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Abstract

Carcinomas of Breast and Prostate are the second leading causes of deaths due to cancers, respectively, in women and men worldwide.  Incidence 
and mortality rates due to these cancers have been increasing at an alarming rate each year.  Lack of effective early diagnostic tools and potent therapeutic 
agents are the key contributing factors for global burden of these cancers. Therefore, effective, less toxic and affordable treatment agents are urgently 
required, and the sulfur containing compounds from garlic represent one such group of agents with better therapeutic efficacy and acceptable safety profiles. 
Among various sulfur containing compounds isolated from garlic (Allium sativum L) and tested for anti-cancer properties in vitro and in preclinical animal 
models, the diallyl disulfide (DADS) and diallyl trisulfide (DATS) have been reported to exhibit better therapeutic properties. Even though prior studies have 
shown marginally better therapeutic efficacy of DATS compared to DADS, the latter was preferred due to its low cost, more abundance and easy availability. 
Anti-cancer properties of DADS have been tested in vitro using cell lines representing carcinomas of prostate and breast. Results of these studies proposed 
that DADS induced cell death is due to the (a) upregulation of apoptosis proteins; (b) downregulation of cell proliferation molecules, (c) arrest of cell cycle 
progression through the induction of key proteins participating in the DNA synthesis and replication and (d) inhibition of cell migration and metastasis. 
However, it is not fully understood how DADS inhibit tumor cell metastasis. Likewise it is also not fully known how DADS could retard the growth of a range of 
tumors?  Is there any common mechanism operating in these tumors, which is regulated by DADS? Therefore, in this review article we determined to address 

these gaps by a thorough search of published findings.  
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Introduction
Breast and prostate cancers are the major culprits affecting the 

health of women and men globally.  According to IARC-GLOBOCAN, 
while carcinomas of breast accounts to 1.67 million new cases and 
0.521 million deaths, the carcinomas of prostate represent 1.1 million 
new cases and 0.307 million deaths worldwide in the year 2012 [1]. 
Recent trends assessing the incidence and mortality rates shows 
that these numbers rapidly increase in the near future if preventive, 

and curative measurements are not immediately implemented. 
Highlighting these points, recently, International Agency for Research 
on Cancer (IARC) announced that there is “an urgent need in cancer 
control today to develop effective and affordable approaches to the 
early detection, diagnosis, and treatment, especially for individuals 
living in developing countries” [1]. However, to date, no effective 
cancer preventive or treatment agents are available to reduce the 
incidence and treatment burden of breast and prostate cancers. 
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Moreover, resistance to several of existing therapeutic agents has been 
reported in breast and prostate cancers, necessitating the requirement 
of multi-target inhibitors with minimal toxicity [2,3]. But, no such 
multi-target agent with good potency and better safety profile exists.  
In addition, since majority of chemotherapeutic agents are synthetic 
and/or semisynthetic compounds with poor pharmacokinetic and 
safety profile, identifying a therapeutic agent form natural sources is 
important. 

Garlic (Allium sativum) and garlic derived dietary products 
have gained importance due to various health beneficial effects such 
as (a) Reduction of cholesterol thereby cardiovascular diseases; (b) 
Prevention and treatment of cancer; (c) Boosting of the immune 
system; (d) Detoxification of toxic compounds thereby restoring 
physical strength; (e) Protection from radiation damage [4-9]. 
Strengthening these observations, several clinical trials conducted 
using garlic and garlic extracts have also shown hypocholesterolemic 
and cancer preventive effects [8,10,11].  According to a recent report 
China and India are the major producers of garlic and garlic derived 
foods worldwide with China producing >70% of total garlic produced 
in the world. Various garlic based food products are categorized in 
to (a) Essential oils; (b) Macerates; (c) Powder; and (d) Extract [12]. 
Essential oils are produced by steam distillation of garlic and usually 
contain a variety of sulfides that include DADS and DATS but devoid 
of allicin and water-soluble compounds [12]. Garlic oil macerates are 
made of whole garlic cloves ground in to vegetable oil (sesame oil / 
sunflower oil).  Even though part of the alliin is converted to allicin, 
the amount of allicin in the final product is usually very minimal 
due to its labile nature. Therefore, the finished product contains 
allicin-decomposed compounds such as dithiins, ajoene and sulfides 
etc. Garlic powder is produced by drying the sliced or crushed 
garlic followed by pulverization in to powder [12,13]. Although it 
is believed to contain all the major constituents of intact garlic, the 
proportion and amount of each ingredient differ from the original 
due to processing.  For example, the dehydrated garlic powder 
should contain about 2.5 mg/g alliin, however, the garlic powder 
usually contain <1 mg/g of alliin indicating that majority of alliin 
is lost during preparation. Another product of garlic is aged garlic 
extract (AGE) [14]. AGE is prepared by soaking the whole or sliced 
garlic cloves in water or dilute alcohol for several months followed by 
separation of the solution and concentration to obtain a thick extract 
[14].  The extract contains very high amounts of water-soluble sulfur 
containing compounds that include S-allyl cysteine (SAC) and S-allyl 
mercaptocysteine (SAMC) [14]. Efficacy of these garlic products 
varies from the method of preparation and storage. For example, 
a set of clinical studies reported between the years 1990 and 2000 
have demonstrated that not all garlic preparations are beneficial, but 
only a set of preparations provide health promoting effects, and the 
variability in efficacy results in the published studies could be due to 
the differences in the method of isolation, fractionation and quality 
of preparations [15]. Therefore, it is important to understand the 
chemistry of garlic constituents, and their effect on various cellular 
events such as cell proliferation, apoptosis and metastasis. 

Synthesis and Anticancer Properties of DADS
Biosynthesis of DADS: Diallyldisulfide, chemically known 

as 4,5-dithia-1,7-octadiene (DADS), is one of the major 
phytoconstituents isolated from garlic [15]. Garlic is a widely used 

herbal supplement and spice with sulfur containing compounds 
γ-glutamylcysteines, and cysteine sulfoxides [15]. DADS is a oil 
soluble compound produced from the decomposition of Allicin. 
Allicin is produced from the Allycysteine sulfoxide (ACS), also known 
as Alliin.  Alliin is the most abundant sulfur-containing compound 
that represents up to 80% cysteine sulfoxides [16]. When garlic is 
crushed, alliinase enzyme gets released and promotes the synthesis of 
Alliin, which further gets converted in to sulfenic acid. The sulfenic 
acid thus produced spontaneously reacts with each other to form 
unstable thiosulfinate, also known as Allicin [16].  Allicin further 
breaks down in vitro to form diallyl sulfide (DAS), diallyl disulfide 
(DADS) and diallyl trisulfide (DATS) (Figure 1) [17]. 

DADS as an anti cancer agent: Several in vitro culture models 
as well as preclinical experimental animal studies have shown that 
DADS could inhibit the proliferation of cancer cells thereby promote 
tumor regression [18,19]. Mechanistically, DADS has been reported 
to (a) activate enzymes that detoxify carcinogens [20]; (b) suppress 
the formation of DNA adducts [21,22]; (c) exhibit antioxidant 
effects [23,24]; (d) induce cell-cycle arrest and trigger apoptosis 
[25,26]; (e) promote transformation of cancer cells to normal cells 
[27]; (f) trigger histone modification in such a way that augment the 
tumor suppressor expression [28-30]; and (g) inhibit the process of 
angiogenesis, invasion and metastasis [31]. In this article we review 
the recent reports showing the anticancer properties of DADS for 
inhibiting the growth of breast and prostate cancers. 

DADS for inhibiting breast cancers:  Growth inhibitory 
properties of DADS and DATS against human breast cancer cell lines 
T47D and MCF-7, which express estrogen and progesterone receptors 
(ER and PR) but lacking human epidermal growth factor receptor 
(HER2), were reported by Lea M et al., in 1997 and Hahm ER and 
Singh SV in 2014, respectively [32-34]. Authors have reported that 
thymidine incorporation in to the DNA of these cell lines was inhibited 
by 1 to 2 mM DADS demonstrating the anti-proliferative effects of 
this organosulfur compound [32]. Mechanistically, treatment of these 
cells with DADS or its metabolite allylmercaptan inhibited histone 
deacetylase (HDAC) activity thereby enhanced the levels of acetylated 
histones H4 and H3 [29]. Supporting this initial observation, a recent 
article provided further evidences by reporting HDAC inhibitory 
activity leading to elevated acetylated H4 levels when MCF-7 cells 
were exposed to DADS [29]. Targeted inhibition of HDAC by 
DADS induced apoptosis by increasing the expression of apoptotic 
proteins such as caspase-3 and Bax while decreasing anti-apoptotic 
protein Bcl2 [29,35]. A separate study has shown that treatment 
of MCF-7 cells with 200µM DADS for 6h increased apoptosis and 
inhibited proliferation by decreasing phosphorylated extracellular 
signal regulated kinase (pERK) while promoting the levels of active 
phosphorylated c-Jun N-terminal kinase (pJNK) and phosphorylated 
p38 (p-p38) proteins [34]. Mechanistically, exposure of breast cancer 
cells to DADS induced the expression of miR-34a thereby decreased 
SRC/Ras/ERK signaling [36]. Prior studies have shown that miR-34a 
controls cell proliferation and survival signaling cascades in cancers 
[37,38]. In addition to the inhibition of proliferation signaling 
pathways, DADS and the trisulfide version DATS have also been 
reported to increase reactive oxygen species (ROS) to trigger apoptosis 
in MCF-7 breast cancer cells [39]. Interestingly, a recent study for the 
first time reported that DADS and DATS could inhibit ERα as well as 
peptidylprolyl cis-trans isomerase (Pin-1) expression in MCF-7 and 
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Figure 1: The Mechanism of Synthesis of Diallyl disulfide (DADS):  DADS and other sulfur containing compounds such as diallyl sulfide (DAS), diallyl trisuflide 
(DATS) are synthesized when fresh garlic is crushed.  Allinase enzyme promotes the synthesis of these sulfur containing compounds.    

Figure 2: Mechanism of inhibition of breast cancers:  DADS mediated cell death induction is a culmination of events halting the oncogenic proteins such as CCL2, 
pERK, Pin-1, ER, Cyclin-D1 etc, while promoting the expression of tumor suppressors that include Bax, p38 and pJNK.  In addition, treatment of breast cancer 
cells with DADS generates reactive oxygen species, which in turn trigger cell death.   
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T47D cell lines to promote cell death [33]. Furthermore, in addition 
to controlling the proliferation and apoptotic pathways, DADS has 
been reported to halt the TNF-α induced release of CCL2.  CCL2, also 
known as monocyte chemotactic protein (MCP-1), release by tumor 
cells enables homing of mononuclear cells in the vicinity of tumor 
tissue, which subsequently get transformed in to pro-oncogenic 
tumor-associated macrophages (TAMs) [40,41]. Therefore, agents 
like DADS, that inhibit the release of CCL2 from tumor cells promote 
tumor cell degradation.  In conclusion, the anti-breast cancer effects 
of DADS are mediated by inhibiting the proliferation by preventing 
the signaling cascades while inducing the pro-oncogenic apoptotic 
pathways and transformation of mononuclear cells in to TAMs 
(Figure 2). 

DADS for inhibiting prostate cancers:  Arunkumar A et al., 
in 2005 have demonstrated anti-prostate cancer effects of DADS by 
comparing the levels of incorporation of  [3H]thymidine and DNA 
fragmentation in PC-3 cell line [42]. Authors have reported that 50 
and 100 µM DADS could inhibit cell growth by decreasing the [3H] 
thymidine incorporation and by inducing apoptosis as evidenced by 
elevated number of ethidium bromide stained cells, and increased 
DNA breaks observed when analyzed by agarose gel electrophoresis 
[42]. Mechanistically, DADS and other sulfur containing compounds 
from garlic have shown to induce (a) cell cycle arrest in G2-M phase 
by inhibiting CDK1 [43]; (b) phosphorylation of Bcl2 thereby by 
reducing the levels of Bcl2:Bax interactions [44]; (c) promoting 
cleavage of procaspase-9 and -3 to trigger apoptosis [35] (Figure 
3). Since members of Bcl family proteins regulate cell survival and 
apoptosis via modulating the levels of Bcl2, Bid and Bax, the effect 
of DADS and other sulfur containing compounds from garlic to 
decrease anti-apoptotic Bcl2 while increasing the pro-apoptotic 
Bax are significant [45]. Phosphorylation of Bcl2 is a key event in 
the regulation of apoptosis and is mediated by the activated JNK1 
and 2 and ERK1/2 [45]. Since DADS and DATS have been shown to 
activate JNK1 and JNK2 as well as ERK1/2 proteins, it was postulated 

that these sulfur containing garlic compounds trigger the apoptosis 
by activating these proteins followed by inhibiting the pro-survival 
Bcl2 [45]. Supporting these observations, a separate study recently 
demonstrated that DADS could inhibit the growth of DU145 cells by 
modulating the levels of Bcl-2 and inhibitor of apoptosis protein (IAP) 
by promoting the phosophorylation of ERK, and c-Jun N-terminal 
kinase (JNK) [26]. Furthermore, the authors have shown that DADS 
could also stimulate the proteolytic activation of caspases, induce the 
expression of death-receptor 4 (DR4) and Fas ligand (FasL) proteins 
while decreasing the levels of Bid proteins [26]. Proof-of-principle 
studies using a specific JNK inhibitor, SP600125, significantly 
blocked DADS-induced-apoptosis [26]. However, the inhibitors of 
MAPK pathway such as U0126 had only marginal effects on Bcl2 
phosphorylation, indicating that MAPK signaling has a minor role 
in controlling the Bcl2 expression and cellular apoptosis compared 
to JNK [26]. In addition to controlling the JNK and MAPK signaling, 
DADS could also control the induction of apoptosis by inactivating 
phosphatidylinositol 3-kinase (PI3K)/Akt pathway [26]. Since PI3K-
Akt signaling has been reported to control cancer cell survival by 
down-regulating apoptosis, inhibiting this signaling cascade by 
DADS could induce apoptosis and make the cells sensitive to various 
chemotherapeutic agents [46].  Furthermore, the docking studies 
using Ligand Fit model have confirmed that DADS could inhibit 
PI3K-Akt signaling by modulating the upstream IGF pathway [47].  

Several other mechanisms have also been attributed to the 
DADS induced apoptosis in prostate cancers. For example, in one 
study DADS has been shown to promote histone acetylation thereby 
inhibit cell growth via induction of apoptosis [48].  However, it is not 
fully clear whether DADS induced histone acetylation is the result 
of inhibition of deacetylation of histones by halting the activity of 
HDACs or promoting the acetylation of histones via the activation 
HATs. More over, it is also not fully known how increased histone 
acetylation is promoting tumor cell apoptosis? Therefore, further 
studies are warranted to elucidate these mechanisms. Another study 

Figure 3: Mechanism of inhibition of prostate cancers:  DADS has been shown to trigger the inhibition of prostate cancers by down-regulating the expression/
activity of Akt, CDK1, Bid, MMP-2 and MMP-9.  The apoptosis induction due to DADS treatment is mediated by apoptotic proteins such as DR4, Fas ligand and 
promoting the release of calcium from endoplasmic reticulum.
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showed that DADS could raise the intracellular Ca2+ by promoting the 
Ca(2+) influx via phospholipase A(2)-sensitive channels as well as by 
activating calcium channels in endoplasmic reticulum [49]. Elevated 
intracellular calcium due to DADS treatment promoted cellular death 
in prostate cancers. Pretreatment with calcium chelater 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA) partly 
reduced the cytotoxic effects of DADS indicating the role of elevated 
calcium levels in the induction of apoptosis in prostate cancers [49].

Tumor cell metastasis is another key event in the progression 
of cancers [50]. The process of metastasis involves (a) tumor cell 
dissociation from primary tumors; (b) invasion of blood vessel 
epithelium; (c) circulation in the blood (d) extravasation; and (e) 
formation of secondary tumors. Majority of cancer related deaths 
are due to aggressive metastatic stages.  Therefore, therapeutically 
targeting these metastatic stages is highly significant [51]. Preliminary 
studies using DADS have shown the inhibition of invasiveness of 
prostate cancers cells [52]. Mechanistically, DADS repressed the 
expression of tight junction protein claudin, which has a key role 
in control and selectivity of paracellular transport [52]. In addition, 
DADS could also inhibit matrix metalloproteinase (MMP)-2 and -9 
in LNCaP cells [52].  However, it is not fully known whether DADS 
could decrease tumor cell metastasis in other cancers.  

Pharmacokinetic properties of Dads

Preclinical animal studies testing the efficacy of DADS for 
inhibiting the growth of xenografted breast- and colorectal cancers 
have shown a significant reduction in the tumor volume when DADS 
was given intraperitoneally [36,53]. For example, a recent study 
showed an about 60% tumor growth inhibition when 100mg/kg 
DADS was injected intraperitoneally in to mice bearing xenografted 
breast tumors [36]. Similarly, another study reported shrinkage of 
subcutaneous Colo-205 tumors when 6mg/kg DADS was injected 
intraperitoneally in to mice [53].  Even though these in vivo studies 
have reported the tumor inhibitory properties of DADS not much 
is known about the pharmacokinetic and pharmacodynamic studies 
of DADS. Recent studies determining the pharmacokinetic studies 
of DADS demonstrated the possible transformation of orally 
administrated DADS when injected in to rats [54]. For instance, a 
single oral administration of 200 mg/ kg DADS to rats showed a quick 
absorption and transformation into allyl mercaptan, allyl methyl 
sulphide, allyl methyl sulphoxide (AMSO) and allyl methyl sulphone 
(AMSO(2) [54]. These metabolites have been shown to reach peak 
maximum between 48-72h after the administration of DADS. Stability 
assessment studies have demonstrated that among these DADS 
derived metabolites, AMSO(2) was the most abundant and persistent 
metabolite and gets excreted in the urine [54]. Further experiments 
measuring the time kinetics of all these sulfur compounds using GC-
MS showed a rapid decline within the first week after administration 
and disappearance during the second week.  Even though these 
potential metabolites are thought to be active in the target tissues, 
further studies are warranted to conclusively establish their effect on 
cancer cells. 

Summary
In summary, DADS mediated cell growth inhibition is mediated 

by down-regulation of key oncogenic proteins expression and or 
activity while inducing the levels of tumor suppressors.  

Future Directions
Even though the anti-cancer properties of DADS have been 

extensively studied, many unaddressed aspects still require further 
investigations. For example, it is not fully known whether DADS 
physically binds to any key cell proliferation regulator to inhibit its 
activity. In this regard studies should focus on co-crystallization 
methods to isolate protein-DADS complexes and check how this 
binding modulate the activity of the protein. Likewise, it is also not 
clear whether DADS has the ability to inhibit tumor cell metastasis 
when administered to animals suffering from metastatic tumor load. If 
inhibiting, what is the mechanism of metastasis suppression? Further 
studies are also required whether DADS synergizes with other sulfur 
containing compounds such as phenethylthiosulfate (PEITC) or any 
known anti-cancer agents? Experiments need to be performed in this 
direction to assess and identify appropriate synergistic agent and to 
check whether this combination potentially reduce the otherwise 
required high dose of DADS.
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