar mice by 

antioxidants nordihydroguaiaretic acid and diallyl sulfide, J. Invest. Dermatol. 94 (1990) 

162-165. 

192. C. Dwivedi, S. Rohlfs, D. Jarvis, F.N. Engineer, Chemoprevention of chemically in-

duced skin tumor development by diallyl sulfide and diallyl disulfide, Pharm. Res. 9 

(1992) 1668-1670. 

Jo
ur

na
l P

re
-p

ro
of



60 

 

193. H.C. Wang, J.H. Yang, S.C. Hsieh, L.Y. Sheen, Allyl sulfides inhibit cell growth of skin 

cancer cells through induction of DNA damage mediated G2/M arrest and apoptosis, J. 

Agric. Food Chem. 58 (2010) 7096-7103. 

194. H.C. Wang, S.C. Hsieh, J.H. Yang, S.Y. Lin, L.Y. Sheen, Diallyl trisulfide induces apop-

tosis of human basal cell carcinoma cells via endoplasmic reticulum stress and the mito-

chondrial pathway, Nutr.Cancer. 64 (2012) 1-11. 

195. C.C. Wu, J.G. Chung, S.J. Tsai, J.H. Yang, L.Y. Sheen, Differential effects of allyl sul-

fides from garlic essential oil on cell cycle regulation in human liver tumor cells, Food 

Chem. Toxicol. 42 (2004) 1937-1947. 

196. A. Herman-Antosiewicz, Y.A. Kim, S.H. Kim, D. Xiao, S.V. Singh, Diallyl trisulfide 

induced G2/M phase cell cycle arrest in DU145 cells is associated with delayed nuclear 

translocation of cyclin-dependent kinase 1, Pharm. Res. 27 (2010) 1072-1079. 

197. M.P. Corrêa, A.P. Ferreira, A.M. Gollner, M.F. Rodrigues, M.C. Guerra, Markers ex-

pression of cell proliferation and apoptosis in basal cell carcinoma, An. Bras. Dermatol. 

84 (2009) 606-614. 

198. S. Belman, Onion and garlic oils inhibit tumor promotion, Carcinogenesis. 4 (1983) 

1063-1065. 

199. I. Das, A. Acharya, T. Saha, Protective effect of garlic in skin cancer, Human Health 

Handbooks, 1 (2012) 300-317.  

200. A. Arora, Y. Shukla, Induction of apoptosis by diallyl sulfide in DMBA-induced mouse 

skin tumors, Nutr. Cancer. 44 (2002) 89-94. 

201. A. Arora, I.A. Siddiqui, Y. Shukla, Modulation of p53 in 7,12-

dimethylbenz[a]anthracene-induced skin tumors by diallyl sulfide in Swiss albino mice, 

Mol. Cancer Ther. 3 (2004) 1459-1466. 

Jo
ur

na
l P

re
-p

ro
of



61 

 

202. N. Kalra, A. Arora, Y. Shukla, Involvement of multiple signaling pathways in diallyl sul-

fide mediated apoptosis in mouse skin tumors, Asian Pac. J. Cancer Prev. 7 (2006) 556-

562. 

203. S. Shrotriya, J.K. Kundu, H.K. Na, Y.J. Surh, Diallyl trisulfide inhibits phorbol ester-

induced tumor promotion, activation of AP-1, and expression of COX-2 in mouse skin 

by blocking JNK and Akt signaling, Cancer Res. 70 (2010) 1932-1940. 

204. C.M. Tilli, A.J.W. Stavast-Kooy, J.D.D. Vuerstaek, M.R.T.M. Thissen, G.A.M. Krekels, 

F.C.S. Ramaekers, H.A.M. Neumann, The garlic-derived organosulfur component ajoene 

decreases basal cell carcinoma tumor size by inducing apoptosis, Arch. Dermatol. Res. 

295 (2003) 117-123. 

205. B. Vogelstein, D. Lane, A.J. Levine, Surfing the p53 network, Nature. 408 (2000) 307-

310. 

206. H.K. Koblish, S. Zhao, C.F. Franks, R.R. Donatelli, R.M. Tominovich, L.V. LaFrance, 

K.A. Leonard, J.M. Gushue, D.J. Parks, R.R. Calvo, K.L. Milkiewicz, Benzodiaze-

pinedione inhibitors of the Hdm2: p53 complex suppress human tumor cell proliferation 

in vitro and sensitize tumors to doxorubicin in vivo, Mol. Cancer Ther. 5 (2006) 160-169. 

207. A. Arora, N. Kalra, Y. Shukla, Regulation of p21/ras protein expression by diallyl sulfide 

in DMBA induced neoplastic changes in mouse skin, Cancer Lett. 242 (2006) 28-36. 

208. I. Das, T. Saha, Effect of garlic on lipid peroxidation and antioxidation enzymes in 

DMBA-induced skin carcinoma, Nutrition. 25 (2009) 459-471. 

209. N. Nigam, Y. Shukla, Preventive effects of diallyl sulfide on 7,12-

dimethylbenz[a]anthracene induced DNA alkylation damage in mouse skin, Mol. Nutr. 

Food Res. 51 (2007) 1324-1328. 

210. A. Singh, Y. Shukla, Antitumor activity of diallyl sulfide in two-stage mouse skin model 

of carcinogenesis, Biomed. Environ. Sci. 11 (1998) 258-263. 

Jo
ur

na
l P

re
-p

ro
of



62 

 

211. B. Song, Y. Shu, T. Cui, P. Fu, Allicin inhibits human renal clear cell carcinoma pro-

gression via suppressing HIF pathway. Int J Clin Exp Med. 8 (2015) 20573-20580. 

212. S. Takahashi, K. Hakoi, H. Yada, M. Hirose, N. Ito, S. Fukushima, Enhancing effects of 

diallyl sulfide on hepatocarcinogenesis and inhibitory actions of the related diallyl disul-

fide on colon and renal carcinogenesis in rats. Carcinogenesis. 13 (1992) 1513-1518.  

213. C.S. Charron, H.D. Dawson, G.P. Albaugh, P.M. Solverson, B.T. Vinyard, G.I. Solano-

Aguilar, A. Molokin, J.A. Novotny, A single meal containing raw, crushed garlic influ-

ences expression of immunity- and cancer-related genes in whole blood of humans. J 

Nutr. 145 (2015) 2448-2455.  

214. G.Y. Lee, J.J. Lee, S.M. Lee, Antioxidant and anticoagulant status were improved by 

personalized dietary intervention based on biochemical and clinical parameters in cancer 

patients. Nutr Cancer. 67 (2015) 1083-1092.  

215. V.G. Bespalov, N.I. Barash, O.A. Ivanova, P. . Krzhivits iĭ, V.F. Semiglazov, V.A. Ale-

ksandrov, N.A. Sobenin, A.N. Orekhov, Study of an antioxidant dietary supplement 

"Karinat" in patients with benign breast disease, Vopr. Onkol. 50 (2004) 467-472.  

216. K.E. Zuniga, D.L. Parma, E. Muñoz, M. Spaniol, M. Wargovich, A.G. Ramirez, Dietary 

intervention among breast cancer survivors increased adherence to a Mediterranean-

style, anti-inflammatory dietary pattern: the Rx for better breast health randomized con-

trolled trial. Breast Cancer Res Treat. 173 (2019) 145-154.  

217. H. Ishikawa, T. Saeki, T. Otani, T. Suzuki, K. Shimozuma, H. Nishino, S. Fukuda, K. 

Morimoto, Aged garlic extract prevents a decline of NK cell number and activity in pa-

tients with advanced cancer, J. Nutr. 136 (3 Suppl) (2006) 816S-820S.  

218. S. Tanaka, K. Haruma, M. Yoshihara, G. Kajiyama, K. Kira, H. Amagase, K. Chayama, 

Aged garlic extract has potential suppressive effect on colorectal adenomas in humans, J. 

Nutr. 136 (3 Suppl) (2006) 821S-826S.  

Jo
ur

na
l P

re
-p

ro
of



63 

 

219. S. Tanaka, K. Haruma, M. Kunihiro, S. Nagata, Y. Kitadai, N. Manabe, M. Sumii, M. 

Yoshihara, G. Kajiyama, K. Chayama, Effects of aged garlic extract (AGE) on colorectal 

adenomas: a double-blinded study, Hiroshima J. Med. Sci. 53 (2004) 39-45.  

220. A.E. Millen, A.F. Subar, B.I. Graubard, U. Peters, R.B. Hayes, J.L. Weissfeld, L.A. 

Yokochi, R.G. Ziegler, PLCO Cancer Screening Trial Project Team. Fruit and vegetable 

intake and prevalence of colorectal adenoma in a cancer screening trial. Am J Clin Nutr. 

86 (2007) 1754-1764.  

221. W.Q. Li, J.Y. Zhang, J.L. Ma, Z.X. Li, L. Zhang, Y. Zhang, Y. Guo, T. Zhou, J.Y. Li, L. 

Shen, W.D. Liu, Z.X. Han, W.J. Blot, M.H. Gail, K.F. Pan, W.C. You, Effects of Heli-

cobacter pylori treatment and vitamin and garlic supplementation on gastric cancer inci-

dence and mortality: follow-up of a randomized intervention trial, BMJ. 366 (2019) 

l5016.  

222.  J.L. Ma, L. Zhang, L.M. Brown, J.Y. Li, L. Shen, K.F. Pan, W.D. Liu, Y. Hu, Z.X. Han, 

S. Crystal-Mansour, D. Pee, W.J. Blot, J.F. Jr. Fraumeni, W.C. You, M.H. Gail, Fifteen-

year effects of Helicobacter pylori, garlic, and vitamin treatments on gastric cancer inci-

dence and mortality, J. Natl. Cancer Inst. 104 (2012) 488-492.  

223. Y. Guo, Z.X. Li, J.Y. Zhang, J.L. Ma, L. Zhang, Y. Zhang, T. Zhou, W.D. Liu, Z.X. 

Han, W.Q. Li, K.F. Pan, W.C. You, (2020). Association between lifestyle factors, vita-

min and garlic supplementation, and gastric cancer outcomes: A secondary analysis of a 

randomized clinical trial, JAMA Netw Open. 3 (2020) e206628.  

224. W.C. You, Y.S. Chang, J. Heinrich, J.L. Ma, W.D. Liu, L. Zhang, L.M. Brown, C.S. 

Yang, M.H. Gail, J.F. Jr. Fraumeni, G.W. Xu, An intervention trial to inhibit the progres-

sion of precancerous gastric lesions: compliance, serum micronutrients and S-allyl cyste-

ine levels, and toxicity, Eur. J. Cancer Prev. 10 (2001) 257-263.  

Jo
ur

na
l P

re
-p

ro
of



64 

 

225. Z.D. Zhang, Y. Li, Z.K. Jiao, Effect of local application of allicin via gastroscopy on cell 

proliferation and apoptosis of progressive gastric carcinoma]. Zhongguo Zhong Xi Yi Jie 

He Za Zhi. 28 (2008) 108-110.  

226. M.E. Gatt, J. Strahilevitz, N. Sharon, D. Lavie, N. Goldschmidt, Y. Kalish, A. Gural, 

O.B. Paltiel, A randomized controlled study to determine the efficacy of garlic com-

pounds in patients with hematological malignancies at risk for chemotherapy-related fe-

brile neutropenia. Integr Cancer Ther. 14 (2015) 428-435.  

227. K.N. Shashikant, S.C. Basappa, V. Sreenivasamurthy, Allicin concentration in the gut of 

rats and its influence on the microflora, J. Food Sci. Technol. 22 (1985) 440-442. 

228. G. Oboh, Prevention of garlic-induced hemolytic anemia using some tropical green leafy 

vegetables, J. Med. Food. 7 (2004) 498-501.  

229. M.A. Alnaqeeb, M. Thomson, T. Bordia, M. Ali, Histopathological effects of garlic on 

liver and lung of rats, Toxicol.Lett. 85 (1996) 157-164. 

Jo
ur

na
l P

re
-p

ro
of



65 

 

Legends to figures: 

  
Figure 1. Anticancer phytoconstituents of garlic. (A) Non-volatile sulfur-containing compounds 

present in intact garlic. (B) Conversion of allicin from alliin. (C) Organosulfur analogs of allicin 

in the process of garlic preparation. (D) Water-soluble analogs of γ-glutamyl-L-cysteine pep-

tides.  
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Figure 2. Proposed pathways for DADS-induced cell cycle arrest in breast cancer. Color repro-

duction only for online version. 
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Figure 3. Proposed pathways for DATS-induced anticancer effects against gastric cancer cells. 

cancer. Color reproduction only for online version. 
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Figure 4. Proposed pathways for SAMC-induced cell cycle arrest and activation of apoptosis in 

gastric cancer cells. cancer. Color reproduction only for online version. 
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Figure 5. Proposed pathways for allicin-induced cell cycle arrest in ovarian cancer. cancer. Col-

or reproduction only for online version. 
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Figure 6. Proposed pathways for DATS-induced anticancer effects against prostate cancer cells. 

cancer. Color reproduction only for online version. 
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Figure 7. Proposed pathways for DATS-induced cell cycle arrest and activation of apoptosis in 

skin cancer cells. cancer. Color reproduction only for online version. 
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Figure 8. Summary of anticancer effects and associated molecular targets and cellular pathways 

of garlic phytochemicals. cancer. Color reproduction only for online version. 
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Table 1.  

Potential in vitro anticancer effects and mechanisms of action of various secondary metabolites and nano-

formulations of garlic. 

Cancer 

types 

Material tested Cell lines used Mechanism of action Concentrations References 

Breast  

cancer 

Allicin MCF-7 ┴Proliferation; ┴cell 

cycle at G0/G1 and 

G2/M phase  

10-25 μM [42] 

MCF-7 and 

HCC-70  

┴Proliferation; 

┴clonogenicity; ↓cell 

viability; ↑apoptosis; 

↑NOXA; ↑p21; ↑Ba ; 

↓Bcl-xL; ↑caspase-3; 

↑caspase-8; ↑caspase-9 

45 μM and 20 

μM 

[43] 

 

Alliin MCF-7 and 

HCC-70  

Senescence 10 µM [43] 

DADS CMT-I3  ┴Tumor growth  10.9 μM [44] 

MCF-7  ┴ Proliferation; 

↑apoptosis; ┴ERK; 

↑SAPK/JNK; ↑p38  

200 μmol/dL [45] 

MCF-7  ┴Cell cycle at sub-G0 

stage; ↑caspase-3; 

↑apoptosis; ┴ERK; 

↑SAPK/JNK; ↑p38 

pathway 

200 μmol/dL [48] 

MCF-7 ┴ Proliferation; 

↑apoptosis; ↑Bax; 

↑Bad; ↑caspase-3; 

↑caspase-9; ↓Bcl-2 

1.562-100 µM [ 49] 

MCF-7 and 

MDA‐ MB‐ 231  

┴ Proliferation; ↓uPA; 

↓MMP-9; ↑TTP 

100-400 µM; 

200 μmol/dL 

[69] 

DADS solid lipid 

nanoparticles 

MCF-7 ┴ Proliferation; 

↑apoptosis; ↑Bax; 

↑Bad; ↑caspase-3; 

↑caspase-9; ↓Bcl-2 

1.562-100 µM [49] 

DATS MCF-7  ↑Apoptosis; ┴cell cy-

cle at G2/M stage; ↓A t 

100 μM [53] 

MCF-7 and 

SUM159  

┴proliferation; 

↑apoptosis; ↓CSCs 

markers (CD44, 

ALDH1A1, Nanog and 

Oct4); ↓Wnt/β-catenin 

pathway 

[54] 

┴ proliferation; ↓ 

FoxQ1  

2.5 and 5 μM [55] 

MDA-MB-231, 

MCF-7 and 

MCF10A-H 

┴proliferation; 

┴ADAM10; 

┴ADAM17; ┴Notch 

ligands Jagged-1 and 

Jagged-2;  

30 and 40 

μmol/L 

[56] 

MCF-7 and 

T47D 

┴cell viability; 

↑apoptosis; ┴ER-; 

↓ER- mRNA expres-

sion; ┴ERE2e1b-

20 µM [58] 
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luciferase;  

MDA-MB-231 

and HS 578T  

┴MMP2/9; ┴NF-κB 

and ERK/MAPK sig-

naling pathways 

10 μM [59] 

SAMC MCF-7and 

MDA-MB-231 

┴Cell cycle at G0/G1 

phase; ↑p53; ↑p21; 

↑apoptosis; ↑Bax; 

↓Bcl-2; ↓Bcl-xL; 

↑caspase-9; ↑caspase-3 

148 μM; 

207 μM 

[60-62] 

SAC MDA-MB-231 ↑E-cadherin; ↓MMP-2 1 mM [63] 

 G-AgNPs MCF-7 ┴Proliferation; ↓cell 

viability; ↑cell clump-

ing; ↑membrane insta-

bility 

100 µg/mL [74] 

 Garlic extract me-

diated silver na-

noparticles (Ag-

S2) 

MCF-7 ┴Proliferation; ↓cell 

viability 

19.94 µg/mL [75] 

 Garlic extract-

based size con-

trolled superpara-

magnetic hematite 

nanoparticles 

MCF-7 ┴Proliferation 346.25 mg/mL [77] 

 ZnO-reduced gra-

phene oxide nano-

composites (ZnO-

RGO NCs) using 

garlic clove ex-

tract 

MCF-7  ┴Proliferation  [78] 

Cervical 

cancer 

Allicin SiHa ┴Proliferation; ↓cell 

viability; ↑apoptosis; ↓ 
Nrf2 and ↓heme oxy-

genase 1; inactivated 

PI3K/Akt pathway 

5, 20 and 50 

nM 

 [79] 

Green synthesized 

silver nanoparticle 

from aqueous ex-

tract of elephant 

garlic 

HeLa ┴Proliferation < 25 mg/mL [80] 

 

Size controlled 

superparamagnetic 

hematite nanopar-

ticles of garlic 

extract 

HeLa ┴Proliferation 285 mg/mL [77] 

Garlic extract me-

diated silver na-

noparticles (Ag-

S2) 

HeLa and Hep-2 ┴Proliferation 16.75 and 

27.63 mg/mL 

[75] 

Colon  

cancer 

Allicin HT-29 ┴Proliferation; ┴cell 

cycle at G0/G1 and 

G2/M phase (MCF-7 

cells) 

10-25 μM [42] 

HCT-116, 

LS174T, HT-29 

and Caco-2 

┴Proliferation; ↑Bax; 

↓Bcl-2; ↑apoptosis; 

↑translocation of Nrf2 

6.2 to 310 µM [84] 
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HCT116 ↑Radiosensitivity of 

HCT116 cells; 

┴proliferation; 

↑apoptosis 

10 µg/mL  [85] 

Allicin+ 5-FU DLD-1 ┴Proliferation; ↓total 

caspase-3 

1.625-100 μM  [86] 

Se-methyl-L-

selenocysteine 

(MSeC) 

Colo 205  ↑Apoptosis; ↑Fas; 

↑FasL; ↑Bax; 

↑cleavage of caspase-3 

& caspase-8, ↑DFF45; 

↑PARP; ↓Bid; ↓Bcl-2; 

↓ERK1/2; ↓P 3K/Akt; 

↓p38; ↓JNK  

200 μM [87] 

Thiacremonone SW620 and 

HCT116 

┴ NF-κB; regulates 

TNF-α and DNA bind-

ing activity; ↓Bcl-2, 

↓c AP1/2; ↓X AP; 

↓iNOS; ↓COX-2; 

↑Bax, ↑cleaved caspa-

se-3; ↑cleaved PARP   

100 μg/mL [88-89] 

Ajoene SW480  ┴ β-catenin; ↓c-Myc; 

↓cyclin D1; 

↑phosphorylation of β-

catenin 

10 µM [90] 

SAMC SW-480 and HT-

29 

↑Apoptosis; ┴ prolifer-

ation; ┴Cell cycle at 

G2/M phase; ↑caspase-

3 activity; activates the 

jun kinase activity 

50-250 μm [91] 

DAS Colo 205, colo 

320 DM and co-

lo 320 HSR 

↓NAT mRNA 50 μM [92] 

Colo 320 DM ┴ cell cycle at G2/M 

phase; ↑apoptosis; 

↑NF-κB; ↑caspase-3; 

↓ERK-2; ↑ROS 

[93] 

DADS SW480 ┴ cell cycle at G2/M 

phase; ↑apoptosis; 

↑Ca2+ mobilization 

232 μM [94] 

↓NF-κB; ┴ GSK-3β 20 μM [111] 

HT-29 Glc(-/+)  ┴Cell cycle at G2/M 

phase; ↑apoptosis; ↑L-

glutamine oxidation 

100 μM [95] 

Colo 205  ↑STAT1; ↑apoptosis 50 μM [96] 

HCT-116  ┴ cell cycle at G2/M 

phase; ↑ cyclin B1 ex-

pression 

50-400 μM [97] 

↑Apoptosis; ┴cell cy-

cle at G2/M phase; 

↑p53, ↑ERK phosphor-

ylation 

200 μM [98] 

HCT-15 25-100 

μmol/L 

[99] 

Caco-2 and HT-

29 

┴Proliferation; ┴cell 

cycle at G2phase; 

↑p21(waf1/cip1) ex-

pression; ┴HDAC; H4 

200 μM [100] 
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histone hyperacetyla-

tion 

┴Proliferation; hyper-

acetylation of histone 

H3 K14 

[101] 

Colo 205  ┴Proliferation; ↑MRP-

3; ↑MRP; ↑MRP6 

25 μM [104] 

DATS HCT-15 and 

DLD-1 

┴Cell cycle at G2/M 

phase; ↑apoptosis; 

↑caspase-3 

11.5 μM and 

13.3 μM 

[102] 

Colo 205 ↑Apoptosis; ↓P 3K; 

↓Ras; ↓MEKK3; 

↓MKK7; ↓ERK1/2; 

↓JNK1/2; ↓p38; 

┴MMP-2, MMP-7, and 

MMP-9; ┴NF-B; 

┴COX-2;  

25 μM [105] 

HCT-15 and 

DLD-1 

↑Apoptosis; ↑caspase-

3; cell cycle arrest at 

G2/M phase; 

↑disruption of microtu-

bule network for-

mation; ↑oxidative al-

teration of cysteine 

residues Cys12β and 

Cys354β; ↑formation 

of S-

allylmercaptocysteines 

20 μM [103] 

Size controlled 

superparamagnetic 

hematite nanopar-

ticles prepared 

from aqueous gar-

lic clove extract 

HCT-116  ┴ Proliferation 230 mg/mL [77] 

ZnO-reduced gra-

phene oxide nano-

composites (ZnO-

RGO NCs) using 

garlic clove ex-

tract 

HCT-116  ┴ Proliferation Not specified [78] 

Gastric  

cancer 

Allicin Gastric cancer 

cells (cell line 

not specified) 

┴Cell cycle at G2/M 

phase; ┴proliferation; 

↑apoptosis; ↑ROS; 

↓MMP;  

Not specified [115] 

HGC27 and 

AGS 

┴Proliferation; 

↑apoptosis; ↑ miR-383-

5p; ↓ERBB4, ↓p-PI3K; 

↓p-Akt; ↑Bax; ↓Bcl-2 

10 µg/mL  [116] 

SGC-7901  ┴ Proliferation; ↓cell 

viability; ↑apoptosis; 

↑caspase-3; ↑caspase-

8; ↑caspase-9; ↑Bax; 

↑Fas  

15-120 μg/mL [117] 

SGC-7901  ┴Proliferation; 

↑apoptosis; ┴cell cycle 

0.016-0.1 

mg/mL 

[118] 
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at G2/M phase; 

┴telomerase activity  

MGC-803  ↑Apoptosis; ↑p38; 

↑caspase-3 

0.1-10 µg/mL [119] 

DATS SGC-7901 ┴Proliferation; ┴cell 

cycle at G2/M stage; 

↑apoptosis; ↑cyclin A2; 

↑cyclin B1; ↓Bcl-2 

50-200 μM [121] 

MGC803 and 

SGC7901 

┴Cell cycle at M 

phase; ┴proliferation; 

↑p21(WAF1) genes 

6.4 μg/mL and 

7.3 μg/mL 

[122] 

BGC823, 

SGC7901, AGS, 

and MT2A-

BGC823 

┴Cell cycle at G2/M 

stage; ↑apoptosis; 

↑MT2A; ↑ κB-α; ↓NF-

κB activation; ┴Srx 

25-100 μM [120, 123] 

BGC823 ↑Apoptosis; regulation 

of GST-pi, VDAC-1, 

annexin I, galectin and 

S100A11 

50 mM [124] 

MGC803 ↑Apoptosis; ↑caspase-3 12 mg/L [125] 

AGS  ┴Cell cycle at G2/M 

phase; ↑apoptosis; 

┴proliferation; 

┴AMPK, ↑cyclin B1; 

↑p21(WAF1/C P1)  

50 μM [126] 

↑Nrf2 20 μM [127] 

SAMC SGC 7901 ↑Apoptosis; 

┴proliferation; regula-

tion of the JNK and 

P38 pathway; ↑p53; 

↑Bax; ↑caspase-9; 

↑caspase-3; ↑cyt c 

300 µM [128] 

SNU-1 100-400 μM [129] 

MGC803  ┴Cell cycle at G2/M 

phase; ↓CDC25C and 

↓cyclin B1  

30 mg/L [130] 

┴ ERK1/2 signaling 

pathway; 

↓phosphorylation of 

ERK1/2 

[131] 

DADS AGS  ┴ Proliferation; 

↑apoptosis; ↑ROS 

400 μM [132] 

OE19) ┴Cell viability; 

↓MMPs; ↓u-PA  

10 µg/mL [133] 

AGS cell ┴Proliferation; ↑T MP-

1; ↑T MP-2; ↓claudin-

2; ↓claudin-3;↓claudin-

4  

Not specified [134] 

SBC SGC-7901 ┴Cell cycle at G2-

phase; loss of Δψm; 

↑caspase-9 and 

↑caspase-3; ↑apoptosis; 

↑p53, ↑Bax; ↓Bcl-2 

5-15 mM [135] 

Liver  

cancer 

Allicin Hep 3B 

(p53mutation)  

p53-mediated autopha-

gy; ↑apoptosis; ↓MMP; 

↑Bax; ↓Bcl-2; ↑ROS 

IC50:  35 µM [141] 
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Allicin + 5-FU SK-Hep-1 and 

BEL-7402 

Allicin synergistically 

sensitized hepatocellu-

lar cancer cells to 5-

fluorouracil; 

↓proliferation;  

IC50:  10.389 

μg/ml and 

10.004 μg/ml 

[142] 

Allicin loaded 

polypyrrole (PPY) 

nanoparticles 

HepG2 ┴ Cell proliferation; 

↓cell viability 

100/500 

µg/mL 

[154] 

DATS J5 ┴ Cell cycle at G2/M 

phase; ↓Cd 7; ↑cyclin 

B1  

100 μM [144] 

HepG2 ┴ Cell proliferation; 

↑caspase-3; ↑H2O2; 

↓thiol level 

[145] 

SAMC HepG2 ↑Apoptosis; ↑TGF-β1; 

↑TβR  ; ↑p-smad2/3; 

↑smad4 and ↑smad7 

signals; ↑Bam; ↓Bcl-2; 

↑caspase-3; ↑caspase-9 

800 µmol/L [146] 

SAC MHCC97L ↑Apoptosis ↑E-

cadherin; ↓VEGF; 

↓Bcl-xL; ↓Bcl-2; ↓Ki-

67; ↓PNCA; ↓cdc25c; 

↓cdc2; ↓cyclin B1; 

┴cell cycle at S phase; 

↑caspase-3; ↑caspase-9  

IC50:  33 mM [147] 

FO Huh7 and 

HCCLM3 

↓ A t and p38 MAPK; 

┴Slug; ↑E-cadherin 

1.99 mM [148] 

Ajoene HepG2 ↑ Nrf2; ↓interaction of 

Nrf2 with ECH-

associated protein-1; ↑ 

GCL and GSH; 

↓Nrf2ubiquitination; 

↑Pd.D. 

30 mmol/L [149] 

Silver nanoparti-

cles synthesized 

using Allium sa-

tivum extract 

HepG2 ┴Proliferation; 

↑apoptosis; ↑DNA 

fragmentation; cell cy-

cle arrest at G2/M 

phase; ↑Bax, ↑caspase-

3; ↑caspase-9; 

↑cleavage of PARP; 

↓Bcl-2; ↓cyclin B; 

↓cdc2; ↓cdc25c; ↑p21; 

↑p53 

LC50: 31.25 

ng/mL 

[152] 

Alginate based 

black garlic nano-

particles 

Hep G2 (HB–

8065TM)  

┴Proliferation  [153] 

Silver nanoparti-

cles of garlic 

aqueous extract 

Hep2 ┴Proliferation 27.63±0.88 

mg/mL 

[75] 

Lung  

cancer 

Allicin A549 and NCI-

H460 

↓Cell viability; 

↓proliferation; 

↓migration; ↑apoptosis; 

↑autophagy; ↑ROS; 

↑DNA damage; cell 

10 and 40 

μg/mL 

[155] 
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cycle arrest at S/G2-M 

phase; modulation of 

ROS/MAPK and 

ROS/JNK signaling 

pathway    

Garlic extracts 

mediated silver 

nanoparticles (Ag-

S2) 

A549 ┴Proliferation; 

↑apoptosis 

13.26 mg/mL [75] 

Alginate-based 

black garlic nano-

particles 

LU-1 (HTB-

57TM) 

┴Proliferation 1 mg of black 

garlic ex-

tract/mL algi-

nate solution 

[153] 

Allicin CD133+  ↓Cell viability; ┴TNF-

α; ┴ L-8; ┴endothelin 

100 ng/mL [158] 

SAC CAL-27  ┴Proliferation; ┴ 

MAPK/ERK signaling 

pathway; ↓SLUG re-

pressor protein; ↑E-

cadherin 

20 mM [159] 

Alginate based 

black garlic nano-

particles 

KB (CCL-17TM) ┴Proliferation  [153] 

Garlic extract 

modified titanium 

dioxide nanoparti-

cles 

KB ┴Proliferation; ↓cell 

viability; ↑ROS 

10 mg/mL [161] 

Ovarian  

cancer 

SAC A2780 ┴Proliferation; ┴cell 

cycle G1/S phase; ↓pro-

caspase-3L ↓Parp-1; 

↓Bcl-2; ↑caspase-3 ; 

↑Bax; ↓Wnt5a; ↓p-Akt; 

↓c-Jun 

25 mmol/L [162] 

┴Cell cycle at G1/S 

phase; ↓5-

methylcytosine; 

↓DNMT activity; 

↓DNMT1 protein lev-

els; ↓cdc2 

16.25 mmol/L [163] 

Allicin SKOV3 ┴Proliferation; 

↑apoptosis; ↑JNK 

phosphorylation; ↑Bax 

and ↑cyt. c 

25 μg/mL [164] 

Silver nanoparti-

cles synthesized 

using Allium sa-

tivum extract 

SKOV3  ┴Proliferation; 

↑apoptosis; ↑DNA 

fragmentation; cell cy-

cle arrest at G2/M 

phase; ↑Bax; ↑caspase-

3; ↑caspase-9; 

↑cleavage of PARP; 

↓Bcl-2; ↓cyclin B; 

↓cdc2; ↓cdc25c; ↑p21; 

↑p53 

LC50: 31.25 

ng/mL 

[152] 

Pancreatic 

cancer 

Allicin MIA PaCa-2 ↓Cell viability; 

↑apoptosis; ↑caspase-3 

89.43 μM [167] 
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and ↑p21Waf1/Cip1; cell 

cycle arrest at G1 

phase; ↑ROS; ↓ GSH 

DATS Capan-2 ┴Cell cycle at G2/M 

phase; ↑apoptosis; 

↑Fas; ↑p21; ↑p53; 

↑Bax; ↑cyclin B1; 

↓A t; ↓cyclin D1; 

↓MDM2; ↓Bcl-2 

100 μmol/L [168] 

Benzo(a)pyrene-

induced precan-

cerous 

MCF-10A cells 

┴Proliferation; ┴Cell 

cycle at G2/M phase 

60 μM [52] 

SPRC PDA ┴Proliferation; 

↑apoptosis; ┴cell cycle 

at G2/M phase 

Not specified [169] 

Silver nanoparti-

cle of elephant 

garlic aqueous 

extract 

βTC-3  ┴Proliferation < 25 mg/mL [80] 

Prostate  

cancer 

DATS DU145 ┴Cell cycle at G2/M 

phase; ↓Cdc25C pro-

tein; ┴ inase activity 

of cdk1/cyclin B1 

complex 

20 and 40 μM [172] 

PC-3 and DU145  ┴Cell cycle at G2/M 

phase; ↑Tyr15 phos-

phorylation of Cdk1; 

┴Cd 1/cyclinB1  i-

nase activity; ↓Cdc25C 

protein; ↑Ser216 phos-

phorylation 

40 and 80 μM [173] 

PC-3 ↑Apoptosis; ↓cyclin 

D1; ↓NF-қB; ↓Bcl-2; 

↑Bad; ↑Bax; ↓A t 

10-50 μM [175] 

PC-3 and DU145  ↓Ser 473 and Thr308; 

┴A t; ↑apoptosis; ↓Ser 
155 and Ser 136; 

↓phosphorylation of 

BAD 

40 μM [179] 

PC-3 and DU145  ┴Cell cycle at G2/M 

phase; ┴ cyclin-

dependent kinase 1 

activity; 

┴hyperphosphorylation 

of Cdc25C at Ser216 

[180] 

DADS PC-3 Antiproliferative ac-

tivity; 

┴cell cycle arrest at 

G2/M; ↓CDK1 expres-

sion 

25 and 40μM [176] 

LNCaP ↓Proliferation; ↑Bax; 

↓Bcl-xL; ↑caspase-3 

25-100 mM [181] 

SAC PCa ↓Proliferation; 

↓invasion ability; ↑E-

IC50: 2.16 mM 
[177] 
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Various symbols (↑, ↓ and ┴) indicate increase, decrease and inhibition in the obtained variables, respectively. 

 

 

 

cadherin mRNA ex-

pression; ↓Snail ex-

pression 

SAMC PCa ┴Proliferation; 

↓invasion ability; ↑E-

cadherin mRNA ex-

pression; ↓Snail ex-

pression 

IC50: 86.34 

μM 

LNCaP  500 µM [182] 

Skin  

cancer 

Ajoene TE354T  ↓Apoptosis-

suppressing protein; 

↑mitochondria-

dependent route of 

apoptosis; ↓tumor size 

Not specified [204] 

DATS A375 and BCC  ┴Cell cycle at G2/M 

stage; ┴proliferation; 

↑p53   

25 μM [193] 

BCC ↑Apoptosis; ↑phospho-

p53; ↑Bax; ↓Bcl-2; 

↓Bcl-xL; 

↑Bip/GRP78and 

CHOP/GADD153; 

↑caspase-4 

25-100 µM [194] 

Alginate based 

black garlic nano-

particles 

SK-Mel 2 (HTB 

– 68TM)  

┴Proliferation 1 mg of black 

garlic ex-

tract/mL algi-

nate solution 

[153] 

Renal  

cancer 

Allicin RCC-9863 ↓Cell viability; ↓colony 

formation; ↓cell migra-

tion; ↑apoptosis; ↓ 
HIF-1α, ↑Bax; ↓VEGF; 

↓Bcl-2 

0.016, 0.05, 

and 0.1 

mg/mL 

 [211] 
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Table 2.  

Potential in vivo anticancer effects and mechanisms of action of various secondary metabolites of garlic. 

 

Cancer 

types 

Mate-

rial 

tested 

Animal models  Effects and 

mechanism of 

action 

Dose Refer-

ences 

Breast 

cancer 

Garlic 

pow-

der, 

SAC, 

and 

DADS 

MNU-induced breast cancer in female 

Sprague-Dawley rat 

┴Tumor growth 57 

μmol/ g 

[66] 

DADS orthotopic (right thoracic mammary fat 

pad) transplantation of KPL-1 cells in fe-

male nude mice 

┴Tumor 

growth; ↓tumor 

weight 

1 or 2 

mg/kg 

[45] 

DADS 2‐ amino‐ l‐ methyl‐ 6‐ phenyIimidazo[4

,5‐ b] pyridine (PhlP)‐ induced mammary 

carcinogenesis in SD rats 

↓Tumor inci-

dence 

200 ppm [68] 

DADS Xenograft tumor models established by 

injecting MCF-7 and MDA-MB-231 breast 

cancer cells into nude mice 

┴Proliferation, 

┴invasion and 

┴migration; ↓ 

uPA; 

↓MMP‐ 9; 

↑TPP 

50 mg/kg [69] 

DATS breast cancer xenografts in mice ↓ pSTAT3 2 mg/kg [70] 

DATS Xenografted MDA-MB-231 tumor model ↓Tumor weight; 

↓tumor volume; 

↓metastasis; ↓ 

MMP-2; 

↓MMP-9; ↓Trx-

1 

25 and 50 

mg/kg 

[71] 

DATS MDA-MB-231 cells in hypoxia-induced 

embryonic zebrafish, xenograft, and ortho-

topic tumors 

┴ Metastasis; ┴ 

L1CAM, 

┴VEGF-A; 

┴EMT-related 

proteins (Slug, 

Snail, MMP-2); 

┴ HIF-1α tran-

scriptional ac-

tivity 

Not speci-

fied 

[72] 

DAS Diethylstilbestrol-induced breast cancer 

female ACI rats 

↑Lipid hydrop-

eroxides; 

┴production of 

ROS 

Not speci-

fied 

[73] 

Colon 

cancer 

Allicin Colorectal cancer mouse model having 

HCT116 cells 

┴Proliferation; 

↓STAT3 signal-

ing pathway; 

↓number and 

size of tumors; 

↓Mcl-1; ↓Bcl-2; 

↓Bcl-xL  

7.5 mg/kg [108] 

Al-

licin+ 

X-ray 

Transplanted tumor of CT26 cells in 

BALB/c mice 

↓Tumor volume 

and weight 

5 mg/kg  [85] 

DAS nitrosamine induced colon carcinogenic ┴ CYP2E1 50 mg/kg [106] 
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animal model utilizing F344 rats 

Colon carcinogenesis utilizing engineered 

transgenic ApcMin/⁺  mice 

↓ ncidence of 

colonic polyps 

by 32% 

100 and 

300 ppm 

[110] 

AMS Nitrosamine induced colon carcinogenic 

animal model utilizing F344 rats 

┴CYP2E1 50 mg/kg [106] 

DADS Colorectal tumorigenesis in a mouse model 

of colitis-induced colorectal cancer 

NFκB nuclear 

localization and 

activity was 

diminished; ┴ 

GSK-3β 

60 mg/kg [111] 

DATS Mouse colon tumor in mouse CT-26 cells 

xenograft model 

┴Cell cycle at 

sub-G1; 

↑apoptosis; 

↓tumor volume 

and weight 

10 and 50 

mg/kg 

[112] 

 

DADS 

and 

DATS 

Human colon colo 205 cancer xenograft 

cells implanted in mice 

↓Tumor weight; 

↓tumor size 

6 mg/kg [104] 

Gastric 

cancer 

SAC N-methyl-N’-nitro-N-nitrosoguanidine and 

sodium chloride-induced gastric carcino-

genesis in Wistar rats 

Suppression  of 

carcinomas; 

lipid peroxida-

tion; ↑GSH-

dependent 

antioxidant 

enzymes;  

200 mg/kg [136] 

SAMC Human gastric cancer SGC-7901 cells 

inoculated subcutaneously in BALB/c nude 

mice; KMN-45 cells injected into subcuta-

neous tissues of nude mice 

┴Proliferation; 

↑caspase-9, 

↑caspase-3; 

↑Bax; ↓pA t; 

↓Bcl-2; ↑ERK; 

↑p38; ↑JNK; 

↓tumor volume 

40-80 

mg/kg; 

100 and 

300 mg/kg 

[137-

138] 

Liver 

cancer 

Allicin 

+5-FU 

Subcutaneous xenograft tumor model was 

established by transplanting SK-Hep-1-

GFP cells into nude mice 

↑Apoptosis; 

↑ROS; 

↓mitochondrial 

membrane po-

tential (ΔΨm); 

activated caspa-

se-3 and PARP; 

↓Bcl-2 

5 

mg/kg/day 

(allicin)+ 

20 

mg/kg/day 

(5-FU) 

 [142] 

DAS Diethylstilbesterol induced liver cancer in 

male Sprague-Dawley rats 

┴ DNA adducts 50 and 

400 mg/kg 

[143] 

SAMC Hepatic tumorigenesis in Huh-7 xeno-

graft/orthotopic mouse model 

↓LDLR-related 

protein 6 

(LRP6) 

300 mg/kg [150] 

SAC NDEA-induced hepatocarcinogenesis ┴Tumor inci-

dence; ↑lipid 

peroxidation 

and antioxidants 

level; ↓GST 

activity 

200 mg/kg  [151] 

Pancre-

atic can-

SPRC Panc-1 xenograft ┴Proliferation; 

↑apoptosis; 

Not speci-

fied 

[169] 
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cer ↑JNK signaling 

pathway  

Prostate 

cancer 

DATS PC-3 human prostate cancer xenograft 

implanted in male athymic mice 

↓CDK1 and 

Cdc25C protein 

levels; ↑cyclin 

B1; ┴cell cycle 

at G2/M phase 

6 μM [185] 

SAC Human androgen-independent 

prostate cancer xenograft implanted with 

CWR22R cells 

↑Apoptosis; 

↓Bcl-2; 

↑caspase-3 

1 g/kg [183] 

SAMC Androgen-independent prostate cancer 

implanted in CB-17 SCID/SCID mice 

Antimetastatic 

effect; ↓tumor 

growth; 

↓Number of 

circulating tu-

mor cells 

100 and 

300 mg/kg 

[184] 

Skin 

cancer 

 

DAS 

 DMBA-initiated and BPO-promoted Sen-

car mouse skin tumorigenesis 

┴Tumor pro-

motion 

20 

μmol/mou

se  

[191] 

 

Inhibited the promotion of DMBA-initiated 

and TPA-promoted SENCAR mouse skin 

tumorigenesis 

┴Proximate and 

ultimate carcin-

ogens produced 

by biotransfor-

mation of 

DMBA; ↑GST 

activity 

1 mg/100 

𝜇L of ace-

tone 

[192] 

DMBA-induced H-ras mRNA level in 

mouse skin tumors;  

↑Cytosolic 

p21/ras; 

↓p21/ras pro-

tein; ↓tumor 

size 

10 mg/kg 

 

[207] 

DMBA-induced skin carcinogenesis in 

female Swiss albino mice  

↓Skin papilloma 

or preneoplastic 

benign growth; 

↓p53; ↓caspase-

3 

250 mg/kg  [208] 

DMBA induced mouse skin mutagenesis ┴DNA strand 

breaks 

2.5-10 

mg/kg 

[209] 

DMBA-induced skin carcinogenesis in 

Swiss albino mice 

 

↑p53; 

↓p21/waf1; ↓ras 

oncoprotein; 

↓P 3K/Akt; 

↓p38MAPK 

5-10 

mg/kg  

[210] 

DMBA-induced mouse skin tumors ↓Tumor cell 

proliferation; 

↑apoptosis; 

┴cell cycle at 

sub-G1 stage  

10 mg/kg  [200] 

DMBA-induced skin tumors in Swiss albi-

no mice 

↓Mutant p53 

expression 

Not speci-

fied 

[201] 

DADS DMBA-initiated and TPA-promoted SEN-

CAR mouse skin tumorigenesis 

┴Proximate and 

ultimate carcin-

ogens produced 

by biotransfor-

mation of 

1 mg/kg [192] 
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DMBA; ↑GST 

activity 

DATS TPA-induced mouse skin tumors  ↓TPA-induced 

expression of c-

Jun and c-Fos; 

┴ activation of 

JNK and Akt; 

┴AP-1 DNA 

binding; 

┴COX-2  

5 and 25 

μmol 

[203] 

Renal 

cancer 

DADS N-diethylnitrosamine induced renal 

carcinogenesis in rats 

↓Kidney 

tubular 

lesions; 

↓incidence of 

nephroblastom

as 

50 and 

200 mg/kg 

[212] 

 

Various symbols (↑, ↓ and ┴) indicate increase, decrease and inhibition in the obtained variables, respective-

ly. 
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Table 3.  

Clinical trials of garlic and its constituents on various types of cancer. 

 

Garlic and 

its 

constituent

s 

Cancer 

type 

Design No. of 

particip

ants 

Doses Duration Follo

w-up 

time 

Major 

findings 

Refere

nces 

Raw, 

crushed 

garlic 

All 

types 

 

Randomi

zed 

controlle

d trial 

17 5 g 10  Not 

report

ed 

↓AHR, 

↓ARNT, 

↓H F1A, 

↓JUN, 

↓NFAT, 

↓NFAM1, 

↓OSM, 

↓REL 

 [213] 

Raw garlic 

and allicin 

Not 

reported 

20 3-80 

g/day; 

4.40 mg 

of 

allicin/g 

of garlic 

3 weeks 

to 2 

months 

Not 

report

ed 

↑Cell 

cytotoxicit

y 

 [214] 

Garlic 

powder 

Breast 

cancer 

Randomi

zed 

double 

blind 

placebo-

controlle

d trial 

66 150 mg 

twice a 

day 

6 months Not 

report

ed 

Regression 

of breast 

fibromatos

is 

[215] 

Raw garlic Randomi

zed 

controlle

d trial 

125 Not 

specified; 

≥ 4 

times/wee

k 

6 months 6 

month

s 

Improved 

health of 

breast 

cancer 

patient 

 [216] 

Aged garlic 

extract 

Colon, 

liver, 

and 

pancreat

ic 

cancer 

Randomi

zed 

controlle

d trial 

50 (42 

patients 

with 

liver 

cancer, 7 

patients 

with 

pancreati

c cancer, 

and 1 

patient 

with 

colon 

cancer 

4 

capsules/

day (500 

mg of 

AGE, 727 

mg of 

crystallin

e 

cellulose, 

and 11 

mg of 

sucrose 

fatty acid 

ester) 

12 weeks 24 

weeks 

↑NK Cell 

number; 

↑improve

ments in 

the NK 

cell 

activity 

[217] 

Aged garlic 

extract 

Colorec

tal 

adenom

as 

 

Prelimin

ary 

double-

blind, 

randomiz

ed 

clinical 

trial 

51 2.4 

mL/day 

12 

months 

12 

month

s 

↓Size and 

number of 

colon 

adenomas 

[218-

219] 
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Raw garlic Randomi

zed 

controlle

d Trial 

57 560 5 

Pyramid 

servings/d

ay 

12 

months 

12 

month

s 

↓Risk of 

colorectal 

adenoma 

 [220] 

Aged garlic 

extract and 

steam 

distilled 

garlic oil 

Gastric 

cancer 

 

2×2 

factorial 

design 

3365 200 mg 

garlic 

extract 

and 1 mg 

garlic oil 

twice 

daily 

7 years 7.3 

years 

↓Gastric 

cancer 

mortality  

[222] 

7.3 years  22.3 

years 

[221] 

Garlic 

supplement

ation 

Randomi

zed 

controlle

d trial 

3365 Not 

specified 

8 years 22.3 

years 

↓GC 

incidence 

and ↓GC 

mortality 

[223] 

Garlic 

extract + 

steam 

distilled 

garlic oil 

Randomi

zed, 

double-

blinded, 

23-

factorial 

interventi

on trial 

3599 1 pill/day 

(800 mg 

of garlic 

extract 

plus 4 mg 

steam 

distilled 

garlic oil) 

39 

months 

39 

month

s 

┴Progressi

on of 

precancero

us gastric 

lesions 

[224] 

Allicin Randomi

zed 

controlle

d trial 

80 Data not 

available 

Administ

ered 48 h 

before 

operation 

Till 

operat

ion 

↑Apoptosi

s; cell 

cycle 

arrest at 

G0/G1 

phase; 

↑Bax; 

↑Fas; 

↓Bcl-2; 

┴proliferat

ion 

[225] 

Garlic 

extract  

Leukem

ias and 

lympho

mas 

Randomi

zed 

controlle

d trials 

101 Two 

doses of 

450 mg 

(allin 9.9 

mg, 

allicin 4.5 

mg) per 

day 

Till the 

complete 

resolutio

n of 

neutrope

nia 

Not 

report

ed 

Complete 

resolution 

of 

neutropeni

a 

 [226] 

Aqueous 

garlic 

extract 

Prostate 

cancer 

Not 

reported 

27 1 ml/kg 

weight 

per day 

1 month Not 

report

ed 

Urinary 

frequency, 

maximum 

and 

average 

rates of 

urinary 

flow 

improved 

[186] 

Ajoene Skin 

cancer 

Not 

reported 

21 0.4% 

ajoene 

cream 

(400 mg 

Not 

reported 

Not 

report

ed 

↓Tumor 

size; ↓Bcl-

2; 

↑apoptosis 

[204] 
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ajoene, 

0.3 mL 

polysorba

te 80, and 

0.3 mL 

sorbitonol

eate in 

100 ml 

1% 

carbomeri

c 

gel) 

 

Various symbols (↑, ↓ and ┴) indicate increase, decrease and inhibition in the obtained variables, respec-

tively. 
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