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Abstract

Cancer is the leading cause of death globally. World Health Organisation (WHO) reported that
70% of death caused by cancer occurs in low or middle income countries which may be due to
unavailability of correct treatment or delayed medical support. Despite of different therapies
available to cure the cancer or to prolong the life of cancer survivors; chemotherapy is still
central to cancer therapy. Administration of chemotherapeutic drugs either independently or in
combination with other therapies such as irradiation or surgery provides relief to cancer patients.
Nitrogen mustards were the first anticancer agents used in chemotherapy in 1940s. Their clinical
use accelerated the development of different anticancers drugs. Due to the reports of toxicities of
these anticancer drugs, herbal remedies for cancer treatment found notion of oncologists. A
number of herbal extracts and natural products have shown the potential of anticancer activity.
They also reduce the toxicity of synthetic anticancer drugs. Garlic (Allium sativum L.) is one of
the herbal remedies with high anticancer potential and ability to mitigate the toxicities of
anticancer drugs. The protective effects of garlic against the toxicities of anticancer drugs have
been reported in a number of studies and it has also been reported that fresh garlic and aged garlic
extract show considerable protective effects. Allicin (diallyl thiosulfinate) is the major
pharmacological component of garlic which has attracted attention of the international medical
field gradually due to its potential for disease prevention and treatment. The major unique
organosulfur compounds in aged garlic extract such as water-soluble S-allyl cysteine (SAC) and S-
allylmercaptocysteine (SAMC) have potent antioxidant activity. Many reports show the protective
potential of these garlic constituents against anticancer drug-induced toxicities. Here, we present
review of toxicities caused by anticancer drugs and their mechanism of action along with the
efficacy of some plant extracts and natural products in reducing toxicity of anticancer drugs with
special reference to of garlic constituents.
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Cancer is an uncontrolled growth of cell(s) which leads to a tumour
of solid mass or liquid cancer such as blood or bone marrow related
cancers. According to World Health Organization (WHO), cancer is
the second leading cause of death globally and approximately 70%
of death due to cancer occurs in low and middle income countries
(WHO, 2006; Ferlay et al., 2013). Cancers are of hundred types
and are named after their tissue of origin; for example, breast cancer,
lung cancer, colon cancer, etc. Anything that may cause the abrupt
growth of normal cells of body, it can cause the cancer. The causative
agent of cancer includes the human genetics, ionizing radiations,
carcinogenic chemical exposure and some pathogens, etc. Stage of
cancer is often determined by biopsy which helps in determining
the type of cancer as well as stage of cancer. Treatment protocol
varies according to type and stage of cancer. Most treatment includes
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2009).

The nitrogen mustards were the first compound used as
chemotherapeutic agents for cancer in 1940s (Cheung-Ong et al.,
2013). Nitrogen mustards are powerful alkylating agents and
antimetabolites. The low molecular weight drugs based on nitrogen
mustards are mostly used in the chemotherapy which selectively
kill the tumour cells or arrest their growth.

1.1 Anticancer drugs

On the basis of mechanism of action, anticancer drugs are classified
as DNA interactive agents, molecular targeting agents, hormones,
antitubulin agents, antimetabolites, monoclonal antibodies and other
biological agents (Thurston, 2007).

1.1.1 Antimetabolites

Antimetabolites interact with essential biosynthesis pathways and
with this mechanism of action, these are known as one of the oldest
families of anticancer drugs (Peters, 2014; Loon and Chew, 1999).
They masquerade as a purine or a pyrimidine and become the building
blocks of DNA by incorporating into DNA during S phase and
arresting the cell development and cell division. A typical example
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of pyrimidine includes 5-fluorouracil while a typical example of
purine includes 6-mercaptopurine. Methotrexate represents another
example of antimetabolites which interferes with essential enzymatic
processes of metabolism (Wood and Wu, 2015).

1.1.2 DNA interactive agents

DNA is the foremost molecular target of many anticancer drugs
acting through different mechanisms of action summarized as under
(Basu and Lazo, 1990; Sissi et al., 2001).

e Alkylating agents: They cause the alkylation in either major
or minor grooves of DNA, e.g., dacarbazine, procarbazine and
temozolomide.

e Cross-linking agents: Most of the platinum complexes such
as cisplatin, carboplatin, oxaliplatin and nitrogen mustards such
as cyclophosphamide (CP) and ifosfamide cause the inter-strand
or intra-strand cross linking of DNA.

e Intercalating agents: They bind between base pairs of DNA.
Examples include actinomycin-D, mitoxantrone and
anthracyclines (e.g., doxorubicin, epirubicin).

e Topoisomerase inhibitors: Some anticancer drugs such as
irinotecan and etoposide compounds inhibit the topoisomerase
enzyme which is responsible for cleavage, annealing, and
topological state of DNA.

o DNA-cleaving agents: Anticancer drugs like bleomycin cause
the strand scission of DNA.

1.1.3 Antitubulin agents

Taxanes and vinca alkaloids are the important antitubulin agents
(Edelman, 2009; Cheetham and Petrylak, 2013). They cause the
cell death through interacting with microtubule dyanamics and
blocking the division of nucleus.

2. Typesof cancer therapy

The ideal goal of cancer treatment is the complete removal of cancer
without any single adverse effect to the body which is called
achieving cure with near zero adverse effect. According to wHO
guidelines, the main goal of cancer diagnosis and treatment programs
is to cure or considerably prolong the life of patients and to ensure
the best possible quality of life for cancer survivors (WHO, 2006).
Keeping this in mind, a number of therapies and/or combination of
therapies are used for cancer diagnosis and treatment including
surgery, radiation, chemotherapy, hormonal therapy, targeted
therapies, immunotherapy, angiogenesis inhibitors and synthetic
lethality (Ramaswami et al., 2013; Neal and Sledge, 2014). Every
cancer type requires a specific treatment regimen that encompasses
one or more therapies which also include the propensity of cancers
to damage the adjacent tissue or to spread to remote sites.

2.1 Surgery

Surgery is the oldest kind of cancer therapy and remains an effective
treatment for different kind of cancers (Sudhakar, 2009). It is a
general perception that cancers other than hematological cancer can
be cured in case it is entirely removed by surgery. However, it is
not always possible to remove cancerous tissue fully, as complete
surgical excision is usually impossible due to metastasis nature of
cancer. Surgery aims to either removal of only the tumor or the

entire organ such as mastectomy for breast cancer and prostatectomy
for prostate cancer (Matsen and Neumayer 2013; Bolenz et al.,
2014). The purpose of surgery may vary. It is generally performed
to diagnose the cancer, to remove all or some of a cancer tissue, to
find the location of cancer, to check the metastasis of cancer, to
restore the body’s function and/or appearance and to relieve the
side effects, etc.

Surgery may be of following types depending on its objective.

e Diagnostic: A biopsy is the only way to make a definitive
diagnosis for the most of the types of cancer. There are two
main types of surgical biopsies.

e Incisional biopsy: It is the removal of a piece of the
suspicious area for examination.

e Excisional biopsy: Itis the removal of the entire suspicious
area, such as an unusual mole or lump.

e Staging: It is performed to find out the size of the tumor and
its metastasis, i.e., where it has spread.

e Primary or curative surgery: This is the most common type
of surgery and used to remove the tumor along with surrounding
healthy tissue for margin.

2.2 Radiation therapy

Radiation therapy remains the important component of cancer
treatment. It is also called as radio therapy or X-ray therapy or
irradiation. The main goal of radiation therapy is to deprive cancer
cells of their multiplication potential. Approximately, 50% of all
cancer patients are receiving the radiation therapy around the globe,
contributing to 40% of curative treatment of cancer (Baskar et al.,
2012). Radiation is a physical agent which destroys the cells by
forming the ions and depositing energy in the cells of tissues it is
passing through. High-energy radiation damages, the genetic material
of cells which arrests their ability of division (Jackson and Bartek
20009).

Radiation therapy is delivered in the fractionated regime based on
the different radiobiological properties of cancer and surrounding
normal tissues (Baskar et al., 2012). Fractionated regime is scheduled
on the basis of total dose, number of fractions and overall time of
treatment (Bernier et al., 2004). The advancement made to schedule
the fractionated regime, suggested the more refined linear-quadratic
formula which addresses the time-dose factors for individual tumor
types and normal cells. Technological advances in the field of
radiation theraphy include new imaging modalities, more powerful
computers and software systems and new delivery systems such
as 3D conformal radiotherapy (3DCRT), intensity modulated
radiation therapy (IMRT), image-guided radiotherapy (IGRT), and
stereotactic body radiation therapy (SBRT).

Generally, two types of radiations are used to treat cancer including
photon radiation (X-rays and gamma rays) and particle radiation
(electron, proton and neutron beams). Particle radiation has higher
linear transfer energy than photon with higher biological
effectiveness (Schulz-Ertner and Tsujii, 2007). However, the
equipment for production of particle radiation therapy is highly
expensive (Ma and Maughan, 2006).

2.3 Chemotherapy

The treatment of cancer with anticancer drugs is called
chemotherapy. Chemotherapeutic drugs generally act by their
cytotoxic action. These drugs are of low molecular weight. They



selectively arrest the growth of tumor cells or devastate them. The
side effects of many cytotoxic drugs include the hair lose, nausea,
gastric lesions, bone marrow suppression and development of
clinical resistance (MacDonald, 2009; Nussbaumer et al., 2011;
Sak, 2012). Nitrogen mustards were the first anticancer agents which
heralded the chemotherapy in 1940s (Cheung-Ong et al., 2013).
Chemotherapeutic agents include strong alkylating agents and anti-
metabolites. Early success of these anticancer agents propelled the
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development of a large number of anticancer agents (Shewach and
Kuchta 2009). Some of the anticancer drugs are of natural origin
obtained from the plants while a large majority is of synthetic kind.
On the basis of mechanism of action, anticancer drugs are categorized
as antimetabolites, antitubuline agents, DNA interacting agents,
molecular targeting agents, monoclonal antibodies or hormons.
(Thurston, 2007). Anticancer drugs are classified on the basis of
their mechanism of action (Figure 1).
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Figure 1: Classification of anticancer drugs on the basis of their mechanisms of action.

Most of the time, anticancer drugs are given intravenously. Drugs
travel through the whole body to reach the cancer cells. In some
situations, drugs are also delivered directly at the site of tumor
(Bae and Park, 2011; Rodzinski et al., 2016). Other routes of
administration of anticancer drugs include oral, intramuscular, intra-
thecal, intra-peritoneal, intra-arterial and topical. The main goals of
chemotherapy are to achieve the remission or cure, to help other
treatments, to control cancers, to relieve the symptoms and to stop
the cancer coming back (Liu et al., 2016).

2.4 Targeted therapy

Agents of targeted therapy include specially designed anticancer
drugs which interact with targeted molecules, mostly a protein. It
is generally believed that this molecule is the key role player in
carcinogenesis (Sawyers, 2004). Many exciting new targets for
treating and/or preventing cancer have been offered by oncologists
but classical chemotherapy and radiotherapy approaches remain
the mainstay of cancer treatment for tumors that cannot be cured
solely by surgical excision. The identification of appropriate targets
of cancer therapy is based on a detailed understanding of the
molecular changes in carcinogenesis. Some molecular target and
their drugs are mentioned in Table 1.

2.5 Immunotherapy

There is a great progress made in the field of tumor immunology in
past two decades (Mao and Wu, 2010). The rapid growth in the
identification of molecular identities of many tumor associated
antigens provided a major stimulus for the development of new
immunotherapies for the treatment of patients with solid cancers.
The effective treatment for a variety of heamatological and solid

cancers comprises the passive transfer of anticancer monoclonal
antibodies and donor T-cells (Mellman et al., 2011). Allogenic bone
marrow transplantation and infusion of donor lymphocytes have
shown a highly effective therapy for some leukaemias and
lymphomas. Her2/neu, EGFR, VEGF, CD20, CD52 and CD33 are the
cancer-associated proteins and nine monoclonal antibodies targeting
these proteins are approved to treat solid and heamatological
malignancies (Mellman et al., 2011).

Table 1: Molecular targets of drugs for different kind of cancers

Drug Target molecule Disease
Imatinib (Gleevec) Abl Kit PDFGR CML, GIST,
HES, CMML
and DFSP
Gefitinib (Iressa) EGFR Lung cancer
Bevacizamab (Avastin) VEGF ligand Colon cancer
CCI-779, RAD-001 mTOR Various cancers|
BMS-354825 Abl KIT CML, GIST
PKC-412, MLN-518, FLT3 AML
BAY 43-9006 VEGFR, RAF Kidney cancer,
melanoma
SU-011248 VEGFR Kidney cancer

AML, acute myeloid leukaemia; CMML, chronic myelomonocytic
leukaemia; CML, Chronic myeloid leukemia; DFSP, dermatofibro
sarcoma protuberans; GIST, Gastrointestinal stromal tumor; HES,
hypereosinophilic syndrome.
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2.6 Hormonal therapy

Hormonal therapy is one of the major modalities in medical oncology
which provides the advantage over chemotherapy and targeted
therapy as it includes no cytotoxic effects on normal cells (Prat and
Baselga, 2008). It involves the manipulation of endocrine system
by the administration of specific hormones such as steroids or
drugs which inhibit the production of hormone or block the action
of hormone. Hormone therapy is used for several type of cancers
involving the hormonally active organs such as adrenal, breast,
prostate and endometrium (King et al., 2013). The hormone therapy
includes inhibitors of hormone synthesis such as aromatase
inhibitors and GnRH analogues, hormone receptor antagonists such
as selective estrogen receptor modulators and anti-androgens, and
hormone supplementation such as progestogens, androgens,
estrogens, and somatostatin analogues.

2.7 Angiogenesis inhibitors

Angiogenesis is the synthesis of new blood vessels and angiogenesis
inhibitors arrest the growth of new blood vessels (angiogenesis).
The angiogenesis inhibitors are endogenous that perform the normal
function in body while others are obtained exogenously such as
pharmaceutical drugs or diet (EI-Kenawi and EI-Remessy, 2013;
Wang and Miao, 2013). Angiogenesis inhibitors have been applied
to treat different kind of cancers but the limitations of their use
have been shown in practice. Blood vessel growth in normal and
cancerous cells is the product of stimulation of many factors but
the anti-angiogenesis inhibitors target only one factor which limits
their use. There are some other limitations of angiogenesis inhibitors
which include the maintenance of stability and activity, route of
exposure and tumour vasculature (Lin et al., 2016).

2.8 Synthetic lethality

When two or more genes are deficient in their expression and causing
cell death while the deficiency of one of them does not cause cell
death, it is called as synthetic lethality (McLornan et al., 2014).
There may be different causes of the synthetic lethality such as
mutation, epigenetic alterations or suppression of any gene (Lord
et al., 2015). Synthetic lethality is used for the purpose of molecular
targeted therapy for cancer (Thompson et al., 2017). In 2016, FDA
approved inactivated tumor suppressor gene (BRCA1 and BRCAZ2)
as the first example of a molecular targeted therapy exploiting the
synthetic lethality (Lord and Ashworth, 2013).

3. Mechanism of toxicity of anticancer drugs

The anticancer drugs of clinical importance show the malignant cell
toxicity selectively (Paci et al., 2014). Their toxicity is an additional
burden on the patients undergoing chemotherapy (Kasetty et al.,
2012). It not only is a body burden of a toxic drug but management
of toxicity caused by the drug also incurs monetary burden. There
are many regenerating tissues with high capacity of proliferation.
These tissues include bone marrow, hair follicles and mucosa of
gastrointestinal tract which have capability to compete with
malignant tissues on the exposure to anticancer drugs. The immediate
post therapy period is always crucial which leaves some acute
toxic effects which may be usually reversible but some are long
term toxic effects and may be irreversible in nature. Brenner and
Stevens (2012) suggested that the common toxicities caused by
anticancer drugs include pulmonary toxicity, gonadal toxicity,

haematological, gastrointestinal, nervous system toxicity, local
toxicity, metabolic abnormalities, skin and hair follicle toxicity,
urinary tract toxicity, cardiac toxicity, hepatic toxicity, etc.

3.1 Haematological toxicity

Frequent dose limiting side effect of chemotherapy is peripheral
cytopenia from bone marrow suppression which can manifest as
acute and chronic marrow damage (Guptaetal., 2001). An important
destructive effect of anticancer drugs is to damage the proliferating
activity of haematopoietic precursor cells which leads to the
deficiency of formed elements and life threatening haemorrhages
along with infection (Hoagland, 1982; Gastineau and Hoagland,
1992).

3.2 Anaemia

There are many factors affecting the aetiology of anaemia in cancer
patients such as marrow infiltration, absence of nutritional stores,
blood loss and cytotoxic effects of anticancer drugs (Bomgaars et
al., 2001; Seiter, 2005). The negative effects of mild and moderate
anaemia include the diminished functional ability of the person and
quality of life. Anticancer drugs causing anaemia are cisplatin,
docetaxel, altretamine, cytarabine, topotecan and paclitaxel.

3.3 Gastrointestinal toxicity

After chemotherapy, anorexia, nausea and vomiting are frequently
observed (Rittenberg, 2002). It is not a pathological process but
rather a physiological process in which the body itself gets rid of
toxic substances. This reaction is controlled by a reflex arc which
involves multiple afferent limbs, a coordinating area (vomiting
centre) and multiple efferent pathways that activate and coordinate
the muscle group necessary for an emetic response. The multiple
afferent limbs include:

e Chemoreceptor trigger zone pathway in which substances
released into the cerebrospinal fluid and activate the trigger
zone,

e The peripheral pathway initiated by neurotransmitter receptors
via vagus nerve,

e Cortico-spinal pathway activated by learned association, and
e Vestibular pathway.

The patient can be distressed enough with nausea and vomiting
that it can even leads to withdrawal from therapy.

3.4 Oral toxicity

The secondary target of chemotherapeutic drugs is mucosa and if
once mucosa is ulcerated, it opens a window for a systemic infection
(Main et al., 1984). It damages the proliferating epithelial lining of
mucosa which causes the slower rate of renewal of mucosal lining.
This leads to stomatitis, dysphagia, diarrhoea, oral ulceration,
oesophagitis, and proctitis with pain and bleeding (Sharma et al.,
2005). Drugs causing stomatitis are mitomycin, methotrexate, 5-
flurouracil, cytarabine, dactinomycin, irinotecan, vincristine,
doxorubicin, bleomycin, vinblastine and etoposide (Main et al.,
1984; Dozono et al., 1989).

3.5 Nervous system toxicity

The neurotoxicity is associated with the weakening of blood brain
barrier due to greater use of high dose chemotherapy and new drugs



(MacDonald, 1996; Magge and DeAngelis, 2015). Loss of deep
tendon reflexes and weakness and paresthesia of hands and feet are
common in almost all patients. Those chemotherapeutic agents
that disrupt microtubules damages peripheral sensations and motor
nerve axons at higher risk (Paulson and McClure, 1975).
Autonomous nervous system (ANS) toxicities are chronic
constipation, bowel obstruction, and orthostatic hypotension. In
peripheral neuropathy, persisting numbness and tingling occur as
a result of paraneoplastic effect (Hoekman et al., 1999). Carozzi et
al. (2015) described the most significant mechanism of some
chemotherapeutic drugs, by which they exert their toxic effect on
peripheral nervous system.

Neurotoxicity associated with cytotoxic drugs (Magge and
DeAngelis, 2015) can be categorized as under.

e Autonomic neuropathy: Cisplatin, vindesine, paclitaxel,
vinblastine, procarbazine, vincristine.

e Cranial nerve toxicity: Vindesine, carmustine, vinblastine,
cisplatin, vincristine, ifosamide.

e Encephalopathy: Carmustine, cytarabine, procarbazine, 5-
flurouracil, cisplatin, ifosamide.

e Peripheral Neuropathy: Vincristine, carboplatin, vinblastine,
procarbazine, vindesine, paclitaxel.

3.6 Hepatotoxicity

It is a common problem in cancer chemotherapy. The pattern of
hepatotoxicity reactions may vary including fibrosis, parenchymal
cell injury with necrosis, ductal injury with cholestasis, hepatic
venoocclusive disease and steatosis (Costa, 1984; King and Perry,
1996; Bahirwani and Reddy, 2014). The pattern of hepatoxic injuries
caused by chemotherapeutic agents is predictable as they adapt a
direct mechanism or idiosyncratic mechanism. Cyclophosphamide,
streptozocin, 5-flurouracil, methotrexate, 6-mercaptopurine and
doxorubicin are known hepatotoxic drugs.

3.7 Urinary tract toxicity

Urinary tract toxicity includes the damage of renal tubule such as
cisplatin-induced nephrotxicity and cyclophosphamide and
methotrexate-induced heamorrhagic cystitis (Stillwell and Benson,
1988). Contact of toxic metabolites of CP such as acrolein with
bladder wall produces mucosal erythema, inflammation, ulceration,
necrosis and a reduced bladder capacity (Brock et al., 1979; Sigal et
al., 1991; Batista et al., 2006).

3.8 Renal toxicity

Nephrotoxic chemotherapy drugs, age, nutritional status, exposure
of nephrotoxic chemicals and pre-existing renal dysfunction are the
major risk factors for renal toxicity (Paterson and Reams, 1992).
Cisplatin, ifosamide, mitomycin, plicamycin and streptozotocin
are the drugs causing renal toxicity (Kintzel and Dorr, 1995).

3.9 Cardiac toxicity

Due to free radical mediated injury, cardiomyopathy is the most
common chemotherapy associated cardiac toxicity (Keizer et al.,
1990). Bolus administration causes the acute effects within hours.
Such effects include arrhythmia and sinus tachycardia. There is no
dose related changes in ECG but they are transient. After the weeks
to months or a year of therapy, sub-acute cardiomyopathy is
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observed. After one to five years of therapy, later effects of the
cardiac toxicity occur (Hardy et al., 2010).

4. Prevention of toxicity of anticancer drugs

WHO has reported that even hundred years before the development
of modern medicine, traditional medicines (TM) have been existing
in therapeutic practice (WHO, 2013). Traditional medicine is the
synthesis of the therapeutic experience of generations of practicing
physicians of indigenous system of medicine. Herbal drugs comprise
only those TM which mainly use medicinal plant preparations for
therapy. It has been observed that traditional medicine shows
advantages as an adjuvant therapy to enhance the anticancer effects
over the modern synthetic drugs and offers a new window of options.
Moreover, many studies indicated that the role of traditional drugs
in the prevention and treatment of cancer is very essential in post-
operational recovery stage as well as during chemotherapy or
radiotherapy (Zhou et al., 2014).

4.1 Radix Ginseng

Radix Ginseng is the dried root of Panax ginseng C.A. Meyer (family
Araliaceae). Radix Ginseng is known as the king of herbs and a very
popular traditional medicine. It is being used since ancient times
for various activities with mysterious powers as a tonic and
prophylactic and restorative agent (Xiang et al., 2008). It has been
shown in different studies that Radix Ginseng and its active
constituents have various pharmacological activities including anti-
ulcer, antiadhesive, anticancer, antioxidant, immunomodulatory,
hypoglycemic and hepatoprotective activities (Sun, 2011). As an
anticancer drug, it has been reported in animal models, cells and
clinical samples that Radix Ginseng has chemopreventive effects
on various kinds of cancer including colon cancer, lung cancer, gastric
cancer, liver cancer and pancreatic cancer (Yun, 2003; Hofseth and
Wargovich, 2007; Sun, 2011). Radio-protective activity and
capability of Ginseng in reducing the toxic effects of radiotherapy
in cancer patients has also been shown coupled with its
immunomodulatory and anti-oxidation activities (Lee et al., 2005).

4.2 Radix Astragali (Huang-Qi in Chinese)

Radix Astragali (Astragalus propinquus syn. Astragalus
membranaceus; family Fabaceae) is a healthy food supplement
used as a tonic (Liu and Li, 2012). Itis also used as a herbal medicine.
Like Ginseng, it is the dried root. Dried roots are used for medicinal
and healthy food supplement purposes. The anticancer activity of
Radix Astragali has been reported in cell lines, animal models and
clinical samples for various kind of cancers including liver, gastric,
colon, breast and lung cancers (Li et al., 2008; Lin and Chiang,
2008; Law et al., 2012). The mechanism of its anticancer activities
has been reported to be through the inhibition of cell proliferation
and angiogenesis as well as regulating immunity to reduce the toxic
effects of chemotherapy (Li et al., 2008; Lin and Chiang, 2008;
Law et al., 2012).

4.3 Curcuma longa

Curcuma longa belongs to the family of ginger. It is also commonly
known as turmeric. In Asian countries, turmeric is used as a culinary
spice as well as therapeutic agent for various diseases including
jaundice, acne, dysmenorrheal, diabetes, atherosclerosis and cancer.
The synergistic effect of curcumin against cancer in association
with doxorubicin, cyclophosphamide and mitomycin has been
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reported in various studies (Kumar et al., 2015). Various animal
and cell culture studies have shown the potential anticancer
activities of curcumin associated with different anticancer drugs
such as paclitaxel, vincristine, doxorubicin, 5-flourouracil,
oxaliplatin, etoposide, etc., for various kind of cancers including
colon, pancreas, blood, liver, breast gastric, lungs, prostate and
ovarian cancer (Goel and Aggarwal, 2010).

4.4 Shi-quan-da-bu-tang (Juzentaiho-to or TJ-48 in Japanese)

TJ-48 is a herbal formulation and well known in China for its
medicinal value. It contains 10 herbs of different families including
Ligustici rhizome, Rehmanniae radix, Glycyrrhizae radix,
Astragalus membranaeus, Atractylodis lanceae rhizoma,
Cinnamomi cortex, Ginseng radix, Paeoniae radix, Angelicae radix
and Poria (Qi et al., 2010). TJ-48 has also been shown to attenuate
the toxic effect of TS-1 which is an oral anticancer drug, causing the
bone marrow suppression in mice (Ogawa et al., 2012). The breast
cancer patients receiving the chemotherapy showed the reduced
hematotoxicity without changing tumour marker (CEA and CA153)
presentation in the short term (Huang et al., 2013).

4.5 Solanum nigrum

Solanum nigrum has been tested in vitro for its cytoprotection
against gentamicin-induced toxicity on Vero cells. Cytotoxicity was
attenuated significantly as assessed by the trypan blue dye exclusion
assay and mitochondrial dehydrogenase activity (MTT) assay. Also,
the test further showed its significant hydroxyl radical scavenging
potential, thus suggesting its probable mechanism of cytoprotection
(Kumar et al., 2001).

5. Garlic

Garlic (Allium sativum L.; family Liliaceae) has been a part of
people’s lives from ancient times either as a culinary spice,
therapeutic agent against common diseases, cleansing aid or energy
booster for athletes and sports enthusiasts. The major sulphur-
containing compounds in garlic are S-allyl-L-cysteine sulfoxide
(alliin) and y-glutamyl-S-allyl-L-cysteine (GSAC) (Hirsch et al.,
2000). Overall, various studies reveal that four main constituents
of garlic, viz., allicin, alliin, diallyl sulfide and S-allyl cysteine (SAC)
have been investigated extensively (Figure 2).

Diallyl
disulfide

Figure 2: Four major constituents of garlic.
Alliin is a natural compound present in garlic which forms
complexes with allinase, a lyase enzyme released from crushing,

cutting and grinding of garlic bulb (Iciek et al., 2009). This complex
is unstable and undergoes dehydration in the presence of a cofactor
pyridoxal-phosphate, thereby, yielding a reactive intermediate,
sulfenic acid and pyruvic acid and ammonia. Sulfenic acid, an unstable
organic compound at room temperature undergoes self-condensation
resulting in diallyl thiosulfinate (allicin) (llic et al., 2011). Similarly,
allicin is also a highly unstable compound, and easily decomposes
into dithiins, ajoenes and allyl sulfides (lberl et al., 1990; Trio et al.,
2014) (Figure 3).

Aged garlic extract (AGE) is prepared by soaking whole or sliced
garlic into water and alcohol mixture for a certain period of time. It
mostly contains water-soluble OSCs, such as S-allylcysteine (SAC)
and S-allyl mercaptocysteine (SAMC). Diallyl sulfide (DAS), diallyl
disulfide (DADS), diallyl trisulfide (DATS), and diallyl tetrasulfide
are lipid-soluble compounds in AGE.

Garlic has a wide range of biological activities including antioxidant,
anti-inflammatory, antidiabetic and anticancer activities as shown
based on population investigations and extensive studies from
laboratory and animal models (Table 2). The mechanisms involved
have been partially clarified as the ability of garlic to scavenge
reactive oxygen species (ROS), inhibit lipoprotein oxidation, induce
endogenous antioxidant enzyme expressions, suppress
inflammation, lower glucose levels, inhibit tumor growth, promote
apoptosis, and arrest cell cycle (Figures 4 and 5) (Ho et al., 2012;
Trio et al., 2014).

5.1 Fresh garlic

Allicin (diallyl thiosulfinate) is the major pharmacological
component of garlic (Rivlin, 2001) and has attracted attention of
the international medical experts due to its potential for disease
prevention and treatment. This compound is formed by the action
of the enzyme alliinase on alliin in crushed fresh garlic cloves. It
possesses antioxidant activity and is shown to cause a variety of
actions potentially useful for human health (Hirsch et al., 2000;
Tattelman, 2005; Jakubikova and Sedlak, 2006). Allicin exhibits
hypolipidemic, antiplatelet, antibacterial, and antifungal effects,
immunomodulatory, hypocholesterolemic, and hypotensive effects
(Tattelman, 2005). It has been reported that allicin inhibits growth
of various cancer cells demonstrating anticancer and chemopreventive
activities (Hirsch et al., 2000; Jakubikova and Sedlak, 2006).

A study of Suddek (2014) revealed that the pre-treatment with
allicin potentiates the antitumor effect of tamoxifen and protects
animals against hepatic injury by preventing oxidative stress and
lipid peroxidation, enhancing antioxidant enzyme activities and
inhibiting hepatic inflammation.

5.2 Aged garlic extract

The major unique organosulfur compounds in AGE are water-
soluble S-allyl cysteine and S-allyl mercaptocysteine having potent
antioxidant activity (Imai et al., 1994; Ide and Lau, 1997; Amagase
et al., 2001). The amount of SAC and SAMC in AGE is high as they
are produced during the process of aging, thus providing AGE with
higher antioxidant activity than fresh garlic and other commercial
garlic supplements (Imai et al., 1994).
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Figure 3: Biotransformation processes of alliin from garlic into different garlic OSCs. Alliin is a naturally present compound in garlic and
forms complex with allinase, a lyase enzyme released from the crushing, cutting and grinding of the garlic bulb. As reacting with
allinase, reactive intermediates including sulfenic acid, and pyruvic acid and ammonia are yielded (a). Sulfenic acid is an unstable
organic compound which undergoes self-condensation resulting to allicin (b). Allicin is easily decomposes into dithiins (c), ajoenes
(d) and allyl sulfides (e) which further reduce into allyl mercaptan and allyl persulfide (f). In vivo, alliin can react with reduced
glutathione (GSH) to produce SAMG (g), or with L-cysteine to produce SAMC (h). Human red blood cells can convert garlic-derived
DADS and DATS into hydrogen sulfide (H,S) (i). From Trio et al., 2014 (with permission).
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Figure 4:

The schematic mechanisms of the antioxidative activities of garlic OSCs. The mechanisms at least involve OSCs reacting with

intracellular glutathione to produce the thiol derivative, GSSA, since allicin could easily penetrate the cellular membrane and it
readily reacts with the most abundant non-protein thiol in the mammalian system (a). OSCs modulate Nrf2-ARE pathway to
enhance the expressions of antioxidative enzymes or protein genes (b), and also downregulate ROS-induced NF-xB and MAPK
signalings to exert the crosstalk with anti-inflammatory activity (c). From Trio et al., 2014 (with permission).

Previous studies have shown that SAMC is very effective againt
oxidative stress and inflammation (Pedraza-Chaverri et al., 2004;
Wang et al., 2016). Therefore, it has been presumed that SAMC
might be responsible for the protective effect of AGE in several
experimental models associated with oxidative stress (Imai et al.,
1994; Maldonado et al., 2003). Moreover, it has been shown that
SAMC treatment could ameliorate gentamicin-induced oxidative and
nitrosative stress and renal damage in vivo (Pedraza-Chaverri et al.,
2004).

A study showed that cisplatin activates the NF-xB pathway
depending on the degradation of IkB, which could increase a series

of inflammatory cytokines including TNF-o, IL-18 and TGF1p (Peres
and Da-Cunha, 2013). Pro-inflammatory cytokines could in turn
initiate the degradation of 1xB (inhibitor of NF-xB) (Hayden and
Ghosh, 2004). Also, renal COX-2 expression increases
concomitantly with kidney injury, renal inflammation and oxidative
stress in rats treated with cisplatin (Fernandez-Martinez et al.,
2016). However, SAMC was shown to markedly suppress the
cisplatin-induced elevation in the level of inflammation cytokines
including TNF-a, IL-1B, TGFB1, COX-2 and iNos clearly indicating
that SAMC exerted an anti-inflammatory effect in cisplatin-induced
renal injury as well as hepatotoxicity in rat model (Xiao et al.,
2013; Zhu et al., 2017).
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Figure 5:

Multiple molecular mechanisms of garlic OSCs towards anticancer activities. OSCs such as DATS, DADS and allicin can cause
apoptosis in cancer cells by mitochondrial-mediated caspase activation pathways (a). Allicin, DATS and SAMC also can cause cell

cycle arrest by downregulating cdc25B and cdc25C that results in the inactivation of Cdk1, and induces G2/M phase arrest (h).
Allicin may induce p53-mediated autophagy by reducing cytoplasmic p53 and Bcl-2 levels, modulating the PI3K/mTOR signaling

pathway and increasing the AMPK/TSC2 and Beclin-1 expression (c). From Trio et al.,

2014 (with permission).
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Table 2: Major garlic constituents and their reported pharmacological activities

S.No. Garlic compounds Structure Mol. wt. Anticancer activity Antitoxicity activity
(g/mol)
1. Alliin I 161.22 Siegers et al., 1999
\\\AS//S\\/, \ﬁo
HO
2. Diallyl thiosulfinate (Allicin) 162.26 Zheng et al., 1997; Suddek, 2014
Miron et al., 2003;
IS\\ Zhang et al., 2010;
- 3 Chuetal., 2012;
0// L Wang et al., 2012;
Lee etal., 2013
3. Diallyl sulfide (DAS s 114.20 Kimetal., 2012
4, Diallyl disulfide (DADS) 146.26 Nakagawa et al., 2001;
s
e e N ?Orgg.kumar etal,
Ling et al., 2010
5. Diallyl trisulfide (DATS) 5 178.33 Kim et al., 2007;
v\ V \S/\/ Nkrumah-Elie et al.,
2012
6. S-allylmercaptocysteine O\\ 193.28 Shirin et al., 2001 Lee, 2008; Pedraza-
(SAMC) P i Chaverri et al., 2004;
///—\\ Xiao et al., 2013;
Hall ° Zhu et al., 2017
7. S-allyl cysteine (SAC) \ j/_{o 161.22 Demeule et al., 2004 Bhatia et al., 2008;
Y / Abdi et al., 2016;
s oH Abdi et al., 2018

A study on cyclophosphamide-induced toxicity suggests that SAC
is more potent against CP-induced toxicity over other thiol
compounds such as dially disulfide and N-acetyl-cysteine, as it is
very less toxic than other garlic compounds and has a high
bioavailability (Kodera et al., 2002; Pérez-Severiano et al., 2004).
The presence of allyl group in SAC plays a major role in its various
beneficial properties (Moriguchietal., 1997). SAC not only mitigates
the CP-induced alterations of critical antioxidants in urinary bladder
but also afforded protection at cellular level (Bhatia et al., 2008).
SAC has also been reported to ameliorate the CP-induced down-
regulation of a vital transmembrane member of urothelium of urinary
bladder, uroplakin (Abdi et al., 2016; Abdi et al., 2018). SAC being
one of the nutritional constituents of garlic, its supplementation
may be affordable in cancer patients under chemotherapy.

SAC has also shown to have modulatory effect on uroplakin Illa,
CCL11 and TNF-o.. While TNF-o is a key mediator of inflammatory
responses, CCL11 is an inflammatory chemokine contributing to
patho-physiological development in diverse tissues. Modulation
of these molecular inflammatory response markers indicates that
SAC could offer a multi-faceted protection to urinary bladder from
toxicity of cyclophosphamide. In fact, protection afforded by SAC
was stronger than that afforded by mesna (mercaptoethane
sulphonic acid) which is approved by the US-Food and Drug
Administration (FDA) for treatment of CP-induced hemorrhagic

cystitis (HC) (Abid et al., 2016). SAC is one of the nutritional
constituents of garlic. Its supplementation may be considered in
cancer patients under chemotherapy.

6. Conclusion and future direction of research

Toxicity of anticancer drugs is a cause of great concern, as mechanism
of action of these drugs is mostly based on their cytotoxic or
cytostatic action. Non-target toxicity is bound to happen which
limits clinical potential of these drugs. Use of herbal extracts and
natural products to prevent such toxicity is validated by a number
of studies. Among various natural products garlic constituents have
shown promising results. Recently, study of molecular mechanism
of action of some garlic constituents such as S-allyl cysteine has
offered insight into therapeutic potential of garlic and its
constituents. It is hoped that revelation of mechanism of action of
other garlic constituents shall enhance our understanding of marvels
of garlic which has been in use in traditional medicine and dietary
supplementation for centuries.

Acknowledgments

Senior Research Fellowship of UGC to Mr. Shahzad Ahmad and
Ms. Mahwash Fatima under the UGC-BSR scheme is gratefully
acknowledged. Ms. Sadaf Dabeer is a recipient of the Maulana
Azad National Fellowship of UGC. Authors acknowledge kind



permission granted by Professor De-Xing Hou, Chair of Department
of Food Science and Biotechnology, Faculty of Agriculture,
Kagoshima University, Kagoshima, Japan to reproduce figures from
his review.

Conflict of interest
We declare that we have no conflict of interest.
References

Abdi, S.A.-H.; Afjal, M.A.;; Najmi, A.K.; and Raisuddin, S. (2018). S-allyl
cysteine ameliorates cyclophosphamide-induced downregulation
of urothelial uroplakin Illa with a concomitant effect on
expression and release of CCL11land TNF-a in mice. Pharmacol.
Reports, 70:769-776.

Abdi, S.A.H.; Najmi, A.K.; and Raisuddin, S. (2016). Cyclophsopahmide-
induced downregulation of uroplakin Il in the mouse urinary bladder
epithelium is prevented by S-allyl cysteine. Basic Clin. Pharmacol.
Toxicol., 119:598-603.

Amagase, H.; Petesch, B.L.; Matsuura, H.; Kasuga, S. and Itakura, Y. (2001).
Intake of garlic and its bioactive components. J. Nutr., 131:955S-
962S.

Arunkumar, A.; Vijayababu, M.R.; Srinivasan, N.; Aruldhas, M.M. and
Arunakaran, J. (2006). Mol. Cell. Biochem., 288:107-113.

Bae, Y.H. and Park, K. (2011). Targeted drug delivery to tumors: Myths,
reality and possibility. J. Control Release, 153:198-205.

Bahirwani, R. and Reddy, K.R. (2014). Drug-induced liver injury due to
cancer chemotherapeutic agents. Semin. Liver Dis., 34:162-171.

Baskar, R.; Lee, K.A.; Yeo, R. and Yeoh, K.W. (2012). Cancer and radiation
therapy: current advances and future directions. Int. J. Med. Sci.,
9:193-199.

Basu, A. and Lazo, J.S. (1990). A hypothesis regarding the protective role
of metallothioneins against the toxicity of DNA interactive
anticancer drugs. Toxicol Lett., 50:123-135.

Batista, C.K.; Brito, GA.; Souza, M.L.; Leitao, B.T.; Cunha, F.Q. and Ribeiro,
R.A. (2006). A model of hemorrhagic cystitis induced with acrolein
in mice. Braz. J. Med. Biol. Res., 39:1475-1481.

Bernier, J.; Hall, E.J. and Giaccia A. (2004). Radiation oncology: A century
of achievements. Nat. Rev. Cancer, 4:737-747.

Bhatia, K.; Ahmad, F.; Rashid, H. and Raisuddin, S. (2008). Protective effect
of S-allyl cysteine against cyclophosphamide-induced bladder
hemorrhagic cystitis in mice. Food Chem. Toxicol., 46:3368-
3374.

Bolenz, C.; Freedland, S.J.; Hollenbeck, B.K.; Lotan, Y.; Lowrance, W.T.; Nelson,
J.B. and Hu, J.C. (2014). Costs of radical prostatectomy for prostate
cancer: A systematic review. Eur. Urol., 65:316-324.

Bomgaars, L; Berg, S.L. and Blaney, S.M. (2001). The development of
camptothecin analogs in childhood cancers. Oncologist, 6:506-
516.

Brenner, GM. and Stevens, C.W. (2012). Pharmacology, 4™ Edition, Saunders
Elsevier, UK, pp:528.

Brock, N.; Stekar, J.; Pohl, J.; Niemeyer, U. and Scheffler, G. (1979). Acrolein,
the causative factor of urotoxic side-effects of cyclophosphamide,
ifosfamide, trofosfamide and sufosfamide. Arzneimittelforschung,
29:659-661.

Carozzi, V.A.; Canta, A. and Chiorazzi, A. (2015). Chemotherapy-induced
peripheral neuropathy: What do we know about mechanisms?
Neurosci. Lett., 596:90-107.

23

Cheetham, P. and Petrylak, D.P. (2013). Tubulin-targeted agents including
docetaxel and cabazitaxel. Cancer J. 19:59-65.

Cheung-Ong, K.; Giaever, G. and Nislow, C. (2013). DNA-damaging agents
in cancer chemotherapy: Serendipity and chemical biology. Chem.
Biol., 20:648-659.

Chu, Y.L.; Ho, C.T.; Chung, J.G; Rajasekaran, R.and Sheen, L.Y. (2012). Allicin
induces p53-mediated autophagy in Hep G2 human liver cancer
cells. J. Agric. Food Chem., 60:8363-8371.

Costa, B. (1984). Hepatotoxicity following VCR therapy. Cancer, 54:
2006-2008.

Demeule, M.; Brossard, M.; Turcotte, S.; Regina, A.; Jodoin, J. and Béliveau, R.
(2004). Diallyl disulfide, a chemopreventive agent in garlic, induces
multidrug resistance-associated protein 2 expression. Biochem.
Biophys. Res. Commun., 324:937-945.

Dozono, H.; Nakamura, K.; Motoya, T.; Nakamura, S.; Shinmura, R.; Miwa, K.;
Ishibashi, M. and Nagata, Y. (1989). Prevention of stomatitis induced
by anticancer drugs. Gan To Kagaku Ryoho, 16:3449-3451. [in
Japanese].

Edelman, M.J. (2009). Novel taxane formulations and microtubule-binding
agents in non-small-cell lung cancer. Clin. Lung Cancer, 1:S30-
S34.

El-Kenawi, A.E. and EI-Remessy, A.B. (2013). Angiogenesis inhibitors in
cancer therapy: Mechanistic perspective on classification and
treatment rationales. Br. J. Pharmacol., 170:712-729.

Ferlay, J.; Soerjomataram, I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo,
M.; Parkin, D.M.; Forman, D. and Bray, F. (2013). Cancer incidence and
mortality worldwide: IARC cancerbase No. 11 [Internet]. Lyon,
France: International agency for research on cancer. Available
from http://globocan.iarc.fr (link is external)

Fernandez-Martinez, A.B.; Benito Martinez, S. and Lucio Cazana, F.J. (2016).
Intracellular prostaglandin E2 mediates cisplatin-induced proximal
tubular cell death. Biochim. Biophys. Acta, 1863:293-302.

Gastineau, D.A. and Hoagland, H.C. (1992). Hematologic effects of
chemotherapy. Semin. Oncol., 19:543-550.

Goel, A. and Aggarwal, B.B. (2010). Curcumin, the golden spice from Indian
saffron, is a chemosensitizer and radiosensitizer for tumors and
chemoprotector and radioprotector for normal organs. Nutr.
Cancer, 62:919-930.

Gupta, S.; Tannous, R. and Friedman, M. (2001). Incidence of anaemia in
CHOP-treated intermediate-grade non-Hodgkin’s lymphoma
(IGNHL). Euro. J. Cancer, S94:339.

Hardy, D.; Liu, C.C.; Cormier ,J.N.; Xia, R.and Du, X.L. (2010). Cardiac toxicity
in association with chemotherapy and radiation therapy in a large
cohort of older patients with non-small-cell lung cancer. Ann.
Oncol., 21: 1825-1833.

Hayden, M.S. and Ghosh, S. (2004). Signaling to NF-xB. Genes Dev., 18:
2195-2224.

Hirsch, K.; Danilenko, M. and Giat, J. (2000). Effect of purified allicin, the
major ingredient of freshly crushed garlic, on cancer cell
proliferation. Nutr. Cancer, 38:245-254.

Ho, C.Y.; Cheng, Y.T.; Chau, C.F. and Yen, G.C. (2012). Effect of diallyl sulfide
on in vitro and in vivo Nrf2-mediated pulmonic antioxidant
enzyme expression via activation ERK/p38 signaling pathway. J.
Agric. Food Chem., 60:100-107.

Hoagland, H.C. (1982). Hematologic complications of cancer
chemotherapy. Semin Oncol., 9:95-102.

Hoekman, K.; Wim, J.F.; Van Der Vijgh, and Vermorkan, J.B. (1999). Clinical
and preclinical modulation of chemotherapy induced toxicity in
patients with cancer. drugs, 57:133-135.



24

Hofseth, L.J. and Wargovich, M.J. (2007). Inflammation, cancer, and targets
of ginseng. J. Nutr., 137:183S-185S.

Huang, S.M.; Chien, L.Y.; Tai, C.J.; Chiou, J.F.; Chen, C.S. and Tai, C.J. (2013).
Effectiveness of 3-week intervention of Shi Quan Da Bu Tang for
alleviating hematotoxicity among patients with breast carcinoma
receiving chemotherapy. Integr. Cancer Ther., 12:136-144.

lberl, B.; Winkler, G. and Knobloch, K. (1990). Products of allicin
transformation: Ajoenes and Dithiins, characterization and their
determination by HPLC. Planta Med., 56:202-211.

Iciek, M.; Kwiecien, | and Wlodek, L. (2009). Biological properties of garlic
and garlic-derived organosulfur compounds. Environ. Mol.
Mutagen., 50:247-265.

Ide, N.; Lau. B.,H. (1997). Garlic compounds protect vascular endothelial
cells from oxidized low density lipoprotein-induced injury. J.
Pharm. Pharmacol., 49:908-911.

Ilic, D.P.; Nikolic, V.D.; Stankovic, M.Z.; Stanojevic, L.P. and Cakic, M.D. (2011).
Alicin and related compaunds; biosinthesysis, synthesis and
pharmacological activity. Facta Univ., Ser.: Phys. Chem. Technol.,
9:9-20.

Imai, J.; Ide, N.; Moriguchi, T.; Mastuura, H. and ltakura, Y. (1994). Antioxidant
and radical scavenging effect of aged garlic extract and its
constituents. Planta Med., 60:417-420.

Jackson, S.P. and Bartek, J. (2009). The DNA-damage response in human
biology and disease. Nature, 461:1071-1078.

Jakubikova, J. and Sedlak, J. (2006). Garlic-derived organosulfides induce
cytotoxicity, apoptosis, cell cycle arrest and oxidative stress in
human colon carcinoma cell lines. Neoplasma, 53:191-199.

Kasetty, S.; Khan, S.; Shridhar, S.U.; Gupta, S.; Tijare, M.; Kallianpur, S. and
Raju, R.T. (2012). Cancer therapy: A continuance of health burden.
World J. Oncol. 3:205-209.

Keizer, H.G.; Pinedo, H.M.; Schuurhuis, GJ. and Joenje, H. (1990). Doxorubicin
(adriamycin): A critical review of free radical-dependent
mechanisms of cytotoxicity. Pharmacol. Ther., 47:219-231.

Kim, H.J.; Han, M.H.; Kim, GY.; Choi, Y.W. and Choi, Y.H. (2012). Hexane
extracts of garlic cloves induce apoptosis through the generation
of reactive oxygen species in Hep3B human hepatocarcinoma
cells. Oncol. Rep., 5:1757-1763.

Kim, Y.A; Xiao, D.; Xiao, H. and Powolny, A.A. (2007). Mitochondria-mediated
apoptosis by diallyl trisulfide in human prostate cancer cells is
associated with generation of reactive oxygen species and regulated
by Bax/Bak. Mol. Cancer Ther., 6:1599-1609.

King, B.; Jiang, Y.; Su, X.; Xu, J.; Xie, L.; Standard, J. and Wang, W. (2013).
Weight control, endocrine hormones and cancer prevention. Exp.
Biol. Med. (Maywood), 238:502-508.

King, P.D. and Perry, M.C. (1996). Hepatotoxicity of chemotherapeutic
agents, In: The chemotherapy source book (ed. Perry, MC), 2™
Edition, Lippincott Williams and Wilkins Publishers, Philadelphia.
pp:710.

Kintzel, P.E. and Dorr, R.T. (1995). Anticancer drug renal toxicity and
elimination: dosing guidelines for altered renal function. Cancer
Treat. Rev., 21:33-64.

Kodera, Y.; Suzuki, A.; Imada, O.; Kasuga, S.; Sumioka, I.; Kanezawa, A.; Taru,
N.; Fujikawa, M.; Nagae, S.; Masamoto, K.; Maeshige, K. and Ono, K. (2002).
Physical, chemical, and biological properties of S-allylcysteine,
an amino acid derived from garlic. J. Agric. Food. Chem., 50: 622-
632

Kumar, VP; Shashidhara, S.; Kumar, M.M. and Sridhara, B.Y. (2001).
Cytoprotective role of Solanum nigrum against gentamicin-
induced kidney cell (Vero cells) damage in vitro. Fitoterapia,
72:481-486.

Kumar. P.; Kadakol, A.; Shasthrula, P.K.;Mundhe, N.A.; Jamdade, V.S.;Barua,
C.C. and Gaikwad, A.B. (2015). Curcumin as an adjuvant to breast
cancer treatment. Anticancer Agents Med. Chem., 15:647-656.

Law, P.C.; Auyeung, K.K.; Chan, L.Y. and Ko, J.K. (2012). Astragalus saponins
downregulate vascular endothelial growth factor under cobalt
chloride-stimulated hypoxia in colon cancer cells. BMC
Complement. Altern. Med., 12:160.

Lee, J.; Gupta, S.; Huang, J.S.; L. P. Jayathilaka, L.P. and B. S. Lee, B.S. (2013).
HPLC-MTT assay: anticancer activity of aqueous garlic extract
is from allicin. Anal. Biochem., 436:187-189.

Lee, T.K.; Johnke, R.M.; Allison, R.R.; O Brien, K.F. and Dobbs, L.J. Jr. (2005).
Radioprotective potential of ginseng. Mutagenesis, 20: 237-243.

Lee,Y. (2008). Induction of apoptosis by S-allylmercapto-L-cysteine, a
biotransformed garlic derivative, on a human gastric cancer cell
line. Int. J. Mol. Med., 21:765-770.

Li, J.; Bao, Y.; Lam, W;; Li, W;; Lu, F.; Zhu, X.; Liu, J. and Wang, H. (2008).
Immunoregulatory and antitumor effects of polysaccharopeptide
and Astragalus polysaccharides on tumor-bearing mice.
Immunopharmacol. Immunotoxicol., 30:771-782.

Lin, Y.W. and Chiang, B.H. (2008). Anti-tumor activity of the fermentation
broth of Cordyceps militaris cultured in the medium of Radix
astragali. Process Biochem., 43:244-250.

Lin, Z; Zhang, Q. and Luo, W. (2016). Angiogenesis inhibitors as therapeutic
agents in cancer: Challenges and future directions. Eur. J.
Pharmacol. 793:76-81.

Ling, H.; Wen, L.; Tang, Y.L. and He, J. (2010). Growth inhibitory effect and
Chk1-dependent signaling involved in G2/M arrest on human
gastric cancer cells induced by diallyl disulfide. Braz. J. Med. Biol.
Res., 43:271-278.

Liu, X. and Li, N. (2012). Regularity analysis on clinical treatment in
primary liver cancer by traditional Chinese medicine. Zhongguo
Zhong Yao Za Zhi, 37:1327-1331.

Liu, Y.; Feng, Y.; Gao, Y. and Hou, R. (2016). Clinical benefits of combined
chemotherapy with S-1, oxaliplatin, and docetaxel in advanced
gastric cancer patients with palliative surgery. Onco. Targets Ther.,
9:1269-1273.

Loon, S.C. and Chew, P.T. (1999). A major review of antimetabolites in
glaucoma therapy. Ophthalmologica, 213:234-245.

Lord, C.J. and Ashworth, A. (2013). Mechanisms of resistance to therapies
targeting BRCA-mutant cancers. Nat. Med., 19:1381-1388.

Lord, C.J.; Tutt, A.N. and Ashworth, A. (2015). Synthetic lethality and cancer
therapy: :Lessons learned from the development of PARP
inhibitors. Annu. Rev. Med., 66:455-470.

Ma, C.M. and Maughan, R.L. (2006). Within the next decade conventional
cyclotrons for proton radiotherapy will become obsolete and
replaced by far less expensive machines using compact laser
systems for the acceleration of the protons. Med Phys., 33:571-
573.

MacDonald, D.R. (1996). Neurotoxicity of chemotherapeutic agents. In:
The Chemotherapy Source Book (ed. Perry, MC), 2™ Edition,
Lippincott Williams and Wilkins Publishers, Philadelphia. pp:
752-754.

MacDonald, V. (2009). Chemotherapy: managing side effects and safe
handling. Can. Vet. J., 50:665-668.

Magge, S. and DeAngelis, L.M. (2015). The double-edged sword:
Neurotoxicity of chemotherapy. Blood Rev., 29:93-100.

Main, B.E.; Calman, K.C.; Ferguson, M.M.; Kaye, S.B.; Mac Far lane, TW. and
Mairs, R.J. (1984). The effect of cytotoxic therapy on saliva and
oral flora. Oral Surg. Oral Med. Oral Pathol., 58: 545-548.



Maldonado, P.D.; Barrera, D.; Rivero, I.; Mata, R.; Medina-Campos, O.N.;
HernandezPando, R. and Pedraza-Chaverri, J. (2003). Antioxidant S-
allylcysteine prevents gentamicin-induced oxidative stress and
renal damage. Free Radic. Biol. Med., 35:317-324.

Mao, C.P. and Wu, T.C. (2010). Inhibitory RNA molecules in
immunotherapy for cancer. Methods Mol. Biol., 623: 325-339.

Matsen, C.B. and Neumayer, L.A. (2013). Breast cancer: A review for the
general surgeon. JAMA Surg., 148:971-979.

McLornan, D.P.; List, A. and Mufti, GJ. (2014). Applying synthetic lethality
for the selective targeting of cancer. N. Engl. J. Med., 371:1725-
1735.

Mellman, I.; Coukos, G. and Dranoff, G. (2011). Cancer immunotherapy
comes of age. Nature, 480:480-489.

Miron, T.; Mironchik, M.; Mirelman, D.; Wilchek, M. and Rabinkov,A. (2003).
Inhibition of tumor growth by a novel approach: In situ allicin
generation using targeted alliinase delivery. Mol. Cancer Ther.,
12:1295-1301.

Moriguchi, T.; Matsuura, H.; Itakura, Y.; Katsuki, H.; Saito, H. and Nishiyama,
N. (1997). Allixin, a phytoalexin produced by garlic, and its analogues
as novel exogenous substances with neurotrophic activity. Life
Sci. 61:1413-1420.

Nakagawa, H.; Tsuta, K.; Kiuchi, K. and Senzaki, H. (2001). Growth inhibitory
effects of diallyl disulfide on human breast cancer cell lines.
Carcinogenesis, 22:891-897.

Neal, J.W.; Sledge, GW. (2014). Decade in review-targeted therapy:
Successes and toxicities and challenges in solid tumours. Nat. Rev.
Clin. Oncol., 11:627-628.

Nkrumah-Elie, Y.M.; Reuben, J.S.; Hudson, A. and Taka, E. (2012). Diallyl
trisulfide as an inhibitor of benzo(a)pyrene-induced precancerous
carcinogenesis in MCF-10A cells. Food Chem. Toxicol., 50:2524-
2530.

Nussbaumer, S.; Bonnabry, P.; Veuthey, J.L. and Fleury-Souverain, S. (2011).
Analysis of anticancer drugs: A review. Talanta, 85:2265-2289.

QOgawa, K.; Omatsu, T.; Matsumoto, C.; Tsuchiya, N.; Yamamoto, M.; Naito, Y.
and Yoshikawa, T. (2012). Protective effect of the Japanese traditional
medicine juzentaihoto on myelosuppression induced by the
anticancer drug TS-1 and identification of a potential biomarker
of this effect. BMC Complement. Altern. Med., 12:118.

Paci,A.; Veal, G; Bardin, C.; Levéque, D.; Widmer, N.; Beijnen, J.; Astier, A. and
Chatelut, E. (2014). Review of therapeutic drug monitoring of
anticancer drugs part 1-cytotoxics. Eur. J. Cancer, 50:2010-2019.

Paterson, W.B. and Reams, G.P. (1992). Renal toxicities of Chemotherapy.
Semin. Oncol., 19:521-528.

Paulson, J.C. and McClure, W.O. (1975). Inhibition of axoplasmic transport
by colchicine, podophyllotoxin, and vinblastine: An effect on
microtubules. Ann. NY Acad. Sci., 253:517-527.

Pedraza-Chaverri, J.; Barrera, D.; Maldonado, P.D.; Chirino, Y.l.; Macias-
Ruvalcaba, N.A.; Medina-Campos, O.N.; Castro, L.; Salcedo, M.I. and
Hernandez-Pando, R. (2004). S-allylmercaptocysteine scavenges
hydroxyl radical and singlet oxygen in vitro and attenuates
gentamicin-induced oxidative and nitrosative stress and renal
damage in vivo. BMC Clin. Pharmacol., 30:4-5.

Peres, L.A. and daCunha, A.D. (2013). Jr. Acute nephrotoxicity of cisplatin:
Molecular mechanisms. J. Bras. Nefrol., 35:332-340.

Pérez-Severiano, F.; Rodriguez-Pérez, M.; Pedraza-Chaverri, J.; Maldonado, P.D.;
Medina-Campos, O.N.; Ortiz-Plata, A.; Sanchez-Garcia, A.; Villeda-
Hernandez, J.; Galvan-Arzate, S.; Aguilera, P. and Santamaria, A. (2004).
S-allylcysteine, a garlicderived antioxidant, ameliorates quinolinic
acid-induced neurotoxicity and oxidative damage in rats.
Neurochem. Int., 45:1175-1183.

Peters, G.J. (2014). Novel developments in the use of antimetabolites.
Nucleosides Nucleotides Nucleic Acids, 33:358-374.

25

Prat, A. and Baselga, J. (2008). The role of hormonal therapy in the
management of hormonal-receptor-positive breast cancer with
co-expression of HER2. Nat. Clin. Pract. Oncol. 5:531-542.

Qi, F; Li,A; Inagaki, Y.; Gao, J.; Li, J.; Kokudo, N.; Li. X.K. and Tang, W. (2010).
Chinese herbal medicines as adjuvant treatment during chemo-or
radio-therapy for cancer. Biosci. Trends, 4:297-307.

Ramaswami, R.; Harding, V. and Newsom-Davis, T. (2013). Novel cancer
therapies: treatments driven by tumour biology. Postgrad. Med. J.
89:652-658.

Rittenberg, C.N. (2002). New class of antiemetic agents on horizon.
Clin. J. Oncol. Nurs., 6:103-104.

Rivlin RS. (2001). Historical perspective on the use of garlic. J. Nutr.,
131:951S-4S.

Rodzinski, A.; Guduru, R.; Liang, P.; Hadjikhani, A.; Stewart, T.; Stimphil, E.;
Runowicz, C.; Cote, R.; Altman, N.; Datar, R. and Khizroev, S. (2016).
Targeted and controlled anticancer drug delivery and release with
magnetoelectric nanoparticles. Sci. Rep., 6:20867.

Sak, K. (2012). Chemotherapy and dietary phytochemical agents.
Chemother. Res. Pract, pp:282570.

Sawyers, C. (2004). Targeted cancer therapy. Nature, 432:294-297.

Schulz-Ertner, D. and Tsujii, H. (2007). Particle radiation therapy using
proton and heavier ion beams. J. Clin. Oncol., 25:953-964.

Seiter, K. (2005). Toxicity of the topoisomerase | inhibitors. Expert
Opin. Drug Saf., 4:45-53.

Sharma, R.; Tobin, P. and Clarke, S.J. (2005). Management of chemotherapy-
induced nausea, vomiting, oral mucositis, and diarrhoea. Lancet
Oncol., 6:93-102.

Shewach, D.S. and Kuchta, R.D. (2009). Introduction to cancer
chemotherapeutics. Chem. Rev., 109:2859-2861.

Shirin, H.; Pinto, J.T.; Kawabata, Y. and Soh, J.W. (2001). Antiproliferative
effects of S-allylmercaptocysteine on colon cancer cells when
tested alone or in combination with sulindac sulfide. Cancer Res.,
61:725-731.

Siegers, P.; Steffen, B.; Robke, A. and Pentz, R. (1999). The effects of garlic
preparations against human tumor cell proliferation. Phytome-
dicine, 6:7-11.

Sigal, S.H.; Tomaszewski, J.E.; Brooks, J.J.; Wein, A. and LiVolsi, V.A. (1991).
Carcinosarcoma of bladder following long-term cyclophosphamide
therapy. Arch. Pathol. Lab. Med., 115:1049-1051.

Sissi, C.; Moro, S.; Richter, S.; Gatto, B.; Menta, E.; Spinelli, S.; Krapcho, A.P;
Zunino, F. and Palumbo, M. (2001). DNA-interactive anticancer aza-
anthrapyrazoles: Biophysical and biochemical studies relevant to
the mechanism of action. Mol. Pharmacol, 59:96-103.

Stillwell, T.J. and Benson, R.C. (1988). Cyclophosphamide induced
haemorrhagic cystitis. Cancer, 61:451-457.

Suddek, G.M. (2014). Allicin enhances chemotherapeutic response and
ameliorates tamoxifen-induced liver injury in experimental
animals. Pharm. Biol. 52:1009-1014.

Sudhakar, A. (2009). History of cancer, ancient and modern treatment
methods. J. Cancer Sci. Ther., 1:1-4.

Sun, Y.X. (2011). Structure and biological activities of the polysaccharides
from the leaves, roots and fruits of Panax ginseng C.A. Meyer:
An overview. Carbohydr. Polym., 85:490-499.

Tattelman, E. (2005). Health effects of garlic. Am. Fam. Phys., 72:103-
106.

Thompson, N.; Adams, D.J. and Ranzani, M. (2017). Synthetic lethality:
emerging targets and opportunities in melanoma. Pigment Cell
Melanoma Res., 30:183-193.

Thurston, D.E. (2007). Chemistry and Pharmacology of Anticancer Drugs.
CRC Press, Taylor and Francis Group, Boca Raton. pp:312.



26

Trio, P.Z.; You, S.; He, X.; He, J.; Sakao, K. and Hou, D.X. (2014).
Chemopreventive functions and molecular mechanisms of garlic
organosulfur compounds. Food Funct., 5:833-844.

Wang, K.; Wang, Y.; Qi, Q.; Zhang, F.; Zhang, Y.; Zhu, X.; Liu, G;; Luan, Y.; Zhao,
Z. and Cai, J. (2016). Inhibitory effects of S-allylmercaptocysteine
against benzo(a)pyrene-induced precancerous carcinogenesis in
human lung cells. Int. Immunopharmacol., 34:37-43.

Wang, Y.Q. and Miao, ZH. (2013). Marine-derived angiogenesis inhibitors
for cancer therapy. Mar. Drugs, 11:903-933.

Wang, Z.; Liu, Z; Cao, Z and Li, L. (2012). Allicin induces apoptosis in EL-
4 cells in vitro by activation of expression of caspase-3 and -12
and up-regulation of the ratio of Bax/Bcl-2. Nat. Prod. Res., 26:
1033-1037.

WHO (2006). Cancer Control: WHO Guide for Effective Programmes.
Wolrd Health Organization, Geneva. pp: 2. http://www.who.int/
cancer/modules/Modules%20Flyer.pdf?ua=1

WHO (2013). WHO Traditional Medicine Strategy 2014-23. World
Health Organization. Geneva. pp:76.

Wood, G.S. and Wu, J. (2015). Methotrexate and pralatrexate. Dermatol.
Clin., 33:747-755.

Xiang, Y.Z.; Shang, H.C.; Gao, X.M. and Zhang, B.L. (2008). A comparison of
the ancient use of Ginseng in traditional Chinese medicine with
modern pharmacological experiments and clinical trials.
Phytother. Res., 22:851-858.

Xiao, J.; Ching, Y.P; Liong, E.C.; Nanji, A A.; Fung, M.L. and Tipoe, GL. (2013).
Garlic-derived S-allylmercaptocysteine is a hepato-protective
agent in non-alcoholic fatty liver disease in vivo animal model.
Eur. J. Nutr. 52:179-191.

Yun, T.K. (2003). Experimental and epidemiological evidence on
nonorgan specific cancer preventive effect of Korean ginseng
and identification of active compounds. Mutat. Res., 523-524:63-
74.

Zhang, W;; Ha, M.; Gong, Y. and Xu, Y. (2010). Allicin induces apoptosis in
gastric cancer cells through activation of both extrinsic and
intrinsic pathways. Oncol. Rep., 24:1585-1592.

Zheng, S.; Yang, H.; Zhang, S. and Wang, X. (1997). Initial study on naturally
occurring products from traditional Chinese herbs and vegetables
for chemoprevention. J. Cell. Biochem., 67:106-112.

Zhou, J.; Zhou, T.; Jiang, M.; Wang, X.; Liu, Q.; Zhan, Z. and Zhang, X. (2014).
Research progress on synergistic antitumor mechanisms of
compounds in traditional Chinese medicine. J. Tradit. Chin. Med.,
34:100-105.

Zhu, X.; Jiang, X.; Li, A;; Zhao, Z; and Li, S. (2017). S-allyl mercaptocysteine
attenuates cisplatin-induced nephrotoxicity through suppression
of apoptosis, oxidative stress, and inflammation. Nutrients, 9:
166.



