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  Natural Products Research in the Greater Saar-Lor-Lux 
Region: Corena  

 This book was edited under the patronage of CORENA, a network aiming to create 
an internationally competitive cluster within the Greater Region (Saarland, Lorraine, 
Luxembourg, Wallonia, Rhineland-Palatinate). CORENA is co-funded by European 
Regional development fund within the INTERREG IVA Greater Region program. 
The European Union invests in your future. 

 Since its of fi cial foundation in April 2009, the CORENA Network has brought 
together existing researchers and research structures from various scienti fi c and 
institutional backgrounds throughout the greater Saar-Lor-Lux region to join forces 
in the  fi eld of natural product research. Since then, the Network has been a catalyst 
to initiate and deepen cross-border research and development – and has resulted in 
a crystallization point for natural product research involving various universities, 
research institutes, and companies in the Greater Region. 

 The CORENA network is the combination of research, development, and 
applications. The aim of the project is to create an internationally competitive cluster 
that links the particular research institutions and companies within the Greater Region 
(Saarland, Lorraine, Luxembourg, Wallonia, Rhineland-Palatinate). Scienti fi cally, 
the Network aims at the promotion of the use of natural products in medicine and 
agriculture. In biomedical research, natural ingredients, such as antioxidants and 
chemopreventive agents, have recently come back into focus. Here, ageing Societies 
provide an impetus to (re-)consider nutri-therapeutics, from simple vitamins to highly 
promising, natural product based nutri-epigenetic substances. At the same time, the 
CORENA Network supports the idea of green, eco-friendly pesticides extracted 
from natural substances such as plants or fungi. Within this context, the focus has 
been no substances derived from edible plants, which promise low or now    toxicity 
to animals and humans, yet may be effective against common agricultural pests. 

 The CORENA Network established in the Saar-Lor-Lux region is a highly suc-
cessful network of major research institutions, companies, producers and users. 

  Editorial  
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During the last three years, existing expertise in the  fi eld of natural products within 
the greater Saar-Lor-Lux area has been bundled, thereby increasing the scienti fi c 
potential and industrial competitiveness of the whole region. As part of the network, 
closer cross-border cooperation between industry and research in the  fi eld of natural 
products is now easily possible. Thus, small and medium enterprises (SMEs) have 
gained access to the latest research, while the researchers in exchange have bene fi ted 
from new ideas and stimuli provided by the companies. This mutually bene fi cial 
exchange has contributed signi fi cantly to the innovation potential of the Greater 
Region in this area of Science. The CORENA Network will certainly grow and 
deepen further in the years to come, attracting researchers and companies from 
throughout the Region and beyond. 

                      Marc Diederich and Karoline Noworyta
(Recherchhes Scienti fi ques Luxembourg asbl), editors

                                                            Claus Jacob
                     (Universität des Saarlandes, Germany)
                                                          Gilbert Kirsch

                                     (Université de Metz, France)  
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  Phytochemicals as Inducers of Cell 

Death Mechanisms         
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  Abstract   Phytochemicals and amino acids have long been considered as important 
inducers of cell death. However, many of these natural compounds have been 
demonstrating dual action effects on cell death through inhibition as well as induc-
tion. Clinical applications may require dosage adjustment and determination of 
selectively vulnerable cells, either normal or cancer cells. Indeed, the opposing 
actions and controversial uses as cytoprotective and/or cytotoxic agents, in different 
tissues and diseases, need further scrutiny. The potential usefulness of these natural 
compounds as combined chemoprotectants for cancer chemotherapy should also be 
taken into consideration. Special emphasis will be placed on curcumin and 
 Astragalus  constituents as potential phytochemicals. Relevant amino acids include 
the excitatory and branched-chain ones, as well as glycine and cysteine.      

    1.1   Phytochemicals 

    1.1.1   Terminology, De fi nition and Classi fi cation 

 The word part “ phyto -” is a root derived from a Greek origin meaning “plant”. 
Hence,  phyto chemicals, also known as plant secondary metabolites, represent a 
diverse group of bioactive natural organic chemical products. They can be generally 
classi fi ed as phenolics, terpenoids, glycosides, and alkaloids (Barrett  2004 ; Liu  2004 ). 
Phenolics are compounds possessing one or more hydroxyl groups attached to an 

    A.   Ghoneim ,  Ph.D.   (*)
     Department of Pharmacology and Toxicology, Faculty of Pharmacy , 
 Damanhour University (formerly Alexandria University, Damanhour Branch), 
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    Chapter 1   
 Phytochemicals and Amino Acids: Inducers 
or Inhibitors of Cell Death?       
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aromatic ring system. Among the most commonly consumed green and yellow 
fruits and vegetables that possess the highest phenolic content we can mention cran-
berry, apple, broccoli, and spinach. The terpenoids, sometimes called isoprenoids, are 
naturally-occurring organic chemicals similar to terpenes, derived from  fi ve-carbon 
isoprene units (hydrocarbons containing two unsaturated bonds). The most common 
plant sources of terpenoids are carrots and tomatoes. Alkaloids are organic substances 
having a nitrogen atom and exhibiting alkaline properties and physiologic actions. 
They are particularly common in certain families such as Fabaceae, Solanaceae 
and Papaveraceae. Alkaloids affecting cell death comprise taxol from Taxus and 
swainsonine from Astragalus. Glycosides are molecules containing sugar bound to 
non-carbohydrate moiety. Some glycosides can be found in nature as sugars bound 
to  fl avonoids (polyphenolics). Glycosides are widespread throughout the plant 
kingdom with some toxic members especially the cyanogenic and the cardiac 
glycosides (Liu  2004 ; Molyneux et al.  2007 ; Pengelly  2004 ).  

    1.1.2   Phytochemicals as Cancer Chemopreventive Agents 

 Chemoprevention refers to the use of non-toxic chemical substances to prevent 
carcinogenesis. Epidemiologic studies indicate that the regular consumption of 
phytochemicals, can reduce the risk of certain cancers. Besides, the current 
cancer control approach involves a shift from chemotherapy to chemoprevention. 
Selected chemopreventive phytochemicals include curcumin (Cur) and resveratrol 
(Kundu and Surh  2009  ) . 

    1.1.2.1   Mechanisms of Cancer Prevention by Phytochemicals 

 Most chemopreventive phytochemicals are de fi ned as either blocking agents, which 
act immediately before or during the initiation of chemical carcinogenesis, or 
suppressing agents, which act thereafter during the stages of promotion and 
progression (Duvoix et al.  2005 ; Johnson  2007  ) . Chemoprevention can be achieved 
mechanistically by enhancing cellular antioxidant activity, promoting carcinogen 
detoxi fi cating enzymes, blocking carcinogen activating enzymes, suppressing 
abnormally activated pro-in fl ammatory signals, inhibition of metastasis, immunos-
timulation, antiangiogenesis, and induction of cell death (Fig.  1.1 ). In brief, the major 
actions involve almost the whole spectrum of cellular basic machinery, from cell 
membrane to signaling cytoplasmic molecules and to the major nuclear components 
(Kampa et al.  2007 ; Kundu and Surh  2009 ; Liu  2004  ) .   

    1.1.2.2   Phytochemicals as Inducers of Cell Death 

 Phytochemicals may induce cell death by stimulation of apoptosis and/or necrosis, 
modulation of oxidative stress, inhibition of cell proliferation, tumor suppressor 
gene expression, inhibition of oncogene expression, induction of cell-cycle arrest, 
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and inhibition of signal transduction pathways (Kundu and Surh  2009 ; Liu  2004 ; 
Tosetti et al.  2009  ) . The apoptosis signaling pathways have profound effect on the 
progression of cancer. Induction of apoptosis is, hence, an important goal of treat-
ment strategies for cancer (Hu et al.  2009 ; Lowe and Lin  2000  ) . Indeed, polyphe-
nols have been found to affect cancer cell growth by inducing apoptosis in many cell 
lines, both in vitro and in vivo. In many cases, apoptosis induced by polyphenols 
was caspase 3-dependent (Hu et al.  2009 ; Kampa et al.  2007  ) . Examples of phy-
tochemical inducers of cell death include quercetin, kaempferol, apigenin, resveratrol, 
EGCG, catechins, Cur, etc. The types of cells responding to these phytochemicals 
by undergoing cell death include both normal and tumor cells. For example, different 
cells exist such as rat primary hepatocytes, the hepatocellular carcinoma HepG2, the 
colon CaCo-2, the prostate DU145, the breast MCF7, the melanoma SK-MEL-1, 
the Molt 4B leukemia cells, etc (Ghoneim  2009 ; Kampa et al.  2007 ).  

    1.1.2.3   Phytochemicals as Inhibitors of Cell Death 

 On the other hand, an antiapoptotic effect based on the ability of polyphenols to 
scavenge free radicals, has also been observed. For example, resveratrol prevents 
apoptosis by inhibiting lipoxygenase and cyclooxygenase activity in K562 cells. 
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  Fig. 1.1   Redox-active phytochemicals as cytoprotective, cytotoxic and/or chemopreventive agents      
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A similar effect of cell death inhibition was also observed in PC12 cells with 
tea catechins as well as, Cur and different crude plant extracts in liver cells (Badr 
et al.  2009 ; Ghoneim  2009 ; Ghoneim and Eldahshan  2012 ; (Kampa et al.  2007  ) . 
In addition, silymarin (16 mg/kg/day) has proven effective in preventing apoptotic 
and necrotic cell death in mice liver (Patel et al. 2010).  

    1.1.2.4   Phytochemicals as Redox Active Compounds with Dual Effects 

 Redox-sensitive transcription factors might also be potential targets for chemopre-
vention by phytochemicals (Kundu and Surh  2009  ) . Their key molecular targets 
include the nuclear transcription factor NF- k B, AP-1, hypoxia-inducible transcrip-
tion factor and AKT, which are redox-sensitive molecules. Numerous phytochemi-
cals such as curcumin (Cur) target the transcription factor Nrf2 (nuclear factor 
(erythroid-derived 2)-related factor). Nrf2 activates an antioxidant defense response 
by ARE antioxidant response element-mediated induction of Phase II detoxifying 
and antioxidant enzymes (Tosetti et al.  2009  ) . For example, Cur supplementation in 
mice results in increased expression of detoxi fi cation enzymes glutathione-s-trans-
ferases, glutathione reductase, and catalase in the liver, small intestine and kidney 
tissues. Besides, Cur induces Nrf2/ARE pathway in human monocytes and rat kid-
ney epithelial cells and HepG2 cells (Gopalakrishnan and Tony Kong  2008 ; Kundu 
and Surh  2009 ). Furthermore, opposing redox effects of several phytochemicals in 
different pathophysiological situations have been reported including Cur and res-
veratrol. For example, resveratrol can be both antioxidant or prooxidant in different 
conditions and tumor cell types (Holme and Pervaiz  2007  ) . Cur, also, can produce a 
dose-dependent prooxidant state inside tumor cells. This effect is exerted by pro-
moting either reactive oxygen species (ROS) generation by mitochondria or NADPH 
oxidases. Another mechanism may be through induction of redox imbalance through 
glutathione (GSH) depletion or impairment of its biosynthesis (Hail and Lotan 
 2009  ) . Conversely, several phytochemicals act as antioxidants by scavenging ROS 
directly or by enhancing antioxidant enzymes activity (Tosetti et al.  2009  ) .   

    1.1.3   Cytotoxic Phytochemicals Are Cytoprotective 
to Normal Cells 

 Many redox-active phytochemicals are apparently able to induce cytoprotection and 
cell survival in normal cells by improving cell defense systems. However, they can 
act as cytotoxic agents in tumor cells whose survival depends on energetic resources 
mainly occupied to maintain an unstable redox equilibrium. The control of energy 
balance at the cellular level may explain these apparently opposite effects. This might 
comprise the pathophysiological contexts regarding ROS production and the func-
tionality of the antioxidant defense systems. One should also consider the dose used 
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and duration of the drug use, along with tissue-speci fi c effects on redox balance 
(Hail and Lotan  2009 ; Tosetti et al.  2009  ) . Redox perturbation, in both a prooxidant 
or antioxidant direction, shows homeostatic responses by phytochemicals. These 
apparently produce an overall balancing effect through preconditioning, to protect 
against a severe stress, by reinforcing normal cell defenses (Mattson  2008  ) . Con-
cerning mild redox stress, the antioxidant defense response seems to be cytoprotective 
for normal and untransformed cells, probably because it counteracts genotoxic dam-
age and detoxi fi es excessive ROS. This might explain the hepato-, neuro- and cardio-
protective effects of phytochemicals such as Cur and resveratrol in corresponding 
normal cells (Ghoneim  2009 ; Tosetti et al.  2009 ). Meanwhile, the same signals can 
become intolerable for tumor cells, where elevated ROS and impaired antioxidant 
systems, fueled by enhanced glucose metabolism, are unsuitable to maintain viabil-
ity and proliferation (Nair et al.  2007 ; Tosetti et al.  2009  ) . Moreover, by activating 
Nrf2, phytochemicals can enhance the detoxi fi cation of carcinogens and thus block 
tumor initiation in non-neo-plastic cells. Alternatively, abnormal cancer cells consti-
tutively express ampli fi ed signaling pathways of cell proliferation and suppressed 
apoptosis. By modulating transcription factors such as NF k B and AP-1, the same 
phytochemicals may inhibit these signaling pathways leading to apoptosis. Both Cur 
and resveratrol suppress NF-κB activity, resulting in increased apoptosis in human 
breast cancer cells, mantle cell lymphoma and multiple myeloma cells. Furthermore, 
both phenolics attenuate AP-1 activity in human cervical cancer (HeLa) and HaCaT 
cells. However, in human colon cancer HT-29 cells resveratrol has been shown to 
increase lipopolysaccharide-induced AP-1 activity (Gopalakrishnan and Tony Kong 
 2008 ; Kundu and Surh  2009 ). For a better description of the meanings of terms 
“chemopreventive”, “cytotoxic”, and “cytoprotective”, refer to (Fig.  1.1 ).  

    1.1.4   Toxic Phytochemicals as Chemoprotective Agents 

 Phytochemicals investigated initially for their toxic properties in normal cells in 
poisoning animals may eventually prove to have bene fi ts to humans as therapeutics. 
For example, swainsonine alkaloid, identi fi ed in species of Astragalus and Oxytropis, 
was historically associated with locoweed poisoning as a toxic phytochemical to 
normal cells. Besides, swainsonine, as a cytotoxic phytochemical to tumor cells, is 
used for treatment of cancer by inhibition of glycoprotein-processing pathways, and 
enhancement of natural killer cell activity (Bowlin et al.  1989  ) . Swainsonine has also 
been shown to protect from cytotoxicity of cyclophosphamide without interfering 
with its chemotherapeutic activity. Thus, it may be considered as a chemoprotective 
phytochemical against chemotherapy-induced toxicity in normal cells. Swainsonine 
has also important immunomodulation, increasing colony forming unit capacity, 
indicating a potential to overcome the bone marrow suppressive effects of chemo-
therapy (Molyneux et al.  2007  ) .  
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    1.1.5   Curcumin 

 Curcumin (Cur), among phenolic phytochemicals, is made of two ferulic acids 
linked by a methylene in a diketone structure (Liu  2004  ) . Cur is regarded as the 
most active constituent of turmeric preparations. Cur has been the subject of many 
articles studying its antioxidant, antiin fl ammatory, cytoprotective, and chemothera-
peutic properties (Ghoneim  2009 ; Ravindran et al.  2009 ; Salvioli et al.  2007 ; Sharma 
et al.  2005  )  

    1.1.5.1   Mechanisms of Anti-cancer Activity 

 The molecular targets of anti-cancer activity of Cur may originate from its antioxidant 
activity and induction of phase II detoxifying enzymes (Iqbal et al.  2003  ) . Other Cur 
activities with potential anticancer effects include down-regulation of transcription 
factors such as NF-kB and AP-1; down-regulation of the expression of enzymes such 
as cyclooxygenase, nitric oxide synthase, matrix metalloproteinase; down-regulation 
of tumor necrosis factor, chemokines, and growth factor receptors; and inhibition of 
the activity of c-Jun N-terminal kinase and other protein kinases. Additionally, Cur 
has an anti-angiogenic activity (Maheshwari et al.  2006  )  and it induces both types of 
cell death, apoptosis and necrosis, in many types of cancer and normal cells (Aggarwal 
et al.  2003 ; Duvoix et al.  2005 ; Ravindran et al.  2009 ; Salvioli et al.  2007  ) , see 
Fig.  1.2  (Ghoneim  2009  ) . Cur ability to induce apoptosis in preclinical models 
supports its potential utility in cancer chemotherapy (Sharma et al.  2005  ) .   

    1.1.5.2   Mechanisms of Apoptosis Induction 

 Cur can induce the intracellular mitochondrial apoptotic pathway as well as the 
extracellular one (Anto et al.  2002 ; Rashmi et al.  2005  ) . The induction of apoptosis 
pathways involves mitochondrial activation and DNA fragmentation (Ravindran 
et al.  2009  ) . Cur-induced apoptosis is either p53-dependent or independent (Salvioli 
et al.  2007  ) . The role of ROS in Cur-induced apoptosis is controversial, since Cur 
can exert both pro- and anti-oxidant effects (Ahsan et al.  1999  ) . The sensitivity of 
many tumor cells to Cur correlates with generation of ROS (Mishra et al.  2005  )  and 
many antioxidants prevent Cur-induced apoptosis. Besides, Cur inhibits apoptosis 
via a GSH-independent pathway in normal cells (Jaruga et al.  1998  ) . However, Cur 
is a potent scavenger of ROS and increases the level of GSH (Salvioli et al.  2007  ) . 
This pleiotropic activity of Cur can be explained by its activity on gene transcription 
regulation. Cur inhibits AP-1 and NF-kB transcription factors, which are involved 
in cell proliferation and apoptotic pathways (Salvioli et al.  2007 ; Sharma et al.  2005 ; 
Sikora et al.  1997  ) . Cur can overcome resistance to many apoptosis-inducing factors 
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by affecting multiple signaling pathways and by affecting survivin, thus potentiating 
the effect of chemotherapy (Aggarwal and Shishodia  2006 ; Ravindran et al.  2009  ) . 
Cur can also induce cell death in many types of normal cells, such as rat thymocytes 
and hepatocytes leading to undesirable side effects (Donatus et al.  1990 ; Ghoneim 
 2009 ; Ravindran et al.  2009  ) .  

  Fig. 1.2    Effects of curcumin ( Cur ) on ethanol ( EtOH )-induced apoptosis and/or necrosis in 
hepatocyte monolayers. Hepatocytes were preincubated with increasing concentrations (1–100  m M) 
of Cur for 30 min before addition of 0.1 M EtOH where indicated together. Fluorescence micros-
copy was used for monitoring nuclear alterations and membrane dysfunction after an additional 
4 h of monolayer culture (37°C, 5% CO2). Apoptotic cells, as represented by the hepatocyte shown 
in panel a, exhibiting chromatin condensation, fragmentation, and margination, are counted for 
percent Hoechst 33258 (H) staining of the total number of cells in  panel A  plus normal viable 
hepatocytes as that shown in  panel B . Changing  fi lters allows for monitoring of necrotic cells, as 
represented by the hepatocyte shown in  panel C , counted for percent propidium iodide ( PI )-stained 
cells of the total number of cells in  panels A  and  B . Data shown are representatives of the 
means ± standard error of mean ( SEM ) of three to  fi ve experiments. Statistically signi fi cant differ-
ence among groups is indicated as *p < 0.05 vs. corresponding control group and #p < 0.05 vs. 
corresponding EtOH group. Statistical analysis was done using analysis of variance ( ANOVA ) 
followed by Tukey-Kramer as post hoc test for multiple comparisons (Ghoneim  2009  ) . The data 
herein indicated that 100  m M Cur provoked apoptosis. In addition, this relatively high Cur concen-
tration added to EtOH showed progressive necrosis in hepatocyte monolayers. Technically, necro-
sis and apoptosis can occur simultaneously depending on insult intensity reiterating the importance 
of the new terminology “necrapoptosis,” describing the implication of both forms of cell death 
clearly using the H/PI double staining for hepatocytotoxicity by curcumin (Ghoneim  2009  )        
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    1.1.5.3   Curcumin Protects Against Cell Death 

 Concomitantly, with Cur as a cytotoxic agents that may enhance the cytotoxicity of 
chemotherapeutic agents (Chan et al.  2003  ) , there are many reports showing that 
Cur treatment is not associated with programmed cell death (Mehta et al.  1997 ; 
Raza et al.  2008 ; Syng-Ai et al.  2004  ) . In addition, Cur has been shown to protect 
normal and cancer cells against apoptosis (Jaruga et al.  1998 ; Piwocka et al.  2001 ; 
Sikora et al.  1997 ; Somasundaram et al.  2002 ; Zhu et al.  2004  ) . Indeed, Cur admin-
istration has been shown to be hepatoprotective in liver injury caused by many hepa-
totoxins (Donatus et al.  1990 ; Park et al.  2000 ; Shapiro et al.  2006  ) . Moreover, Cur, 
as a neuroprotectant, exerts a protective effect against neurodegeneration and stroke 
(Bala et al.  2006 ; Ghoneim et al.  2002  ) . Possible mechanisms of neuroprotection 
exerted by Cur include inhibition of excytotoxicity, antioxidant activity, and induc-
tion of chaperone proteins (Bala et al.  2006 ; Yazawa et al.  2006  ) . It is obvious, 
therefore, that the effects of Cur may be tissue speci fi c and that it may target prolif-
erating cells more ef fi ciently than differentiated ones (Ghoneim  2009 ; Sharma et al. 
 2005 ; Syng-Ai et al.  2004  ) . Possible explanations might include the higher cellular 
uptake of Cur is in tumor cells than in normal cells (Kunwar et al.  2008  ) . Second, 
lower GSH levels exist in tumor cells compared to normal cells (Syng-Ai et al. 
 2004  ) . Third, most tumor cells, but not normal cells, express constitutively active 
NF- k B that is suppressed by Cur (Ravindran et al.  2009 ; Shishodia et al.  2005  ) . In 
addition, Cur has been demonstrated to inhibit both cell growth and cell death. The 
capacity of Cur to inhibit both cell growth and death implies that these two biological 
processes may share common pathways (Sikora et al.  1997  ) . Furthermore, this con-
tradiction can be explained by the pleiotropic activity of Cur, which has many 
molecular targets inside the cell. Moreover, many of the studies are based on the 
assumption that apoptosis is detected by oligonucleosomal DNA degradation. This 
can be a misleading concept, since Cur can induce cell death despite a simultaneous 
inhibition on endonuclease activity (Sikora et al.  2006  ) . Besides, the methods used 
for lipid peroxidation (LP) are relatively blunt tools in vivo where alterations may 
be too circumscribed to show up in whole tissue analysis, and because products 
accumulated may be metabolized (Agardh et al.  1991  ) . Moreover, a direct causal 
relationship between LP, as a hallmark of oxidative stress, and cell death is still 
disputed (Ghoneim  2009 ; Plaa  2000  ) . Another suggested reason for this divergence 
relies on the capability of Cur to exert a biphasic effect, depending on its concentration. 
For example, Cur at different concentrations elicits a biphasic effect on apoptosis in 
keratinocytes (Jana et al.  2004  )  and hepatocytes (Ghoneim  2009  ) . The biphasic 
effect of Cur can also impose on the type of cell death; either apoptosis or necrosis 
depending on ROS generation and ATP levels (Chan et al.  2006  ) . Indeed, Cur has 
been shown to exhibit concentration-dependent antilipid peroxidant cytoprotectant 
as well as GSH-depleting cytotoxic effects in isolated hepatocytes. Besides, Cur 
may have important pharmacological applications as a potential concentration-
dependent modulator of cytochrome c release-induced apoptosis (Ghoneim  2009  ) . 
Further more, a temporal biphasic activity is given by the effect of Cur on NF-κB 
levels (Notarbartolo et al.  2005  ) .   
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    1.1.6   Astragalus 

    1.1.6.1   History and Origin 

 Astragalus L. (Fabaçeae, Papillinoideae) is a widely distributed genus throughout 
the temperate regions of the world, with about 2,000 species described (Boulos 
 1999  ) . The plant was given its traditional names, Astragalus and milk vetch; from 
the belief that the genus vetch ‘Vicia’ of the bean family increases the milk ‘gala’ 
yield of livestock, besides, its legumes have a star-shape ‘astr’ (Asaad  1977  ) .  

    1.1.6.2   Chemistry 

 The genus Astragalus appears highly uniform from chemical point of view, with 
three main pharmacologically active principles and three kinds of toxic compounds 
(e.g., swainsonine). The major pharmacologically active constituents of Astragalus 
belong to cycloartane- and oleanane-type saponins,  fl avonoids and polysaccharides 
(Rios and Waterman  1997 ; Pistelli  2002 ; Sinclair  1998  ) .  

    1.1.6.3   Pharmacology 

 The most interesting pharmacological activities include: cytotoxic, cytoprotective, 
immunomodulator, antimicrobial, anti–in fl ammatory and cardiovascular effects 
(Rios and Waterman  1997 ; Sinclair  1998 ; Mills and Bone  2000 ; Pistelli  2002  ) . 

      Protective Effects of Astragalus 

 Pretreatment with Astragalus mongholicus iso fl avonoids has increased the activities 
of antioxidant enzymes and prevented the release of LDH in glutamate-injured cells 
(Yu et al.  2005  ) . The Astragalus membranaceous root extracts have been widely 
studied for hepatoprotective properties (Li et al.  2003  ) . Zhang et al.  (  1992  )  reported 
the hepatoprotective effect of the saponins isolated from Astragalus membrana-
ceous and Astragalus sieversianus against the chemically induced liver injury in 
mice. Besides, the saponins were evaluated in cultured rat hepatocytes and indicated 
that hepatoprotection may be attributable to antioxidant action, enhanced protein 
synthesis and immunoregulatory effect. Moreover, an Astragalus polysaccharide 
isolated from Astragalus mongholicus exhibited a dose-dependent decrease in 
MDA, increase in GSH and ATP and increase of survival rate in mouse liver damage 
(Rios and Waterman  1997  ) . In addition, a triterpenoidal glucuronide and a  fl avonoid, 
both obtained from Astragalus complanatus, showed hepatoprotective action on 
immunological liver injury in cultured hepatocytes and anti- fi brotic action in rat 
liver, respectively (Kinjo et al.  1999 ; Liu et al.  2005  ) . Astragalus normalized 
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elevated SGPT levels in chronic viral hepatitis patients (Mills and Bone  2000  ) . 
Furthermore, several Astragalus species exhibited promising protective effects 
against programmed cell death. For example, Astragalus membranaceous inhibits 
free radical production, inhibits LDH release, and decreases apoptosis of cardio-
myocytes (Luo et al.  2009  ) . In addition, it inhibits apoptosis of human peritoneal 
mesothelial cells (Na et al.  2009  ) . Also, Astragalus reduces spermatogenic cell 
apoptosis, decreases the level of LP and protects GSH in the torsional testis (Zhen 
et al.  2008  ) . Besides, Astragalus lowers plasma levels of apoptosis-related factors 
improving cardiac function (Zhang et al.  2005  ) .  

      Cytotoxic Activities of Astragalus 

 On the other hand, the roots of Astragalus spp. are known to be rich in polysaccha-
rides and saponins that are reported to possess anticancer and immunostimulating 
effects (Rios and Waterman  1997 ; Bedir et al.  2000 ; Yesilada et al.  2005  ) . Apoptosis 
was induced in HEL cells by Astragalus membranaceus. Upregulation of Apaf-1, 
casp-3 and acetylcholinesterase may have played a crucial role in the process of 
apoptosis. The prospect of inducing apoptosis selectively in cancer cells is obvi-
ously attractive from a therapeutic point of view (Cheng et al.  2004  ) . Indeed, 
Astragalus is reported to treat various types of cancers (Yesilada et al.  2005  ) . It has 
also shown to potentiate the activity of chemotherapeutic agents, reduce their 
adverse toxicities, inhibit recurrences and to prolong survival time (Zee-Cheng 
 1992 ; Sinclair  1998  ) . In parallel, Astragalus-based Chinese herbal medicine have 
been shown to increase effectiveness of platinum-based chemotherapy (McCulloch 
et al.  2006  ) . Recently,  fl avonoids from Astragalus complanatus induced apoptosis in 
human hepatocarcinoma cells via mitochondria-dependent and death receptor-
dependent apoptotic pathways (Hu et al.  2009  ) . Besides, Astragalus mongholicus 
induced apoptosis and inhibited proliferation in different tumor cell lines (Yan et al. 
 2009 ; Zhou et al.  2009  ) . Moreover, Astragalus saponins induced growth inhibition 
and apoptosis via an ERK-independent NF-kappaB signaling pathway in HepG2 
cell line and colon cancer cells (Auyeung et al.  2009 ; Tin et al.  2007  ) . Furthermore, 
the volatile fractions from Astragalus corniculatus Bieb. were found to be cytotoxic 
by induction of necrotic cell death, which could mainly be ascribed to the high 
content of hydrocarbons and squalene (Krasteva et al.  2008  ) .   

    1.1.6.4   Egyptian Astragalus Species 

      Pharmacology 

 Astragalus L., the largest genus in the family Fabaçeae (Leguminoseae), is repre-
sented by 32 species in Egypt (Laurent-Täckholm  1974 ; Boulos  1999  ) . Some species 
of this genus have been reported as having immunostimulant, cytotoxic and 
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antiviral activities (Verotta and El-Sebakhy  2001  ) . For example, Astragaloside II, 
isolated from A. spinosus has shown good activity against human cancer cell lines; 
particularly, the colon and the leukemia cell lines. It also exhibited a 100% protective 
effect on T–lymphocytes against human immunode fi ciency virus (Abdallah 
et al.  1993  ) . Moreover, Astragalus kahiricus initial extract has reproducible 
cytotoxicity against ovarian cancer cell line (Radwan et al.  2004  ) .  

      Chemistry 

 Previous phytochemical studies performed on some Egyptian Astragalus spp. have 
resulted in the isolation of large series of cycloartane- and oleanane-type saponins 
(Asaad  2000 ; Radwan et al.  2004  ) , as well as  fl avonoids (Asaad  1983 ; Radwan 
 2004  ) .  

      Selected Example of Egyptian Astragalus 

 Two Astragalus extracts were screened for modulatory effect on hepatocyte necro-
sis. It was found that A. spinosus extract didn’t protect hepatocytes in suspension 
culture, but it showed a slight cytotoxic trend over the whole range of concentra-
tions tested (Ghoneim  2006  ) . This might be further screened for probable activity 
against hepatic carcinoma, in the light of the anticancer activity of one of the 
triterpene saponins of this species (Abdallah et al.  1993  ) , and the presence of 
Astragaloside IV; a strong scavenger for superoxide and hydroxyl radicals 
(Luo et al.  2004  ) . 

 On the other hand, the extract of A. boeticus conferred signi fi cant protection 
against both EtOH- and spontaneously- induced hepatocyte death. A. boeticus 
seemed safe over all tested concentrations (Ghoneim  2006  ) . The marked difference 
between the two species might be attributable to a difference in the amount of phar-
macologically active constituents that are concentrated in the polar n-butanolic 
extract. An important preliminary TLC screening revealed a remarkable increase in 
the  fl avonoids in the case of the A. boeticus whole herb much more than the roots of 
A. spinosus that contains mainly cycloartane saponins. See Fig.  1.3  (Ghoneim  2006  ) . 
The  fl avonoids, that are normally prevalent in the  fl owers and leaves of the whole 
herbs, are well reputed for their antioxidant, radical scavenging, an hepatoprotective 
activities through their chemical structure that gives them their characteristic beauti-
ful colors (Mills and Bone  2000 ; Liu et al.  2005  ) . Generally, the  fl avonoids represent 
the main active constituents of the standard and most studied hepatoprotective and 
membrane stabilizer plant extract; silymarin (Badr et al.  2009 ; Luper  1998 ; Liu et al. 
 2005  ) . Also, the saponin glycosides are documented in several Astragalus spp. to 
have potential hepatoprotective and anti-oxidant activities (Zhang et al.  1992 ; Luo 
et al.  2004  ) .      



14 A. Ghoneim

    1.2   Amino Acids 

    1.2.1   Introduction 

 Proteins are essential components of all cells. They help maintain the cell’s 
structure, transport certain substances in and out of cells, and act as enzymes that 
mediate almost all biochemical reactions occurring in the cells; including the 

  Fig. 1.3     TLC plate of the n-butanolic extracts of   A. boeticus   L. and   A. spinosus   Forssk.  Spray 
Reagent: Modi fi ed Anisaldehyde/sulfuric, then heated at 120°C for 2 min. The  yellowish spots  are 
 fl avonoids in nature. The  violet spots  are tetracyclic cycloartane saponins in nature (Stahl  1969 ; 
Asaad  1983 ; Radwan  2004  ) . The plant extraction and the TLC were performed by Prof. Dr. Aya 
Asaad (Faculty of Pharmacy, Alexandria University) (Ghoneim  2006  )        

 



151 Phytochemicals and Amino Acids: Inducers or Inhibitors of Cell Death?

antioxidant enzymes. Proteins are composed of approximately 20 different building 
blocks called amino acids. Some of the amino acids have free radical scavenging 
activity. Amino acids for clinical purposes should not be viewed simply as building 
blocks for protein synthesis, but as important modulators of cell functions and as 
drugs (Battezzati and Riso  2002 ; Fang et al.  2002 ; Ghoneim  2006  ) .  

    1.2.2   Amino Acids as Inducers of Cell Death 

 Varying reports can be found on the application and effect of amino acids to tumor 
bearing animals, probably due to nature of tumors, experimental animals and amino 
acid concentrations (Grossie et al.  1992 ; Ma et al.  1996  ) . Amino acids that are able to 
potentiate starvation-induced apoptosis (e.g., L-norleucine and arginine) deserve fur-
ther attention as possible candidates for novel anti-tumor agents (Franek et al.  2002  ) . 

    1.2.2.1   Excitatory Amino Acids and Cell Death 

 A prolonged or excessive activation of excitatory amino acid receptors leads to 
irreversible cell death. Anti-excitotoxic drugs include N-methyl-D-aspartate 
(NMDA) receptor antagonists and glycine site antagonists (Doble  1999  ) . Various 
mechanisms have been proposed to explain the excitotoxic cell death characteristic 
of neurodegenerative diseases, including elevation of intracellular calcium, oxida-
tive stress, and activation of apoptosis (Dong et al.  2009  ) . 

      Excitotoxicity and Apoptosis 

 Apoptosis is the programmed cell death that contrasts with classical necrosis 
(Thompson  1995  ) . Excitotoxicity was considered to be mainly caused by necrosis 
with swelling and cell lysis. However, more recent  fi ndings suggest that these two 
modes are complementary and interchangeable (Doble  1999  ) . The stimulation of 
ionotropic glutamate receptors in neurons results in a p53-dependent apoptosis 
(Uberti et al.  1998  ) .  

      Glycine as an Excitatory Co-transmitter 

 Glycine (Gly) is an essential co-agonist at an NMDA receptor site different from that 
of glutamate (Johnson and Ascher  1987  ) . Exogenous Gly also potentiates the synaptic 
effects of glutamate (Doble  1999  ) . Indeed, the administration of high dose Gly resulted 
in convulsions and death of injected rats (unpublished observation). In connection, 
homocysteine, an excitatory amino acid homolog of cysteine, induces neuronal cell 
death via stimulation of NMDA receptors. In the whole animal studies, homocysteine 
administered also at very high dosages induced seizures in rats (Moore et al.  2001  ) .  
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      Excitatory Amino Acids as Inhibitors of Cell Death 

 Alternatively, Glutamate may be either trophic or toxic for neurons (Balazs et al.  1988  ) . 
The chronic treatment with NMDA prevents the excitotoxic response produced by a 
later “acute” administration of glutamate receptor agonists. Early activation of NMDA 
receptors inhibits apoptosis by receptor downregulation (Lladó et al.  1999  ) .   

    1.2.2.2   Branched-Chain Amino Acids and Cell Death 

 Branched-chain amino acids (BCAAs) diminish neoplastic cell proliferation at 
supraphysiological concentrations. The use of high concentrations of arginine may 
disturb cancer proliferation. In addition to defects in protein synthesis, caspase-
mediated and mitochondrial dysfunction apoptosis occur with both arginine and 
leucine (Wakshlag et al.  2006  ) . Generally speaking, tumors may be more sensitive 
to amino acid depletion than host tissues (Baracos and Mackenzie  2006  ) . 
Additionally, valine, leucine and isoleucine are neurotoxic at concentrations found 
in plasma and tissues of maple syrup urine disease patients, with necrosis as the 
presumed mode of cell death (Funchal et al.  2005  ) . Meanwhile, studies on alcoholic 
cirrhosis patients have shown that these BCAAs supplementing can enhance protein 
synthesis in liver and muscle cells, help restore liver function, and prevent chronic 
encephalopathy (Chalasani and Gitlin  1996  ) .   

    1.2.3   Cytoprotective Effects of Amino Acids 

 Among more than 45 amino acids and analogs examined by Weinberg et al. 
 (  1990  ) , only Gly, L-alanine, D-alanine,  b -alanine and a neuronal Gly-binding site 
agonist have been active in protecting kidney tubular cells against hypoxic injury. 
The protective effect could not be explained by either amino acid metabolism or 
concentration or turnover of ATP in cells. These data indicate that a highly speci fi c 
con fi guration is responsible for activity and that a comparison of structure activity 
relationships with neuronal Gly receptors is relevant. Scavenging of ROS by the 
amino acids is unlikely to be critical for protection. Also, taurine was an effective 
scavenger of HOCl as evidenced by its cytoprotective actions in PC12 cells 
(Kearns and Dawson  2000  ) . 

    1.2.3.1   Amino Acids as Anti-apoptotic Agents 

 Apoptosis-preventing amino acids include Gly, L-alanine, L-serine, L-threonine, 
L-proline, L-asparagine, L-glutamine, L-histidine. The apoptosis-preventing amino 
acids act as signal molecules of survival factor, rather than critical nutritive substrates 
of metabolism (Franĕk and Srámková  1996  ) . Besides, Serine and Gly were found to 
improve viability of rat neurons (Yang et al.  2000  ) . Moreover, Hybridoma cells could 
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be rescued from apoptotic death by Gly, L-alanine, L-serine, L-threonine, L-proline, 
L-asparagine, L-glutamine, L-histidine,  D -serine,  b -alanine, or taurine (Franek et al. 
 2002  ) . Furthermore, Gly-Pro-Arg three amino acid peptide can rescue cultured rat 
hippocampal neurons from cell death by inhibiting caspase-3/p53-dependent 
apoptosis (Ioudina and Uemura  2003  ) . In particular, taurine decreases apoptosis 
induced by different factors in several cell types (   Pasantes-Morales  2007 ). However, 
taurine addition show either inhibition of cell proliferation as in hepatic stellate cells 
(Chen et al.  2004  )  or increasing proliferation as in fetal pancreatic cells (Boujendar 
et al.  2002  ) . In parallel, L-carnitine has important dual functions in apoptosis that 
differ in normal cells from cancer cells (Fan et al.  2009 ). L-carnitine could prevent 
apoptosis of skeletal and cardiac muscle cells (Vescovo et al.  2002  ) . Also, L-carnitine 
can protect cardiomyocytes from doxorubicin-induced apoptosis through PPAR a  
activation and PGI2 (Chao et al.  2009  ) . Alternatively, L-carnitine induces apoptosis 
in cancer leukemic cells (Wenzel et al.  2005 ) and inhibits hepatocarcinogenesis 
in vivo (Chang et al.  2005  ) . L-carnitine induces death in mouse liver cancer cells, 
not in normal ones. This may be due to the different metabolic changes between 
cancer cells and normal cells. Some cancer cells have been shown to have lower 
levels of free L-carnitine than normal cells (Peluso et al.  2000b  ) , with a cancer-
associated metabolic dysfunction related to carnitine (Fan et al.  2009 ).  

    1.2.3.2   Amino Acids as Osmolytes 

 A decrease in cell volume has been always recognized as a hallmark of apoptosis. Cell 
shrinkage normally precedes apoptotic events such as cytochrome c release, caspase 
3 activation, nuclear condensation, and DNA fragmentation (Maeno et al.  2000  ) . 
The mechanisms of cell shrinkage during apoptosis include K and Cl loss through 
activated K and Cl channels. Indeed, the role for amino acids as osmolytes in vol-
ume regulation, particularly those being synaptically inhibitory or inert is of 
signi fi cance. Especially, taurine decreases apoptosis induced by different factors in 
several cell types (Pasantes-Morales  2007 ). Also, carnitine is an example of active 
osmolytes that exert metabolic functions (Peluso et al.  2000a  ) . In particular, Gly is 
an osmoprotectant against stresses such as salinity, high temperature, desiccation 
and urea-concentrating environments (Hall  1998  ) . It is believed that such amino 
acids stabilize enzymes, nucleic acids, membrane-associated proteins and intracel-
lular organelles (Buche et al.  1993  ) . In addition, solutions of hypotonic Gly are used 
to irrigate the bladder in patients undergoing transurethral resection of the prostate 
(TURP) with underlying pathophysiology including more than just direct osmotic 
effects (Stalberg et al.  1993  ) .  

    1.2.3.3   Amino Acids as Chemoprotective Inhibitors of Cell Death 

 The narrow selectivity of anticancer drugs led to the evolution of the concept of 
cytoprotection with the use of leucovorin as a cytoprotectant against methotrexate 
toxicity (Klein and Muggia  1999  ) . Positive or negative modulation of thiol levels, 



18 A. Ghoneim

particularly GSH, may provide means to enhance chemotherapy activity at the 
tumor site and to protect against toxicity in normal cells. The elevated intracellular 
GSH is associated with opposition to chemotherapeutic agents such as cisplatin and 
melphalan in tumor cells (Zhang et al.  1998  ) . On the other hand, it may be possible 
to reduce the toxicities of anti-cancer agents by using sulfur-containing chemopro-
tective agents (Links and Lewis  1999  ) . Clinically relevant amino acids that may 
provide chemoprotection include N-acetylcysteine,  D -methionine, and GSH ethyl 
ester. The interactions of chemoprotectants with chemotherapy ef fi cacy may be 
prevented by separating treatments in time or space (Muldoon et al.  2001 ).   

    1.2.4   N-Acetylcysteine and Cysteine 

 N-acetylcysteine (NAC) is a derivative of cysteine (Cys) and an intermediary in the 
conversion of Cys to GSH (Parcell  2002  ) . Made endogenously and found in foods, 
NAC and Cys both have sulfhydryl groups that can scavenge free radicals. Cys’s 
protective mechanisms could relate to its antioxidant properties, its promotion of 
GSH or even, to some ability to participate in DNA repair (MECo.  1999  ) . NAC is a 
reducing agent and has antioxidant activity. It is also a mucolytic and a hepatopro-
tectant, and it may have anti-apoptotic and antiviral activities (Parcell  2002  ) . 
Moreover, NAC is gaining use as a chemoprotective agent against cisplatin-induced 
toxicities, such as ototoxicity and nephrotoxicity (Dickey et al.  2008  ) . Although, 
Cys and NAC have been documented as hepatoprotectives by increasing level of the 
antioxidant GSH (MECo.  1999  ) , other studies failed to demonstrate their cytopro-
tection (Ghoneim  2006 ;    Vina et al.  1980 ; Weinberg et al.  1990  ) . Furthermore, Cys 
severely damages isolated hepatocytes by killing more than half of the population 
(Ghoneim  2006  ) , in accordance with its hepatotoxic potential as formerly reported 
by Viña et al.  (  1983  ) . Additionally, Cys, at concentrations as low as 0.2 mM, caused 
a GSH depletion in isolated hepatocytes (Vina et al.  1978  ) . That’s why; this amino 
acid should be used with great caution even at minute concentrations. Furthermore, 
it is known that relatively low doses of Cys can be toxic to rats in vivo (Birnbaum 
et al.  1957  ) , and to cultured cells (Nishiuch et al.  1976  ) . It has been documented that 
the critical event leading to Cys cytotoxicity is its rapid autoxidation to cystine with 
the production of H 

2
 O 

2
  and then of hydroxyl radicals’ oxidative stress leading to 

hepatocytes destruction (Saez et al.  1982 ; Vina et al.  1983  ) :

     2 2 22 Cys O cystine H O+ ® +     

 The reason underlying many con fl icting results may be the unwanted conse-
quences of standard cell isolation procedures and/or viability assessment. Besides, 
freshly isolated hepatocytes are under enormous oxidative stress which increases 
GSH consumption and turnover (Dalhoff and Poulsen  1992  ) . Also, extremely 
high doses (more than 7 g) of Cys should be avoided because it may be toxic to 
human cells and may even lead to death (MECo.  1999  ) . In addition, large doses of 
Cys are neuroexcitotoxic in several species (Kidd  1997  ) . Moreover, several 



191 Phytochemicals and Amino Acids: Inducers or Inhibitors of Cell Death?

researchers have reported a depletion of GSH by both NAC (Vina et al.  1980  )  and 
Cys (Vina et al.  1980,   1983  ) . Indeed, Cys is unstable in the blood because the 
ambient oxygen is high enough to oxidize it, yet its availability limits GSH syn-
thesis (Kidd  1997  ) . Regarding NAC, similar results to ours (Ghoneim  2006  )  were 
obtained by its pretreatment of hepatocytes; failing to mitigate the EtOH-induced 
insult (Lee and Shukla  2005 ), and indicating oxidative stress-independent toxicity 
(Higuchi et al.  2001  ) . Furthermore, other preliminary experiments have indicated 
that NAC failed to adequately raise GSH levels, and more impor tantly, it stimu-
lated hepatocyte LP (Gumpricht et al.  2000  ) . Nevertheless, as NAC has already 
proved to be a good acetaminophen antagonist, then, the hepatoprotective role of 
liver GSH has been suggested to be reconsidered. A feasible explanation was 
through NAC deacetylation to Cys in the liver (USP DI  1999  )  that is oxidized to 
cystine which is not a good GSH precursor. Thus, the NAC anti-oxidative protec-
tive effect could have been counteracted by its conversion to the pro-oxidant Cys 
(Ghoneim  2006  ) .  

    1.2.5   Glycine 

    1.2.5.1   The Receptors 

 There exists strychnine (str)-sensitive as well as str-insensitive Gly binding sites. 
The str-sensitive Gly receptor forms a chloride (Cl − )-selective transmembrane chan-
nel, which is predominantly expressed in the spinal cord and brain stem. In these 
regions, Gly acts as an inhibitory neurotransmitter (Hall  1998  ) . Alternatively, the 
str-insensitive Gly-binding site is located on the NMDA receptor complex. This 
GlyB site is necessary for NMDA receptor activation as a co-agonist. Preclinical 
evidence suggests that GlyB antagonists are most likely used as neuroprotectants 
(Danysz and Parsons  1998  ) .  

    1.2.5.2   Anti-cancer Activity 

 Animal studies demonstrate that Gly may have anti-cancer properties. The proposed 
pathophysiologic mechanism may be based on the fact that Gly prevents activa-
tion of Kupffer cells and, hence, TNF- a  release, which has a mitogenic effect 
(Roth et al.  2003  ) . In another study (Rose et al.  1999  ) , dietary Gly inhibited 
B16 melanoma tumors in mice through inhibition of angiogenesis.  

    1.2.5.3   Protective Effects 

 Gly protects in a variety of disease states and experimental models such as  ischemia/
reperfusion (I/R) injury, shock, transplantation, alcoholic hepatitis, hepatic  fi brosis, 
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liver transplantation, gastric ulcer, arthritis, tumor and drug toxicity, regardless of 
controversies on mechanisms (Roth et al.  2003 ; Zhong et al.  2003  ) . Brie fl y, Gly 
exerts several protective effects, including antiin fl ammatory, immunomodulatory 
and direct cytoprotective actions (Ghoneim  2006 ; Roth et al.  2003 ; Zhong et al.  2003  ) . 
Indeed, Gly has been found to exert a cytoprotective effect against hypoxic injury 
to in vitro renal tubules (Weinberg et al.  1987  )  and endothelial cells (Weinberg 
et al.  1992  ) . Besides, Gly has protected rat hepatocytes against anoxic injury 
(Marsh et al.  1993  )  and against I/R injury of the whole liver (Zhong et al.  1996  ) . 
Gly has also been shown to antagonize the toxic effects of valproate and paraceta-
mol (Vance et al.  1994  ) . Moreover, a potential therapeutic bene fi t of Gly treatment 
of hepatocytes cultured at high density in a bioarti fi cial liver has been identi fi ed 
(Nyberg et al.  2000  ) . Furthermore, Gly has been shown to protect against in vivo 
and in vitro ethanol-induced liver injury (Ghoneim et al.  2005 ; Iimuro et al.  1996 ; 
Senthilkumar et al.  2004  ) . Therefore, Gly can prevent cell death induced by 
anoxia, oxidative stress and various toxic agents at the cell, organ and whole body 
levels in a variety of species (Deters et al.  1998 ; Ghoneim  2006 ; Roth et al.  2003 ; 
Zhong et al.  2003  ) .  

    1.2.5.4   Protective Mechanisms 

 The mechanisms by which Gly protects remain incompletely understood, and it 
may be through multiple mechanisms with additive or synergistic effects (Zhong 
et al.  2003  ) . Proposed mechanisms include suppression of Ca 2+  signaling, inhibition 
of in fl ammatory cell activation, decreased formation of free radicals and other toxic 
mediators, and blockage of plasma membrane permeabilization preceding oncotic 
necrosis. Gly has also been shown to inhibit nonlysosomal Ca 2+ -dependent degrada-
tive proteolysis (Carini et al.  1997  ) . Besides, Schilling et al.  (  1991  )  found that Gly 
stabilized cell membrane by inhibition of phospholipase A 

2
 . 

      Gly and Cell Death 

 Gly has been demonstrated to possess signi fi cant anti-apoptotic effects (Ghoneim 
 2006 ; Ghoneim et al.  2005 ; Zhang et al.  2000 ; Franek et al.  2002 ; Jacob et al.  2003  ) . 
Interestingly, the antiapoptotic effect of Gly in hepatic SECs was antagonized in 
part by str. It is postulated, therefore, that SECs most likely contain a Gly receptor, 
through which antiapoptotic effects are elicited. Moreover, Gly prevented the 
induced decrease in Bcl-2 protein levels (Zhang et al.  2000  ) . In addition, immuno-
histochemical studies on small bowel specimens have revealed signi fi cantly 
increased expression of the pro-apoptotic mediators; Bax, CPP-32 and Fas that were 
saline-treated as compared with Gly-treated segments. There has also been a strong 
expression of Bcl-2 in the Gly-treated specimens (Jacob et al.  2003  ) . Besides, 
cytoprotection by Gly was not dependent on blockade of mitochondrial depolariza-
tion in case of necrapoptosis. Reperfusion with Gly alone was poorly effective at 
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restoring ATP and did not promote apoptosis, although Gly prevented necrotic cell 
death (Kim et al.  2003  ) . Moreover, Gly’s effects are most likely linked to cellular 
regeneration potential and reduced both apoptotic and necrotic cell death (Rentsch 
et al.  2005  ) . Furthermore, Gly signi fi cantly protects against EtOH-induced casp-3 
activation in both suspended and monolayered hepatocytes (Ghoneim  2006 ; 
Ghoneim et al.  2005  ) . Very low doses have also been shown ef fi cacious in preventing 
hepatocyte DNA fragmentation (Neuman et al.  1999  ) . Nonetheless, Nyberg et al. 
 (  2000  )  and Kim et al  (  2003  )  denied an anti-casp-3 activity of Gly. The protection 
might hence be attributable to the Gly’s membrane and protein stabilization, as well 
as, anti-proteolytic activity (Hall  1998 ; Zhong et al.  2003  ) . Moreover, Gly (10 mM) 
showed a potential protective effect against both apoptosis and necrosis inferred by 
EtOH (Ghoneim  2006 ; Ghoneim et al.  2005  ) . Gly’s downregulation of PARP (Jacob 
et al.  2003  )  as well as DNA stabilization (Buche et al.  1993  )  could explain its 
marked prevention of apoptotic chromatin fragmentation and condensation. Gly 
might have been more effective at later stages of apoptosis that culminate into 
secondary necrosis. Kim et al.  (  2003  )  showed a potential anti-necrotic effect for Gly 
against I/R-induced hepatocyte death. The authors mentioned neither a pro- nor an 
anti-apoptotic potential for Gly. Concerning necrosis, Gly has been shown to be 
very active in preventing cell death in a variety of cell types (Carini et al.  1997  ) .  

      Gly and Ion Channels 

 Gly has been reported to be protective against hypoxia, ischemia and various cytotoxic 
substances in renal proximal tubules via Gly-gated Cl −  channels (Miller et al.  1994  ) . 
Besides, studies have demonstrated that dietary Gly prevents polysaccharide-
induced arthritis in the rat by reducing cytokine release from macrophages via 
Gly-gated Cl −  channel (Li et al.  2001  ) . In another study (Qu et al.  2002 ) on isolated 
rat hepatocytes, the effect of Gly was speci fi c and the inhibitory effect of Gly on 
increases in [Ca 2+ ] 

i
  in hepatocytes occurs via Gly receptors, as in neurons. One 

possibility is that this receptor/Cl −  channel increases the Cl −  in fl ux, thereby preventing 
the shrinkage of cells during the apoptotic process. Alternatively, Gly, at high 
concentrations, is known to desensitize and block Cl −  channels in many cell types. 
Gly inhibition of Cl −  conductance protects against hepatocyte killing by interfering 
with intracellular Na +  accumulation triggered by ATP depletion (Carini et al.  1997  ) . 
In addition, it has been hypothesized that Gly-sensitive Cl −  anion channel opening 
causes rapid cell swelling and stretching of the plasma membrane bilayer that lead 
secondarily to porous defects. Gly, which slows anion entry, also decreases the rate 
of bleb formation and cell swelling (Nishimura and Lemasters  2001  ) . Besides, a 
postulated pro-apoptotic mitochondrial Cl −  channel (Fernández-Salas et al.  2002 ) 
might have been partially blocked by Gly, as well as Bax, (Barros et al.  2002  )  both 
affecting cyt c release through postulated anion channels. Furthermore, Gly blocks 
the opening of relatively non-speci fi c anion and cation pores in the plasma 
membrane that occurs as the penultimate event leading to necrotic cell death (Frank 
et al.  2000 ; Zhong et al.  2003  ) . Gly is, therefore, documented to inhibit opening of 
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both the non-speci fi c cationic pores and/or the anion/death channels (Frank et al. 
 2000 ; Nishimura and Lemasters  2001 ; Zhong et al.  2003  ) . Moreover, in apoptotic 
cell death, cyt c release, casp-3 activation and DNA laddering were all blocked by a 
Cl −  channel blocker in different cell types (Maeno et al.  2000 ; Okada et al.  2001  ) . 
Furthermore, in Jurkat T-cells, stimulated with anti-Fas antibodies, sustained plasma 
membrane depolarization, attributable to increased intracellular Na +  but reduced K +  
uptake, was observed prior to cell shrinkage (Bortner et al.  2001  ) . Therefore, Gly, 
through postulated Cl −  and/or Na +  channels inhibition, could prevent Na + -induced 
apoptotic cell death, as well as, necrotic one.  

      Gly and GSH 

 Gly has been demonstrated to enhance GSH synthesis in hepatocytes (Neuman et al. 
 1999 ; Nishida et al.  1997  ) . Nevertheless, protection of isolated tubules appears to be 
mediated by Gly produced from GSH metabolism, and the cytoprotective to be due 
to Gly directly and not one of its metabolites (Weinberg et al.  1987 ; Deters et al.  1998  ) . 
In parallel, Ozaki et al.  (  1994  )  demonstrated that Gly could protect liver from 
reperfusion injury by reducing LP, an effect that was not due to alteration of GSH. 
GSH also informs about cell viability as a universal parameter. In connection with 
the above-listed  fi ndings, the Gly-induced GSH replenishment, if not due to an 
enhanced synthesis, it could rather be a consequence of the Gly’s general cytoprotec-
tive mechanism.  

      Gly and Lipid Peroxidation 

 The level of LP is an index for oxidative stress and cell injury. However, several 
researchers could not  fi nd anti-LP by their demonstrated anti-necrotic agents, and 
vice versa (Donatus et al.  1990 ; Cobreros et al.  1997 ; Ghoneim  2006 ; Ghoneim 
et al.  2005  ) . Indeed, Gly cytoprotection might be independent of its antioxidative 
potential under many experimental conditions. Undeniably, a direct causal relation-
ship between LP and cell death is still disputed (Berry et al.  1991 ; Plaa  2000  ) . The 
technique most commonly used is the measurement of malondialdehyde accumulation, 
but frequently non-physiological conditions are required to detect this accumula-
tion, and artifacts are encountered. Accordingly, there is some degree of agreement 
that it is not a reliable measure of LP (Berry et al.  1991 ; Dianzani  1985  ) .  

      Gly as a Membrane Stabilizer 

 Gly might have two opposite effects on cell swelling and blebbing, as an estimate 
for membrane stabilization. The anti-swelling one is based on the hypothesis that 
death channel opening initiates entry of anions, swelling, bleb formation and porous 
defects in the plasma membrane (Nishimura and Lemasters  2001  ) . This death channel 
is presumably identical to the Gly-sensitive Cl −  channel postulated earlier to be 
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blocked by Gly (Miller et al.  1994 ; Carini et al.  1997  ) . The opposite effect is a 
Gly-induced membrane swelling and/or blebbing; perhaps due to extensive urea 
production, and osmotic swelling secondary to Gly transport (Vincent et al.  1992  ) . 
This might also lead to anti-apoptotic effect through inhibition of shrinkage through 
a proposed increased Cl − /water in fl ux (Zhang et al.  2000  ) . Another logic hypothesis 
postulated in 2005 by Del Monte depends on the assumption that an increase of 
non-perturbing solutes maintains the physiological intracellular osmotic pressure 
leading to osmoprotection.     

    1.3   Concluding Remarks 

 Phytochemicals and amino acids have long been considered as important inducers 
of cell death. However, many of these natural compounds have been demonstrating 
dual action effects on cell death through inhibition as well as induction. The cellular 
energy balance seems to be an explanation for the opposing redox effects of several 
phytochemicals that apparently show either antioxidant or prooxidant effects. 
Homeostatic responses by phytochemicals can also have a profound in fl uence on 
the direction of signaling between cell survival in normal cells and cell death in 
cancer cells. Important considerations include the dose used and the duration of use, 
along with tissue-speci fi c effects on redox balance and on gene transcription regulation, 
which are involved in apoptosis. 

 Cur, like other phytochemicals, shows multiple signaling pathways and targets, 
that it might counteract rather than potentiate the effect of anti-cancer agents. 
Accordingly, any possible drug interaction must be checked before concomitant 
clinical use. In addition, Cur exerts biphasic effects, depending on its concentration 
and temporal administration. The effects of Cur may be tissue speci fi c and it may 
target cancer cells more ef fi ciently than normal ones. Possible explanations might 
include the higher cellular uptake of Cur in tumor cells having a lower GSH level 
and a higher NF- k B expression. Moreover, many of the studies are based on 
probably misleading methodological models regarding cell death detection and its 
association with estimated oxidative stress parameters. Furthermore, future research 
is warranted to investigate the risk-to-bene fi t ratio vis-à-vis the controversial use of 
Cur as a liver cytoprotectant antioxidant and/or cytotoxic chemotherapeutic agent 
with hepatotoxic side effects. 

 Several Astragalus plant extracts demonstrate remarkable protective effects 
against both types of cell death. Conversely, Astragalus as an inducer of cell death, 
is reported to treat various types of cancers. Besides, it has been shown to potentiate 
the activity of chemotherapeutic agents, and reduce their toxicities. The marked 
difference between the different species might be attributable to a difference in the 
type and amount of pharmacologically active constituents that are concentrated in 
the different extract fractions. Based on the recommendations of several researchers 
(Liu  2004 ; Temple  2002 ; van Breda et al.  2008  ) , phytochemicals may need to act in 
combination with rest of extract constituents, rather than a single magically active 
substance. Taken alone, the individual phytochemicals do not appear to have consistent 
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disease-preventive effects. The isolated pure phytochemical compound may not 
behave the same way as in the whole mixture. More emphasis may be placed on 
simple unbiased research of epidemiologic studies and clinical trials. The informa-
tion of practical value should also receive bulk of resources and attention as com-
plex mechanistic reductionistic research is receiving. 

 Concerning amino acids, they should not be viewed simply as building blocks 
for protein synthesis, but as important modulators of cell function and as drugs used 
for different clinical purposes. Particularly, several amino acids deserve further 
attention as possible candidates for novel apoptosis-inducing anti-tumor agents. 
Amino acids including the excitatory, branched-chain, taurine and carnitine may be 
considered as either inducers or inhibitors of cell death depending on the dose used, 
its duration, and the type of cells, either normal or cancer. Alternatively, the apopto-
sis-preventing amino acids act as signal molecules of survival factor. In addition, the 
role for amino acids as osmolytes in volume regulation, particularly Gly, taurine and 
carnitine is of importance to the program of cell death. 

 Sulfur-containing chemoprotective amino acids may provide ef fi cacy when sep-
arated in time or space (route) from chemotherapy. However, Cys should be used 
with great caution even at low doses due to its cytotoxicity and autoxidation. 
Besides, the NAC anti-oxidative protective effect could be counteracted by its 
deacetylation in the liver to the pro-oxidant Cys. Since Cys and NAC are used as 
therapeutic agents, it should be reiterated that being a documented antioxidant 
amino acid is obviously not suf fi cient to confer cytoprotection. 

 Gly exerts general cytoprotection in a variety of experimental models regard-
less of controversies on mechanisms. Gly cytoprotection might be independent 
of its antioxidative potential. Gly, dose-dependently, and through postulated 
modulation of anion and/or cation channels and pores, could prevent apoptotic 
and necrotic cell death. Gly-gated channels could, hence, represent a potential 
therapeutic target to control both forms of death in different cell types. In addi-
tion to its bene fi ts in case of cancer, Gly could be very effective clinically to 
ameliorate different injuries because it prevents both forms of cell death that is 
a fundamental feature of many diseases, including the viral-induced. Thus, 
research for new cytoprotective preparations is strongly recommended. These 
preparations may include Gly and phytochemical extracts and may share a 
degree of similarity with another ones (Milliman et al.  2000  )  that help prevent 
liver cancer in hepatitis C patients. In conclusion, the opposing actions and con-
troversial uses of phytochemicals and amino acids, as cytoprotective and/or 
cytotoxic agents, in different tissues and diseases, are still in need of much fur-
ther scrutiny. The pharmacogenomic screening of these natural compounds for 
their dual actions on cell death should also be taken into consideration. This 
technology of “personalized medicine” may provide a tool to answer the title 
question: Are they inducers or inhibitors of cell death? At which concentration? 
In which tissue? and of which “person”? …      
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  Abstract   Cancer chemoprevention, the process of administrating agents which 
inhibit, delay or reverse the process of carcinogenesis, represents one of the most 
novel and promising approaches in cancer research. Signi fi cant epidemiological 
evidence suggests an association between increased consumption of fruits, vegeta-
bles and spices with a reduced risk of cancer. Bioactive components present in fruits 
and vegetables, especially polyphenolic  fl avonoids such as anthocyanins and cate-
chins, show antioxidant, anti-in fl ammatory and pro-apoptotic effects which afford 
chemopreventive properties. Pomegranate, obtained from the tree  Punica granatum  
has been suggested as an excellent chemopreventive dietary agent. The pomegran-
ate tree, especially the fruit has been a part of medical and religious folklore for 
centuries. Pomegranates are an extremely rich source of several complex polyphe-
nolic  fl avonoids such as anthocyanins, hydrolyzable tannins such as punicalin and 
ellagic acid as well as fatty acids such as punicic acid. Pomegranate phytochemicals 
have been shown to demonstrate potent anti-tumor promoting effects due to its 
antioxidant, anti-in fl ammatory and apoptosis-inducing properties. Apoptosis, pro-
grammed cell death, is one of the most important cancer arresting mechanisms and 
an important target for chemopreventive strategy. Several studies provide evidence 
highlighting the pro-apoptotic effects of both the polyphenolic and non-polyphenolic 
bioactive components of pomegranate. This chapter reviews, in detail, the pro-
apoptotic and anti-tumor effects of pomegranate-derived constituents in both  in vivo  as 
well as  in vitro  studies in pre-clinical models of breast, colon, hematological, skin and 
prostate cancer. The role of synergy, highlighting the importance of poly-constituent 
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pomegranate extracts, bioavailability studies as well as the critical need for clinical 
studies are discussed.  

  Keywords   Apoptosis  •  Chemoprevention  •  Chemotherapy  •  Pomegranate  •  Polyphenols      

    2.1   Introduction 

 Phytochemicals, obtained from both dietary and non-dietary sources, have recently 
gained prominence in their role as chemopreventive, prophylactic and therapeutic 
agents for several age-related chronic illnesses, such as cardiovascular and neurode-
generative diseases as well as cancer (Lee et al.  2004 ; Aggarwal and Shishodia  2006 ; 
Ullah and Khan  2008 ; Khan et al.  2008 ; Moiseeva and Manson  2009 ; Bishayee and 
Darvesh  2010  ) . Dietary phytoconstituents, such as polyphenolic compounds, present 
in a plethora of fruits and vegetables have demonstrated anti-cancer effects in pre-
clinical models and a potential ability to thwart the appearance of cancer in high-risk 
populations (Johnson  2007 ; Russo  2007 ; Khan et al.  2008 ; Stan et al.  2008  ) . 
Chemoprevention, using dietary measures, remains the most prominent and promis-
ing strategy in cancer research. Polyphenols, obtained from dietary sources, such as 
anthocyanins from berries and pomegranate, catechins obtained from green and 
oolong tea leaves, ellagic acid from pomegranate, lycopene present in tomatoes and 
pink guavas, resveratrol in grapes and red wine as well as several others have gained 
recent prominence as potential preventive and therapeutic agents in breast, colon, 
lung, liver, skin as well as prostate cancer. Polyphenolic compounds owe their anti-
cancer effects to their ability to modulate a multitude of diverse signaling mechanisms 
implicated in carcinogenesis as well as their potent antioxidant, anti-in fl ammatory 
and anti-apoptotic effects (Galati et al.  2000 ; Surh  2003 ; Manach et al.  2004 ; Rahman 
et al.  2005 ; Lee and Lee  2006 ; Ullah and Khan  2008 ; Khan et al.  2010  ) . 

 The pro-apoptotic properties of dietary phytochemicals, polyphenols in particu-
lar, have been a subject of considerable investigation over the past decade. The 
contribution of phytochemical-induced apoptosis in their anti-cancer effects has 
been elucidated in several pre-clinical models of breast, colon, skin as well as pros-
tate cancer (Galati et al.  2000 ; Fan et al.  2008 ; Meeran and Katiyar  2008 ; Khan et al. 
 2010  ) . Phytochemicals such as antocyanidins, curcuminoids, ellagitannins, green 
tea catechins and resveratrol have demonstrated their ability to modulate cell cycle 
mechanisms including activation of apoptotic pathways (Khan et al.  2006 ; Meeran 
and Katiyar  2008 ; Gupta et al.  2010 ; Keijer et al.  2011  ) . In this chapter, we examine 
the apoptotic properties of pomegranate constituents and their contribution to the 
therapeutic and chemopreventive effects of pomegranate.  

    2.2   Apoptosis 

 Programmed cell death mechanisms are deemed essential for the development, 
homeostasis and elimination of damaged and unwanted cells from multicellular 
organisms (Sinha and El-Bayoumy  2004  ) . Ever since Kerr and colleagues  (  1972  )  
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conceptualized the phenomenon of apoptosis, it has been implicated in the 
pathogenesis of a multitude of illnesses. Apoptosis, a highly conserved mecha-
nism of programmed cell death, ensures maintenance of cell numbers and position-
ing within varied cell tissue (Fadeel and Orrenius  2005  ) . Apoptosis is de fi ned 
by distinct morphological changes with characteristic features, such as cell 
shrinkage, membrane blebbling, chromatin condensation, and DNA ladder for-
mation with  fi nal engulfment by macrophages which prevent in fl ammation in 
surrounding tissue. Apoptotic events are mediated by a family of cystenine pro-
teases called caspases, activated following an apoptotic stimulus (Thompson 
 1995 ; Savill and Fadok  2000  ) . Apoptotic mechanisms involve an extrinsic death 
receptor-mediated pathway and an intrinsic mitochondria-mediated pathway. 

 The extrinsic pathway is initiated due to the ligation of transmembrane death 
receptors which results in activation of membrane-proximal caspases. The cas-
pase signaling cascade ultimately results in the initiation of cell degradation and 
inevitable apoptosis. The intrinsic pathway is activated due to the loss of growth 
factor signals in response to detrimental stimuli, such as hypoxia, oxidative dam-
age, toxins as well as chemotherapeutic agents. Pro- and anti-apoptotic members 
of the Bcl-2 family regulate mitochondrial membrane permeabilization and thus 
control the release of apoptotic factors from the mitochondrial intermembrane 
space. Cytochorme  c  (cyt.  c ) release causes downstream start of the caspase 
cascade which results in the start of apoptotic events (Adams and Cory  1998 ; 
Green  2000 ; Wang  2001 ; Iannolo et al.  2008  ) . 

 Disruption of the complex equilibrium between cell growth, cell proliferation 
and apoptotic mechanisms has been strongly implicated in carcinogenesis. The 
over-expression of factors implicated in cell survival and the accompanying uncon-
trolled proliferation with a concurrent loss of apoptotic signals is key to the progres-
sion of tumorigenesis and cancer. Disruption of the intrinsic pathway has been 
shown to play a major role in the growth of cancer cells. The activation of pro-
apoptotic mechanisms has been the cornerstone in the development of chemopreven-
tive and therapeutic strategies against cancer (Johnstone et al.  2002  ) . Galati and 
colleagues  (  2000  )  have reviewed the mechanisms, such as mitochondrial cytotoxicity, 
DNA topoisomerase inhibition as well as signal transduction events which are 
involved in the apoptotic effects of dietary phytochemicals, including  fl avonoids 
and polyphenolic compounds.  

    2.3   Pomegranate 

    2.3.1   The Tree and the Fruit 

 The pomegranate,  Punica granatum  L., is a highly prized fruit and the predomi-
nant member of Punicaceae family which consists of only two species. The pome-
granate has been mentioned since ancient times in the Bible, the Torah and the 
Babylonian Talmud as a sacred fruit. The fruit also features in ancient Egyptian 
ceremonies and Greek mythology as well as the prominent religions of the world, 
such as Buddhism, Christianity, Judaism, Islam and Zoroastrianism. Lansky and 
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Newman  (  2007  )  have written an enchanting review about the history of this 
mythical fruit. The pomegranate, of which over a thousand cultivars exist, origi-
nated in the Middle East and is now spread throughout the Mediterranean, China, 
India as well as the American Southwest (Arizona, California and Texas) and 
Mexico (Levin  1994 ; Langley  2000  ) . 

 The pomegranate tree, typically 12–16 ft tall, can live over 200 years. It has 
glossy lance shaped leaves with the bark turning grey with age. The tree bears large 
red, white, or variegated  fl owers which eventually become the fruit. The pomegranate 
fruit, growing upto 5 in. in diameter, is grenade shaped with a crown shaped calyx. 
The skin is deep red and leathery and the fruit contains arils (seeds) surrounded by 
a sac  fi lled with tart, red juice and separated by white membranous pericarp provid-
ing a lattice-like network from which the arils are suspended. The seeds constitute 
about 3% of fruit weight and the juice about 30% of the fruit weight (Lansky and 
Newman  2007 ; Syed et al.  2007 ; Jurenka  2008  ) . 

 Pomegranates, recently termed “ super fruit ” have long been a symbol of life, 
longevity, and health (Mahdihassan  1984  ) . The pomegranate fruit as well as other 
plant parts such as leaves, bark and roots has been considered to be a “ pharmacy 
unto itself ” and has found a multitude of uses in Ayurvedic and Unani medicine 
(Izhar  1989 ; Naovi et al.  1991  ) . Pomegranates have found use in cardiovascular ail-
ments such as atherosclerosis, hyperlipidemia and hypertension, diabetes, bacterial 
infections, oral hygiene, neurodegenerative diseases, for example Alzheimer’s dis-
ease as well as cancers of several organ systems, such as breast, colon and the 
prostate (Burton  2003 ; Longtin  2003 ; Basu and Penugonda  2008 ; Heber  2008 ; 
Jurenka  2008 ; Khan  2009 ; Sturgeon and Ronnenberg  2009  ) .  

    2.3.2   Chemical Constituents 

 The pomegranate tree and fruit are a rich source of polyphenolic compounds, such as 
anthocyanins, catechins and other complex  fl avonoids along with hydrolysable tannins, 
such as punicalin, punicalagin and ellagic acid as well as polyunsaturated fatty acids 
(Artik  1998 ; Halvorsen et al.  2002 ; Afaq et al.  2005 ; Lansky and Newman  2007  ) . 

 Pomegranate seed oil, which consists of 20% seed weight, contains unsaturated 
fatty acids, such as linoleic acid and punicic acid as well as minor constituents, such 
as sterols. Pomegranate juice owes its brilliant red color to a group of potent antioxi-
dant  fl avonoid compounds known as anthocyanins. Flavonoid glycosides of cyanidin, 
delphinidin and pelargonidin have been characterized in pomegranate juice along 
with several minerals (Hernandez et al.  1999 ; Halvorsen et al.  2002  ) . Hydrolyzable 
ellagitannins, such as punicalin, pedunculagin and punicalagin as well as gallagic 
and ellagic acid esters of glucose are found present in the pericarp (peel, rind, and 
hull) and tree bark. Unique tannins as well as other distinctive compounds are found 
present in the leaves and  fl owers of the pomegranate tree. The chemical constituents 
present in the various different parts of the pomegranate tree have been systemati-
cally reviewed by Lansky and Newman  (  2007  ) .  
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    2.3.3   Pomegranate and Cancer 

 In recent years, a multitude of studies have examined the anti-cancer potential of 
pomegranate constituents both in pre-clinical  in vivo  and  in vitro  research as well as 
in clinical paradigms. The various pomegranate constituents owe their anticancer 
potential to their ability or modulate apoptotic and in fl ammatory pathways, affect 
signal transduction mechanisms as well as their potent antioxidant properties. 
Pomegranate constituents have been studied and have shown growth inhibition in 
pre-clinical models of breast, colon, lung, skin and prostate cancers (Bernis et al.  2006 ; 
Khan et al.  2009 ; Lansky and Newman  2007 ; Syed et al.  2007 ; Adhami et al.  2009  ) . 
Recently, for the very  fi rst time, we have demonstrated a striking chemopreventive 
effect of a novel pomegranate formulation in the chemically-induced rodent hepato-
carcinogenesis model. The aforementioned effect was achieved through modulation 
of hepatic nuclear factor E2-related factor 2-mediated antioxidant signaling 
pathways (Bishayee et al.  2011  ) . Signi fi cant progress has been made in evaluating 
the chemopreventive and therapeutic potential of pomegranate-derived phytochemi-
cals in prostate cancer with an initial phase II clinical trial reporting signi fi cant 
prolongation of prostate speci fi c antigen doubling time in patients with prostate 
cancer (Adhami and Mukhtar  2006,   2007 ; Bell and Hawthorne  2008 ; Siddiqui et al. 
 2008 ; Syed et al.  2008 ; Trottier et al.  2010  ) .  

    2.3.4   Bioavailability, Toxicity and Synergy 
of Pomegranate Constituents 

 The bioavailability and the pharmacokinetic pro fi le of pomegranate phytocon-
stituents has not yet been completely characterized. Perez-Vicente et al.  (  2002  )  
elucidated the metabolism of anthocyanins found present in pomegranate juice in 
an  in vitro  digestion study. A few clinical studies have examined the metabolic 
pro fi le of certain pomegranate-derived phytochemicals, such as ellagic acid. Healthy 
human subjects who consumed 180 ml of pomegranate juice concentrate showed 
presence of ellagic acid metabolites in the plasma as well as urine, both in conjugated 
as well as free forms. Dimethylellagic acid glucuronide, detected in human plasma 
and urine samples after consumption of the fruit juice concentrate, has been proposed 
as a reliable biomarker of pomegranate intake (Seeram et al.  2006  ) . In general, the 
metabolites found present in human samples after consumption of pomegranate 
juice coincides with those found in rats administered pomegranate extracts (Cerda 
et al.  2003  ) . Syed and colleagues  (  2007  )  have summarized the bioavailability and 
pharmacokinetic studies of pomegranate constituents. 

 Pomegranates have been widely consumed through several millennia across 
cultures largely without any untoward effects and are deemed safe. However, 
several investigators have reported toxic events after intake of pomegranate 
products (Lansky and Newman  2007  ) . One of the earliest reports was published 
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by Squillaci and Di Maggio  (  1946  )  who described the acute gastric in fl ammation 
followed by death due to consumption of pomegranate tree bark decoction. 
Allergic reactions after pomegranate fruit consumption have also been reported 
(Hedge et al.  2002  ) . 

 Dietary phytochemicals do not exist in isolation in nature but in combination. 
This adage is best illustrated by the examples of a group of catechins present in 
green tea and curcuminoids in turmeric (de Kok et al.  2008 ; Korkina et al.  2009  ) . 
Pomegranate, both the fruit and the tree, with its varied constituents, such as antho-
cyanins, ellagitannins, unsaturated fatty acids and many other classes of compounds 
represents the perfect example of a dietary agent containing a multitude of diverse 
and important phytoconstituents. The role of synergy, especially in the chemopre-
ventive and therapeutic properties of pomegranate has been a subject of recent 
investigation (Lansky  2006  ) . It has been shown that although ellagic acid, an 
important pomegranate phytochemical with potent antioxidant and anti-in fl ammatory 
properties, showed inhibitory effects against cell growth and proliferation and pro-
moted apoptosis the effects were more pronounced in combination with  fl avonoids 
and other polyphenolics, such as resveratrol (Mertens-Talcott and Percival  2005  ) . 
Lansky and colleagues  (  2005a,   b  )  have demonstrated that the anti-invasive effects of 
combination of extracts obtained from pomegranate peel, seed oil and fermented 
fruit juice was much greater that any one alone in prostate cancer cells. Similar 
results have been obtained with the combination of pure constituents, such as ellagic 
acid and punicic acid. The aforementioned studies thus provide substantial evidence 
in the relevance of synergy in the effects of varied pomegranate constituents.   

    2.4   Pomegranate-Mediated Apoptotic 
and Anti-cancer Effects 

    2.4.1   In Vitro and In Vivo Studies 

 Several investigators, over the past decade, have investigated the potential apop-
totic effects of pomegranate constituents in pre-clinical cancer models of various 
organ systems. In this section we review these studies which have been highlighted 
in Table  2.1 .     

    2.4.1.1   Breast Cancer 

 In one of the earliest studies investigating the effects of pomegranate, Kim and 
co-workers  (  2002  )  demonstrated that pomegranate seed oil-mediated inhibition of 
both invasion and proliferation of estrogen-dependent MCF-7 human breast cancer 
cells was accompanied by apoptosis. Similar anti-invasive and pro-apoptotic effects 
were also obtained with total pomegranate extract (Jeune et al.  2005  ) . Several studies, 
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conduced in recent years, have also demonstrated the involvement of apoptotic 
mechanisms in the anti-cancer effects of pomegranate constituents. The fermented 
juice extract of the pomegranate fruit showed anti-invasive, anti-proliferative and 
apoptotic effects in both MDA-231 as well as SUM 149 breast cancer cells (Khan 
et al.  2009  ) . Dai and colleagues  (  2010  )  showed that the standardized extract of the 
pomegranate fruit decreased cell viability, inhibited the proliferative effects and 
induced apoptosis in WA4 mouse mammary cancer cells as evidenced by an increase 
in caspase-3 activity. Punicic acid, a conjugated fatty acid present in pomegranate 
seed oil, showed anti-proliferative effects and induced apoptosis with an accompa-
nying lowering of the mitochondrial membrane potential in both estrogen sensitive 
(MDA-ER a 7) as well as estrogen insensitive (MDA-MB-231) breast cancer cells 
(Grossmann et al.  2010  ) .  

    2.4.1.2   Colon Cancer 

 Several pomegranate constituents have been a subject of relatively recent investiga-
tion for their potential anticancer and apoptotic effects in pre-clinical models of 
colon cancer. Seeram and co-workers  (  2005  )  showed that both isolated constituents, 
such as ellagic acid and punicalagin as well as pomegranate juice and total tannic 
extract inhibited the proliferative effects and promoted apoptosis in H29 and 
HCT116 colon cancer cells. Mechanistic studies by Larrosa et al.  (  2006  )  showed 
that both ellagic acid as well as punicalagin initiated apoptosis in the human colon 
adenocarcinoma Caco-2 cells as evidenced by an increase in cyt.  c  release, decreased 
bcl-X 

L
  and increased procaspase-3 and -9 expression. A recent study by Kasimesetty 

et al.  (  2010  )  showed that both ellagitannins and urolithins produced apoptotic effects 
in colon carcinoma HT-29 cells as demonstrated by increased caspase-3 activity.  

    2.4.1.3   Hematological Cancer 

 In the only study of its kind, Settheetham and Ishida  (  1995  )  demonstrated the 
apoptotic properties of pomegranate peel extract in both Raji and P3HR-1 human 
Burkitt’s lymphoma cells.  

    2.4.1.4   Skin Cancer 

 A few studies have investigated the potential apoptotic properties of pomegranate 
constituents in models of skin cancer. Pomegranate fruit juice extract caused cell 
cycle arrest and produced apoptosis as evidenced by an increased bax/bcl-X 

L
  ratio 

in human epidermal keratinocytes (Syed et al.  2006  ) . However, two studies have 
demonstrated the anti-apoptotic activities of pomegranate constituents. Delphinidin, 
a prominent anthocyanin found present in pomegranate, as well as standardized 
pomegranate extract prevented the ultraviolet radiation-induced apoptosis in both 
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human epidermal keratinocytes and SKU-1064 human skin  fi broblast cells with 
accompanying decrease in bax/bcl-X 

L
  ratio and caspase activity (Afaq et al.  2006 ; 

Pacheco-Palencia et al.  2008  ) .  

    2.4.1.5   Prostate Cancer 

 The apoptotic properties of pomegranate components have been studied extensively 
in pre-clinical models of prostate cancer. Albrecht and colleagues  (  2004  )  demon-
strated the anti-proliferative and accompanying apoptotic effects of pericarp extract, 
juice extract as well as pomegranate seed oil in PC-3 and DU-145 human prostate 
cancer cells as evidenced by elevated caspase-3 expression. Pomegranate fruit 
extract showed similar results in PC-3 cells with simultaneous increase in bax/
bcl-X 

L
  ratio in PC-3 cells (Malik et al.  2005  ) . Rettig and co-workers  (  2008  )  demon-

strated that both pomegranate juice extract and skin extract reduced cell viability 
and induced apoptosis in DU-145 cells. Besides the aforementioned  in vitro  study, 
Rettig et al.  (  2008  )  also showed that the pomegranate juice extract and skin extract 
also produced anti-proliferative and apoptotic effects with the accompanying delay 
in the emergence of LAPC4 xenografted tumor in mice. Punicalagin, ellagic acid, 
pomegranate extract as well as fruit juice produced apoptosis in LNCaP, LNCaP-AR 
and DU-145 human prostate cancer cells (Hong et al.  2008  ) . In a recent study, 
Koyoma and colleagues  (  2010  )  showed the anti-proliferative and apoptotic effects 
of pomegranate aril and skin extract in LAPC4 prostate cancer cells.  

    2.4.1.6   Liver Cancer 

 Recently, pomegranate phytoconstituents showed signi fi cant chemoprevention 
against diethylnitrosamine (DENA)-initiated and phenobarbital (PB)-promoted rat 
liver tumorigenesis (Bishayee et al.  2011  ) . Pomegranate-mediated chemoprevention 
was achieved through substantial induction of apoptosis in the liver tissues of 
carcinogen-exposed animals (Fig.  2.1 , unpublished observations).     

    2.5   Conclusion and Future Directions 

 The scienti fi c rationale for the potential usefulness of pomegranate-derived phyto-
constituents as chemopreventive and therapeutic agents in cancer is based on their 
proven antioxidant, anti-in fl ammatory and pro-apoptotic properties as well as its 
demonstrated ability to modulate a multitude of signaling pathways implicated in 
the process of carcinogenesis. In this chapter, we have reviewed the contribution of 
the apoptotic properties of pomegranate constituents in its anti-cancer effects. It is 
clearly evident that the use of pomegranate-derived phytochemicals holds tremen-
dous promise as chemopreventive and therapeutic agents in cancer. Nevertheless, 
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a signi fi cant amount of effort would be required to ensure successful use of 
 pomegranate constituents. The pro-apoptotic properties of pomegranate need further 
elucidation in pre-clinical  in vivo  cancer models of several organ systems, such as 
breast, colon, lung, liver and prostate. Translational research, carried out using well 
designed clinical trials, is critical to the development of pomegranate constituents as 
anti-cancer agents. Systematic epidemiological evolution in world regions where 
pomegranates form an integral part of the diet would provide valuable clues in its 
anti-cancer potential. A systematic multi-dose “ head-to-head ” comparison, in both 
pre-clinical and clinical studies, of important pomegranate phytochemicals, namely 
delphinidin and ellagic acid with pomegranate extract with various pomegranate 
constituents, such as fruit juice, seed oil, bark extract, peel and leaf extract would 
provide valuable insight into the synergistic potential of pomegranate. Clinical bio-
availability, dosing and safety studies also have paramount importance in advancing 
the use of pomegranate for wide spread therapeutic use. Another major challenge 
remains the development of commercially available pomegranate formulation with 
stable shelf life which would contain all the goodness of the pomegranate constitu-
ents and be easily available and acceptable for consumption.      
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  Fig. 2.1    Immunohistochemical analysis of DNA fragmentation in apoptotic cells in hepatic 
tissues during experimental hepatocarcinogenesis in rats in the presence or absence of pomegran-
ate treatment. Rat liver tumorigenesis was initiated with DENA (200 mg/kg; i.p.) and subsequently 
promoted by PB (0.05% in drinking water). Oral administration of pomegranate emulsion (1 or 
10 g/kg; three times a week) was initiated 4 weeks prior to the initiation and continued for 22 weeks. 
All rats were sacri fi ced 18 weeks following DENA exposure and liver sections were subjected to 
immunohistochemical analysis. The apoptotic index was expressed as the number of positively 
stained cells per 100 hepatocytes based on a count of 1,000 cells per animal. Each bar represents 
the mean ± SE ( n  = 4 animals). * P  < 0.05 and ** P  < 0.001 as compared to DENA control       
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  Abstract   Aberrantly regulated apoptosis is involved in the pathogenesis of several 
diseases and defective apoptosis leads to uncontrolled cell proliferation and tumori-
genesis. Cancer, one of the major causes of death across the world, is a pathologic 
condition characterized by a dysfunction of the normal mechanisms of cell-cycle 
regulation either by excessive cell proliferation, inhibited/suppressed apoptosis or 
both. Conceivably, the carcinogenetic process can be targeted and interrupted along 
different stages through the induction of apoptosis. Many naturally occurring 
dietary compounds from our daily consumption of fruits and vegetables have been 
shown to possess cancer preventive and/or therapeutic effects. Anthocyanins are 
serious candidates since they are responsible for the cancer protective properties of 
a diet rich in vegetables and fruit. Numerous anthocyanins indeed show antiprolif-
erative and cytotoxic effects, and more speci fi cally pro-apoptotic activities, 
in several cancer cell lines and animal tumour models. The aim of the present 
chapter is to analyze and summarize the most recent advances related to the 
molecular mechanisms of apoptosis induced by anthocyanins and to delineate the 
involvement of apoptosis in the activity of anthocyanins at all different stages of 
the carcinogenetic process.  

   Abbreviations 

  ADPRTL1    ADP-ribosyltransferase (NAD + poly (ADP-ribose) polymerase)-like 1   
  BIRC3    baculoviral IAP repeat-containing 3″   
  CYP1A1    cytochrome P450 1A1   
  EGFR    epidermal growth factor receptor   
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  FasL    Fas ligand   
  IAP    inhibitor of apoptosis protein   
  JNK    Jun N-terminal Kinase   
  MEK    MAP kinase or ERK kinase   
  ROS    reactive oxygen species         

    3.1   Introduction 

 The longstanding dogma of multistage carcinogenesis divides the development of 
malignancies into three temporally ordered and mechanistically distinct stages of 
initiation, promotion and progression (Hursting et al.  1999  ) . Initiation, the  fi rst 
stage, is an early mutagenic event that produces a cell with the genetic code for a 
benign tumor phenotype. The second stage, tumor promotion, is a slow and revers-
ible, epigenetically controlled clonal expansion of the initiated cell that produces a 
benign tumor. Tumor progression is the irreversible conversion of the benign tumor 
to a malignant phenotype (Hursting et al.  1999  ) . 

 Anthocyanins occur ubiquitously in the plant kingdom and confer the bright red, 
blue and purple colors to fruits and vegetables such as berries, grapes, apples, purple 
cabbage and corn. Of potential importance to human health is the relatively high 
concentration of anthocyanins in the diet. The daily intake of anthocyanins in the 
U.S. diet is estimated to be about 200 mg or about ninefold higher than that of other 
dietary  fl avonoids. For example, the intake of genistein, quercetin and apigenin is 
only 20–25 mg/day (Hertog et al.  1993  ) . Epidemiologic studies suggest that the 
consumption of anthocyanins lowers the risk of different chronic-degenerative 
diseases, such as cancer (Prior and Wu  2006  ) . They have indeed multiple effects 
that inhibit carcinogenesis at each discrete stage and involve interactions between 
anthocyanins and several targets. 

 The present chapter focuses on the modulation of apoptosis as a fundamental 
mechanism by which anthocyanins exert anticancer activity. The most recent 
results from  in vitro  cell culture and  in vivo  animal model tumor systems will be 
highlighted.  

    3.2   Chemistry of Anthocyanins 

 Anthocyanins belong to a wider class of phenolic compounds. They are glycosides, 
having glucose, galactose, rhamnose, xylose or arabinose attached to a polyhydroxy and 
polymethoxy derivatives of 2-phenylbenzopyrylium or  fl avylium salts (Mazza  1995 ; 
Harborne and Grayer  1988  ) . In contrast to other  fl avonoids, the anthocyanins have 
a positive charge in acidic solution (Mazza  1995  ) . Their color depends upon pH and 
the presence of chelating metal ions: many anthocyanins are red at acidic conditions 
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and turn blue at less acid conditions. The aglycone forms of anthocyanins are known 
as anthocyanidins. The six most common anthocyanidin skeletons are cyanidin, 
delphinidin, petunidin, peonidin, malvidin, pelargonidin (Fig.  3.1 ). The sugar com-
ponents of anthocyanins are usually conjugated to the anthocyanidin skeleton via 
the C-ring C-3 hydroxyl group. Several hundred anthocyanins are known varying in 
the basic anthocyanidin skeleton, the number of hydroxyl groups, the nature and 
number of sugars attached to the molecule, the position of this attachment and the 
nature and number of aliphatic or aromatic acids attached to the sugars in the mol-
ecule (Harborne and Grayer  1988  ) .   

    3.3   Modulation of Apoptosis by Anthocyanins 

 Apoptosis, or programmed cell death, plays a key role in the development and 
growth regulation of normal cells, and is often dysregulated in cancer cells. Some of 
the most effective chemopreventive agents are strong inducers of apoptosis in 
premalignant and malignant cells. Anthocyanin-rich extracts from berries and 
grapes, and several pure anthocyanins and anthocyanidins, exhibit pro-apoptotic 
effects in multiple experimental systems. In some instances (e.g. UVB-induced 
damage), the chemopreventive potential of anthocyanins is linked to their ability to 
inhibit apoptosis induced by toxic agents. Of note, the modulation of apoptotic 
pathways is widely involved in the inhibitory effects of anthocyanins at all different 
stages of the carcinogenetic process. 

  Fig. 3.1    Chemical structures and percentage abundance of anthocyanins       
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    3.3.1    In Vitro  Studies 

    3.3.1.1   Induction of Apoptosis 

 The anti-mutagenic properties elicited by natural dietary components have a range 
of possible applications in human health care. They can potentially protect against 
electrophilic (e.g., free radical) attack on DNA and its possible outcomes, such as 
ageing and cancer. One of the possible mechanisms of their antimutagenic action 
could be an increase in the apoptotic elimination of heavily-damaged cells from a 
culture. The antimutagenic activity of anthocyanins was established in a battery of 
short-term cytogenetic tests in lymphocyte cultures exposed to genotoxic agents: 
hydrogen peroxide, benzo[a]pyrene, ethyl methanesulfonate, mitomycin C, and 
colchicine. By microscopic examination, it was assessed that the frequencies of 
cells exhibiting morphological features of apoptosis considerably increased in the 
cultures containing anthocyanins. However, the enhancement of apoptosis can 
explain a major part of their activity against the genotoxicity of hydrogen peroxide, 
ethyl methanesulfonate, and colchicine, whereas other mechanisms of antimutagenic 
action should be sought for the other genotoxic compounds (Fimognari et al.  2001 ; 
Gasiorowski et al.  2001  ) . 

 Several studies demonstrated the ability of anthocyanins to modulate further 
events involved in cancer development through the induction of apoptosis on already 
transformed or tumor cells. 

 The effects of anthocyanins on apoptosis induction were described in several cell 
models. Table  3.1  reports all the transformed and cancer cell lines where apoptosis 
induction by anthocyanins was recorded together with the range of concentrations 
tested. For example, many studies reported that exposure of different human breast 
cancer cells (breast adenocarcinoma cells; human epidermal growth factor receptor 
(EGFR) 2-positive cells; estrogen-dependent/aromatase-positive cells; estrogen-
independent cells; estrogen-, progesterone- and human EGFR 2-negative cells) to 
anthocyanin-containing extracts and isolated anthocyanidins caused the cells to 
become apoptotic (Afaq et al.  2008 ; Chen et al.  2005 ; Hakimuddin et al.  2004 ; Kuo 
et al.  2004 ; Li and Jiang  2007 ; Li et al.  2009 ; Nguyen et al.  2010  ) . An anthocyanin-
containing extract obtained by litchi fruit pericarp affected the gene expression 
pro fi le of breast cancer cells by up-regulation of 41 genes (1.22%) and down-regu-
lation of 129 genes (3.84%), involved in various biological functions including 
apoptosis. Furthermore, the expressions of ADPRTL1 [ADP-ribosyltransferase 
(NAD+; poly (ADP-ribose) polymerase)-like 1] and CYP1A1 (cytochrome P450 
1A1) increased and the expression of BIRC3 (baculoviral IAP repeat-containing 3″) 
decreased signi fi cantly, suggesting that the extract inhibited proliferation and 
induced apoptosis of breast cancer cells mainly through up-regulation of CYP1A1 
and ADPRTL1, and down-regulation of BIRC genes (Li and Jiang  2007  ) .  

 The proapoptotic effect of anthocyanins was widely investigated also in human 
leukemia cells. Most of the studies were performed on a human promyelocytic 
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leukemia cell line (HL-60), where different anthocyanins or anthocyanidins and 
anthocyanin-containing extracts were tested for their proapoptotic potential (Chang 
et al.  2005 ; Del Pozo-Insfran et al.  2006 ; Fimognari et al.  2004 ; Hou et al.  2003,   2005 ; 
Katsube et al.  2003 ; Yi et al.  2005a  ) . HL-60 is a tumorigenic promyelocytic cell line 
that consists predominantly of promyelocytes and can be induced to terminally 
differentiate toward granulocytes and/or macrophages. Differentiated cells contain 
amounts of survival-maintaining molecules lower than their immature progenitors, 
whose great immaturity is likely to account for their resistance to apoptosis 
(Pae et al.  2001  ) . For cyanidin 3- O - b -glucopyranoside (the main anthocyanin pres-
ent in the juice of pigmented oranges), the induction of apoptosis represented an 
event only partly dependent on cytodifferentiation. In fact, after 8 h of exposure 
(a time-point where no cytodifferentiation was recorded) to cyanidin 3- O - b -
glucopyranoside, an increase in the apoptotic cell fraction was observed (Fimognari 
et al.  2004  ) . Of note, HL-60 cells harbor defective p53 (Iwamoto et al.  1996  ) . This 
suggests a p53-independent effect of cyanidin 3- O - b -glucopyranoside in this cell 
system. However, the analysis of p53 protein level in another leukemia cell line 
(Jurkat, a T lymphoblastoid cell line) showed that the induction of apoptosis by 
cyanidin 3- O - b -glucopyranoside was associated with a signi fi cant change in p53 
levels. An alteration in the levels of p53 protein can be directly responsible for the 
death signal delivered by cyanidin 3- O - b -glucopyranoside and explain the less sen-
sitivity of HL-60 cells to the effects of cyanidin 3- O - b -glucopyranoside than Jurkat 
cells (Fimognari et al.  2004  ) . 

 Other molecular mechanisms were demonstrated to be involved in the proapop-
totic activity of anthocyanins on HL-60 cells. Anthocyanins extracted from  Hibiscus 
sabdariffa  Linn. markedly increased phosphorylation in p38 and c-Jun, cytochrome 
c release, and expression of tBid, Fas, and FasL (Fas ligand). The use of different 
inhibitors [SB203580 as p38 inhibitor, PD98059 as MEK (MAP kinase or ERK 
kinase) inhibitor, SP600125 as JNK (Jun N-terminal Kinase) inhibitor, and wort-
mannin as phosphatidylinositol 3-kinase inhibitor] showed that only SB203580 had 
strong potential in inhibiting HL-60 cell apoptosis and related protein expression 
and phosphorylation. The apoptosis induced by hibiscus anthocyanins is therefore 
mediated via the p38-FasL and Bid pathway (Chang et al.  2005  ) . 

 Human glyoxalase I was identi fi ed as a new target involved in the proapoptotic 
activity of delphinidin (a major anthocyanidin present in many pigmented fruits 
and vegetables) in HL-60 cells (Takasawa et al.  2010  ) . Glyoxalase I is the rate-
limiting enzyme for detoxi fi cation of methylglyoxal, one of the side-product of 
glycolysis. Methylglyoxal is highly reactive with DNA and proteins, and thereby 
induces apoptosis (Thornalley et al.  1996  ) . Delphinidin possessed strong inhibi-
tory activity of the human glyoxalase I activity and suppressed the growth of HL-60 
cells in a dose- and time-dependent manner. In contrast, cyanidin and pelargonidin 
that had less inhibitory effects on the enzyme had little suppressive effects on the 
cell growth. Furthermore, delphinidin induced apoptosis. The kinetics of delphini-
din-induced apoptosis was slow. This can suggest that the onset of apoptosis by 
delphinidin treatment was the consequence of the accumulation of methylglyoxal 
by glyoxalase I inhibition. However, further studies should be performed to 
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investigate whether delphinidin actually enters the cells, inhibits glyoxalase and 
induces the accumulation of methylglyoxal cells (Takasawa et al.  2010  ) . 

 Finally, different berry extracts and two cyanidins (delphinidin and cyanidin) 
were able to induce apoptosit on colon cancer cell lines (Katsube et al.  2003 ; 
Lazzè et al.  2004 ; Seeram et al.  2006 ; Shin et al.  2009 ; Srivastava et al.  2007 ; Wu 
et al.  2007 ; Yi et al.  2005a,   b ; Yun et al.  2009  ) . Considering the increasing evidence 
suggesting an association between cancer and COX-2 (Marnett and Dubois  2002  ) , 
a COX-2 expressing colon cancer cell line (HT-29) was also used. Black raspberry 
and strawberry extracts showed the most signi fi cant pro-apoptotic effects against 
this cell line (Seeram et al.  2006  ) . The pro-apoptotit marker Bax was increased 
1.3-fold in cloudberry- and bilberry-treated cells, whereas the prosurvival marker 
Bcl-2 was detected only in untreated cells (Wu et al.  2007  ) . 

 Taken together, these results show that anthocyanins induce apoptosis through 
the modulation of both intrinsic (mitochondrial) and extrinsic (FAS) pathways 
(Chang et al.  2005 ; Kuo et al.  2004 ; Reddivari et al.  2007  ) . Treatment of cancer 
cells with anthocyanins resulted in a loss of mitochondrial membrane potential, 
cytochrome  c  release and modulation of caspase-dependent anti- and pro-apoptotic 
proteins, such as downregulation of Bcl-2 and increased expression of Bax (Afaq 
et al.  2008  ) . In the extrinsic pathway, anthocyanins modulated the expression of 
FAS and FasL (Chang et al.  2005  ) . 

 The role of reactive oxygen species (ROS) in the induction of apoptosis by 
anthocyanins is still controversial. Two studies reported that treatment of cancer 
cells, but not normal cells, with extracted and puri fi ed anthocyanins leads to an 
accumulation of ROS and subsequent apoptosis. Treatment with antioxidants such 
as N-acetyl-L-cysteine and catalase effectively blocked anthocyanin-induced ROS 
generation, caspase-3 activity, and DNA fragmentation, suggesting that the ROS-
mediated mitochondrial-dependent pathway is important for anthocyanin-induced 
apoptosis (Feng et al.  2007 ; Hou et al.  2005  ) . 

 However, numerous studies reported a positive correlation between fruit or 
vegetable pigment content and antioxidant capacities (Abuja et al.  1998 ; Moyer 
et al.  2002 ; Wang and Jiao  2000  ) . For example, puri fi ed anthocyanin extracts from 
crude blackberry suppressed peroxyil radical-initiated Caco-2 intracellular oxida-
tion in a concentration-dependent manner and prior exposure of Caco-2 cells to 
anthocyanin extract suppressed the peroxydil radical-induced apoptosis (Elisia and 
Kitts  2008  ) . Structural variations in anthocyanins seem to in fl uence antioxidant 
activities (Stintzing et al.  2002 ; Wang et al.  1997  ) . Furthermore, the bioactivities of 
anthocyanins are pH-dependent. This is due to different ratios of  fl avylium cation, 
hemiketal and quinoidal bases at different pH values (   Stintzing and Carle  2004  ) . 
This means that variations in the pH value of cell culture medium could modify the 
biological activity of anthocyanins. 

 Another possibility could be related to the phenolic nature of anthocyanins. 
Isolated anthocyanins are prone to oxidation/decomposition when puri fi ed and 
taken out of the matrix of the whole fruit/juice. More research is needed in order to 
completely elucidate whether prooxidant action or antioxidant action mediate the 
anticancer and apoptosis-inducing properties of anthocyanins. 
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 Some studies suggested a potential selective effect of anthocyanins towards 
tumor cells. Although cyanidin 3- O - b -glucopyranoside induced apoptosis in 
both transformed (Jurkat cells) and non-transformed (human lymphocytes) 
T cells, normal T cells were much less sensitive to this effect than transformed 
cells. A signi fi cant induction of apoptosis was detected in Jurkat cells even at the 
concentration 12.5  m g/ml of cyanidin 3- O - b -glucopyranoside. In normal T cells, 
100  m g/ml of anthocyanin were required to trigger a signi fi cant increase in apop-
tosis. Moreover, the highest amount of apoptosis induced in Jurkat cells was 
substantially greater than that recorded in normal lymphocytes (4.4- vs. 1.7-fold 
increases vs. controls). The behavior of cyanidin 3- O - b -glucopyranoside on 
transformed and non-transformed T cells is, therefore, quantitatively different 
(Fimognari et al.  2005  ) . 

 More recent studies demonstrated selective effects of extracts containing antho-
cyanins and isolated anthocyanins on human hepatoma cells, breast and esophageal 
cancer cells (Li et al.  2009 ; Shin et al.  2009 ; Yeh and Yen  2005 ; Zikri et al.  2009  ) . 
A standardized  Eugenia jambolana  Lam. fruit extract exhibited pro-apoptotic 
effects against estrogen-dependent/aromatase positive (MCF-7aro) breast cancer 
cells and estrogen-independent (MDA-MB-231) breast cancer cells, but not toward 
the normal/non-tumorigenic (MCF-10A) breast cells (Li et al.  2009  ) . Furthermore, 
an ethanol extract of freeze-dried black raspberries and two component anthocya-
nins (cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside) selectively caused 
signi fi cant induction of apoptosis in a highly tumorigenic rat esophageal epithelial 
cell line (RE-149 DHD) but not in a weakly tumorigenic rat esophageal epithelial 
cell line (RE-149). The uptake of anthocyanins into RE-149 DHD cells far exceeded 
their uptake into RE-149 cells, which may have accounted for their selective effects 
on apoptosis of RE-149 DHD cells (Zikri et al.  2009  ) . 

 As above reported, anthocyanidins are able to induce apoptosis through the inhi-
bition of human glyoxalase I (Takasawa et al.  2010  ) , an enzyme known to be highly 
expressed in the most tumor cells and little in normal cells. Abnormal expression or 
higher activity of glyoxalase I was reported in many human tumors including colon, 
prostate and lung (Davidson et al.  1999 ; Ranganathan and Tew  1993  ) . This mecha-
nism could further support a selective activity of anthocyanins for cancer cell. 

 Of note, gut metabolites of anthocyanins, such as gallic acid, 3-O-methylgallic 
acid and 2,4,6-trihydroxybenzaldehyde, exhibited cytotoxic effects at a wide range 
of concentrations in colon cancer cells. The results from these treatments were 
compared with results from a Cabernet Sauvignon anthocyanin grape extract. It is 
notable that these compounds were more effective than the anthocyanin extract. 
This evidence supports the hypothesis that metabolites are responsible for the 
biological activities of anthocyanin consumption (Forester and Waterhouse  2010  ) . 

 In addition, these same metabolites degraded quickly in growth media (Forester 
and Waterhouse  2010  ) . A reduction in cell population may be associated with 
oxidative reactions caused by treatment compounds, resulting in a cytotoxic effect 
by hydrogen peroxide production and subsequent hydroxyl radical formation. 
The instability of gallic acid in growth media was shown and linked to the production 
of hydrogen peroxide (Kern et al.  2007  ) .  
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    3.3.1.2   Inhibition of Apoptosis 

 UVB radiation proves to be one of the most important etiological factors in 
premature skin aging and especially skin photocarcinogenesis. Increased produc-
tion of ROS and oxidative stress condition are known to play a central role in initiat-
ing and driving the signaling events that lead to cellular response following UV 
irradiation (Halliday  2005  ) . Anthocyanins from black soybean [Glycine max (L.) 
Merr] seed coats reduced UVB-induced ROS levels and inhibited UVB-induced 
apoptotic cell death through the prevention of caspase-3 pathway activation and 
reduction of proapoptotic Bax protein levels (Tsoyi et al.  2008  ) . A photoprotective 
activity was also recorded for a standardized extract from red orange, obtained 
from three red orange varieties. In human keratinocytes, the red orange extract 
ef fi ciently counteracted some events implicated in UVB-induced in fl ammation and 
apoptosis such as NF-kB and AP-1 translocation and procaspase-3 cleavage 
(Cimino et al.  2007  ) . 

 Also isolated anthocyanins and anthocyanidins are endowed with a photochemo-
preventive activity. Pretreatment of human keratinocytes with delphinidin or 
cyanidin-3-O-glucoside protected against UVB-mediated decrease in cell viability 
and induction of apoptosis and inhibited  in poly(ADP-ribose) polymerase cleavage, 
activation of caspases, Bax increase, upregulation of Bid and Bak, and downregulation 
of Bcl-xL (Afaq et al.  2007 ; Cimino et al.  2006  ) .   

    3.3.2    In Vivo  Studies on Animals 

    3.3.2.1   Induction of Apoptosis 

 The induction of apoptosis by anthocyanins was con fi rmed in different  in vivo  
preclinical setting. The effects of anthocyanins on apoptosis induction on animal 
models are reported in Table  3.2 . Some berry extracts prevented esophageal tumors 
in rats. Rats were divided in three groups, consuming diets containing (1) 5% whole 
black raspberries; (2) an anthocyanin-rich fraction; (3) an organic solvent-soluble 
extract. Each treatment contained approximately 3.8  m mol anthocyanins/g diet. 
Animals were fed diets 2 weeks before treatment with N-nitrosomethylbenzylamine 
and throughout the study. N-nitrosomethylbenzylamine is one of the most potent 
organ-speci fi c carcinogens routinely used in rat esophageal tumorigenesis. Animals 
were killed at week 30, and esophageal tumors were enumerated. The anthocyanin 
treatments were about equally effective in reducing N-nitrosomethylbenzylamine 
tumorigenesis in the esophagus. Diet groups 1 and 2 both induced apoptosis in both 
preneoplastic and papillomatous esophageal tissues (Wang et al.  2009  ) .  

 A single anthocyanidin, delphinidin, signi fi cantly inhibited tumor growth in a 
xenograft mouse model originated by implanting of human prostate cancer PC3 
cells in athymic nude mice. PC3 cells were selected as a model system because of 
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their highly aggressive proliferative nature. The primary mode of delphinidin-mediated 
inhibition of tumor growth was through the induction of apoptosis, governed 
primarily by the activation of caspases. The analysis of the expression levels of Bax 
and Bcl-2 in tumors excised from both delphinidin-treated and untreated groups of 
animals demonstrated a decrease in the expression level of Bcl-2 protein. Inversely, 
a signi fi cant increase in the expression level of Bax was observed in tumor tissues 
of animals treated with delphinidin (Hafeez et al.  2008a  ) . These observations 
suggest the involvement of an intrinsic apoptotic pathway by which delphinidin 
inhibits tumor growth in athymic nude mice. 

 An anthocyanin containing extract of purple corn seeds was studied for its ability 
to modulate 7,12-dimethylbenz[ a ]anthracene-induced mammary carcinogenesis in 
human c-Ha- ras  proto-oncogene transgenic (Hras128) rats and in their non-transgenic 
counterpart’s rats. The extract inhibited 7,12-dimethylbenz[ a ]anthracene-induced 
mammary carcinogenesis in both animal models. It signi fi cantly decreased the 
incidence of middle-sized (0.5–2.0 g) mammary tumors in transgenic rats and induced 
a not statistically signi fi cant decrease in the number of large-sized (>2.0 g) mammary 
tumors. On the other hand, the number and incidence of smaller-sized (<0.5 g) 
mammary tumors were not suppressed by the extract. This indicates that the extract 
was not able to inhibit the emergence of mammary tumors in transgenic rats. At the 
molecular level, the extract treatment resulted in a preferential activation of caspase-3 
and reduction of Ras protein levels in tumor cells (Fukamachi et al.  2008  ) .  

    3.3.2.2   Inhibition of Apoptosis 

 UVB irradiation-induced apoptotic cell death was inhibited by topical application 
of both anthocyanins and anthocyanidins. In hairless mice, UVB increased the fraction 
of apoptotic cells in the epidermis, which was inhibited by topical application of 
anthocyanins from black soybean seed coats or delphinidin (Afaq et al.  2007 ; Tsoyi 
et al.  2008  ) . Cleaved caspase-3 and Bax proapoptotic protein levels were increased 
in UVB-treated mice skin, which were decreased by treatment of anthocyanins. 
UVB-mediated decrease of Bcl-2 antiapoptotic protein level was also recovered 
(Tsoyi et al.  2008  ) .    

    3.4   Conclusions 

 Anthocyanins and anthocyanidins, predominantly in the form of mixtures, have 
been shown to exhibit anti-carcinogenic activity against multiple cancer cell types 
 in vitro  and tumor types  in vivo  through the induction of apoptosis. Anthocyanins 
have been shown to stimulate apoptosis and modulate different oncogenic signaling 
events  in vitro  in the 5–240  m M (Prior and Wu  2006  )  concentration range. These 
amounts far exceed the amounts observed in human plasma  in vivo . The apparent 
bioavailability of anthocyanins is indeed consistently very low across animal species 
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including humans with often less than 0.1% of the ingested dose appearing in the 
urine (Thomasset et al.  2009  ) . 

 For example, Frank and coworkers  (  2003  )  compared pharmacokinetic parameters 
and bioavailability of several dietary anthocyanins following consumption of red 
grape juice in nine healthy volunteers. They were given a single oral dose of 
283.5 mg total anthocyanins and the relative bioavailability of cyanidine-3-glucoside 
was calculated to be 65.7%. Moreover, it was demonstrated that, after the ingestion 
of 153 mg of anthocyanins, only 0.020–0.050% of the oral doses was excreted in the 
urine (Netzel et al.  2001  ) . However, more recent studies indicated that the C 

max
  in 

plasma of anthocyanins following a meal is in the range of 1 nM to <1  m M (Prior 
and Wu  2006  ) . Thus, it is unclear whether the concentrations  in vivo  are suf fi cient 
to elicit anti-carcinogenic effects in humans. 

 Furthermore, much of the detail is missing about how anthocyanins are absorbed, 
how the variation of molecular structures consumed in food and the forms generated 
 in vivo  contribute to the health bene fi ts. Anthocyanidins released locally from their 
glycosides could mediate, at least in part, the ef fi cacy of anthocyanins. Formation of 
anthocyanidins from anthocyanins has indeed been demonstrated in the biomatrix 
 in vivo , even if at miniscule concentrations (Thomasset et al.  2009  ) . Therefore, it is 
possible, but not likely, that the anthocyanidins mediate the pharmacological effects 
of their parent glycosides. 

 It is also important to note that many studies have used the aglycone of the antho-
cyanin. However, anthocyanidins are chemical instable. In cell culture medium, 
delphinidin and cyanidin break down with half-lives of less than 30 min; the half-lives 
of pelargonidin and peonidin is approximately an hour (Kern et al.  2007  ) . 
Furthermore, anthocyanidins generate hydrogen peroxide in cellular incubations. 
This indicates that their proapoptotic activity  in vitro  may well be the combined 
effect of a complicated mixture. The stability of anthocyanidins in plasma and tissues 
has not been clearly de fi ned, except that they break down rapidly in the presence of 
intestinal micro fl ora (Fleschhut et al.  2006  ) . 

 Anthocyanins are chemically more stable than anthocyanidins, as demonstrated 
under conditions of neutral pH (Fleschhut et al.  2006  ) . The sugar moiety indeed 
prevents or delays their degradation. In human plasma cyanidin- and delphinidin-
3-glucosides are stable for 4 h at room temperature (Giordano et al.  2007  ) . 

 Thus, interpretation and extrapolation of results from studies using relatively 
high concentrations and the aglycone form of anthocyanins need to be carefully 
interpreted. 

 In conclusion, anthocyanins may play an important role in health promotion in 
terms of anti-cancer effects. They modulate different events, involved in both the 
initiation and the late stages of carcinogenetic process. However, although experi-
mental studies have clearly demonstrated the anti-cancer activity of anthocyanins, 
epidemiological studies have not revealed protective effects of anthocyanin 
consumption on cancer risk in humans (Wang and Stoner  2008  ) . Much remains to 
be done with  in vivo  studies in animal models and human clinical trials for a 
thorough understanding of their overall biological effects and their optimal use in 
the chemoprevention of human cancer.      
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  Abstract   Xanthohumol (XN) is a prenylated chalcone found at high  concentrations 
in hop cones ( Humulus lupulus  L.). XN has been characterized as a promising 
cancer chemopreventive lead structure that acts  via  a broad spectrum of bioactivities. 
This chapter summarizes the anti-proliferative and apoptosis-inducing potential of 
XN and gives a detailed overview of underlying mechanisms and pathways targeted 
by XN to induced programmed cell death. XN is a potent inhibitor of NF- k B and 
inhibits activation of the death-receptor pathway by tumor necrosis factor (TNF). In 
various cell lines, XN treatment results in an immediate transient increase in mito-
chondria-derived reactive oxygen species (ROS) that is considered as the initial 
trigger of apoptosis induction  via  the intrinsic pathway by breakdown of the mito-
chondrial membrane potential, release of cytochrome  c  and activation of the caspase 
cascade. Oxidative stress may also contribute to the activation of endoplasmatic 
reticulum (ER) stress and unfolded protein response recently identi fi ed as a novel 
mechanisms underlying XN-mediated apoptosis induction.  
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  ATP    adenosine triphosphate   
  BiP    immunoglobulin-heavy-chain binding protein   
  BPH    benign prostate hyperplasia   
  CHOP    CAAT/enhancer-binding protein (C/EBP) homologous protein   
  CLL    chronic lymphocytic leukemia   
  Cox    cyclooxygenase   
  CYP    cytochrome P450   
  DC    dendritic cells   
  DCF-DA    dichloro fl uorescein-diacetate   
  DHE    dihydroethidium   
  DISC    death-inducing signaling complex   
  DMBA    dimethylbenz- [a] -anthracene   
  DMSO    dimethylsulfoxide   
  DR    death receptor   
  ER    endoplasmatic reticulum   
  FADD    Fas-associated death domain   
  FITC     fl uorescein isothiocyanate   
  Gadd153    growth arrest and DNA damage 153   
  GRP78    glucose-regulated protein 78   
  GSH    glutathione   
  H 

2
 O 

2
     hydrogen peroxide   

  HUVEC    human umbilical vein endothelial cells   
  IC 

50
     half-maximal inhibitory concentration   

  IKK    I- k B kinase   
  IL    interleukin   
  Ire1 a     inositol-requiring 1 a    
  LDH    lactate dehydrogenase   
  MMP    matrix metalloprotease   
  MnTMPyP    manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin   
  MTT    3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazoliumbromide   
  NAC    N-acetyl cysteine   
  NAD(P)H    nicotinamide adenine dinucleotide phosphate   
  NF- k B    nuclear factor  k B   
  O  

2
  -•      superoxide anion radicals   

  OH •     hydroxyl radicals   
  PARP    poly(ADP-ribose)polymerase   
  PERK    double stranded RNA-dependent protein kinase (PKR)-like ER kinase   
  RIP    receptor interacting kinase   
  ROS    reactive oxygen species   
  SCID    severe combined immuno-de fi cient   
  SM    sphingomyelin   
  SOD    superoxide dismutase   
  SRB    sulforhodamine B   
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  TNF    tumor necrosis factor   
  TNF-R1    TNF-receptor 1   
  TRAF    TNF receptor-associated factor   
  TRAIL    TNF-related apoptosis-inducing ligand   
  Trb3    Tribble homolog 3   
  TUNEL    TdT-mediated dUTP-biotin nick end labeling   
  UPR    unfolded protein response   
  XBP1    X-box-binding protein 1   
  XN    Xanthohumol   
   Y  

m
     mitochondrial membrane potential   

   r  0     rho zero         

    4.1   Introduction 

 Evading apoptosis has been recognized as one of the hallmarks of cancer cells 
(Hanahan and Weinberg  2000  ) . Consequently, the induction of apoptosis by cancer 
chemotherapeutic or chemopreventive    agents is one of the key mechanisms to effec-
tively kill cancer cells and thus prevent or inhibit tumor growth. Anti-proliferative 
action has been demonstrated for a large number of natural compounds in human 
cancer cell lines as well as in  in vivo  models of carcinogenesis. One of these natural 
compounds is xanthohumol (XN, 2 ¢ ,4,4 ¢ -trihydroxy-3 ¢ -prenyl-6 ¢ -methoxychalcone, 
Fig.  4.1 ), a prenylated chalcone found in hops ( Humulus lupulus  L.).  

 Prenylated hop  fl avonoids are secreted together with bitter acids and essential 
oils by lupulin glands of the female hops in fl orescences (hop cones). Since lupulin 
glands do not express the enzyme necessary for the conversion of chalcones to 
 fl avanones, they exclusively produce chalcone type  fl avonoids with XN as the most 
abundant one (82–89% of the total amount of prenylated  fl avonoids in European 
hop varieties) (Stevens et al.  1997  ) .  

  Fig. 4.1    Chemical structure 
of xanthohumol 
(2 ¢ ,4,4 ¢ -trihydroxy-3 ¢ -
prenyl-6 ¢ -methoxychalcone)       
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    4.2   Xanthohumol    as a Cancer Chemopreventive 
Lead Structure 

 Interest in the cancer chemopreventive potential of hops components started in the 
late 1990s, when prenylated  fl avonoids from hops were  fi rst described to modulate 
carcinogen metabolism  in vitro  (Henderson et al.  2000 ; Miranda et al.  2000a  )  and to 
possess antioxidant (Miranda et al.  2000b  ) , anti-proliferative and cytotoxic activity 
(Miranda et al.  1999  ) . Subsequently, we identi fi ed XN as a broad spectrum cancer 
chemopreventive agent able to interfere with the initiation, promotion and progres-
sion phase of carcinogenesis (Gerhauser et al.  2002  ) . Several recent reviews have 
comprehensively summarized the cancer preventive and health promoting activities 
of XN and other hops components (Gerhauser et al.  2002 ; Stevens and Page  2004 ; 
Gerhauser  2005 ; Zanoli and Zavatti  2008 ; Magalhaes et al.  2009 ; Chadwick et al. 
 2006 ; Strathmann et al.  2009 ; Botta et al.  2005  ) . Therefore, we will present here 
only a short overview of XN-mediated chemopreventive activities to emphasize that 
anti-proliferative and apoptosis-inducing properties, although the focus of this 
chapter, are not the sole or most important biological activities of this interesting 
lead structure. 

 During the initiation step of carcinogenesis, XN modulates xenobiotic 
metabolism    by inhibiting the phase I enzyme cytochrome P450 (CYP) 1A and 
monofunctionally inducing phase II enzymes, such as NAD(P)H: quinone 
oxidoreductase and intracellular glutathione levels (GSH), leading to reduced 
metabolic activation and increased detoxi fi cation of xenobiotics and carcinogens 
(Henderson et al.  2000 ; Gerhauser et al.  2002  ) . Antioxidant and radical scavenging 
properties can also contribute to the inhibition of tumor initiation by XN (Gerhauser 
et al.  2002 ; reviewed in Gerhauser  2005 ; Strathmann et al.  2009  ) . XN inhibits 
cyclooxygenases (Cox)-1 and -2 activities as well as the production of nitric oxide 
(Gerhauser et al.  2002  ) . These anti-in fl ammatory properties    may contribute to the 
inhibition of tumor promotion. XN also acts as an anti-in fl ammatory agent by inhi-
bition of nuclear factor  k B (NF- k B) signaling and subsequent downregulation of 
pro-in fl ammatory key factors (Albini et al.  2006 ; Colgate et al.  2007 ; Dell’Eva et al. 
 2007 ; Harikumar et al.  2009  ) . Estrogen-mediated tumor promotion may be prevented 
by anti-estrogenic effects    of XN that were demonstrated  in vitro  by the inhibition of 
estrogen-mediated alkaline phosphatase activation in human endometrial cancer 
cells (Gerhauser et al.  2002 ; Guerreiro et al.  2007  ) . XN also inhibits the enzyme 
aromatase (CYP19), which plays a crucial role in the conversion of testosterone to 
estrogen (Strathmann et al.  2009 ; Monteiro et al.  2006  ) . In the progression phase, 
XN affects cell proliferation by induction of cell differentiation (Gerhauser et al. 
 2002  )  and apoptosis (as outlined below). In addition, XN may inhibit tumor 
progression by inhibition of angiogenesis   . This was demonstrated in a human 
 in vitro  anti-angiogenesis model using fragments of human placenta, by downregu-
lation of pro-angiogenic signaling, and by inhibition of endothelia cell migration 
and vessel formation using human microendothelial cells (Gerhauser  2005  ) .  In vivo , 
inhibition of angiogenesis was demonstrated in human breast cancer xenografts in a 
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skinfold chamber model (Klenke  2008  ) , and with a matrigel sponge angiogenesis 
assay as described by Albini et al.  (  2006  ) . These activities contribute to the inhibi-
tory effects of XN during malignant progression of tumorigenesis. Breast cancer 
chemopreventive potential    of XN was  fi rst indicated by inhibition of 7,12-
dimethylbenz- [a] -anthracene (DMBA)-induced preneoplastic lesions in a mammary 
mouse organ culture model at low nM concentrations (Gerhauser et al.  2002  ) . 
Recently, we have demonstrated that XN also possess breast cancer preventive 
ef fi cacy in the DMBA-induced rat mammary carcinogenesis model. Application of 
XN at a dose of 100 mg/kg bodyweight/day signi fi cantly inhibited tumor latency, 
tumor multiplicity (p < 0.05) and tumor weight (p = 0.07) when applied during the 
initiation and promotion phase of carcinogenesis (Strathmann et al. in preparation   ).  

    4.3   Cell-Growth Inhibitory Potential of Xanthohumol 

 The  fi rst indication of anti-proliferative    potential of XN was reported by Miranda 
et al .   (  1999  ) . Since then, more than 25 studies have investigated XN in anti-
proliferation and cytotoxicity assays using ovarian, breast, endometrial, cervical, 
prostate, colon, liver, and lung cancer, as well as leukemia, myeloma, sarcoma and 
melanoma cell lines, macrophages, adipocytes, dendritic cells and T-cells (summary 
in Table  1  in the Annex). Early studies investigated anti-proliferative activity based 
on [ 3 H]-thymidine incorporation, sulforhodamin B (SRB) or crystal violet staining, 
lactate dehydrogenase (LDH) release, MTT (3-(4,5-dimethyl thiazol-2-yl)-2,
5-diphenyl tetrazoliumbromide) reduction, calcein hydrolysis, trypan blue exclu-
sion and cell counting, and determined halfmaximal inhibitory concentrations (IC 

50
  

values) of cell viability in the range of 0.5–25  m M, depending on cell line and incu-
bation times. Cell growth inhibition by XN is apparently not cancer site or organ 
speci fi c, at least not in  in vitro  studies. Interestingly however, XN more potently 
reduced cell growth of HT-1080 sarcoma cell under hypoxic conditions than under 
normoxic conditions (Goto et al.  2005  ) . Also, data by Monteiro et al. suggest that 
XN-mediated inhibition of breast cancer cell growth may be partly related to a 
reduction of estrogen levels by aromatase inhibition (Monteiro et al.  2007  ) . 
Importantly, primary hepatocytes were more resistant to the anti-proliferative effects 
of XN than liver cancer cells (Ho et al.  2008 ; Dorn et al.  2010a,   b  ) .  

    4.4   Mechanisms of Apoptosis Induction by Xanthohumol 

 Generally, apoptosis    can be induced by two major pathways: the extrinsic, death 
receptor-mediated and the intrinsic, mitochondria-mediated pathway (Jin and 
El-Deiry  2005  ) . In addition, apoptosis can be triggered by endoplasmatic reticulum 
(ER) stress and unfolded protein response (Faitova et al.  2006 ; Heath-Engel et al. 
 2008  ) . There is accumulating evidence that XN targets all three pathways. 
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    4.4.1   Death Receptor Pathway   , TNF and NF- k B 

 Death receptors of the TNF (tumor-necrosis factor   ) receptor superfamily such as 
TNF receptor 1 (TNF-R1), CD95 (APO-1/Fas), and TNF-related apoptosis-
inducing ligand (TRAIL) receptors DR4 and DR5 play an important role in the 
extrinsic pathway of apoptosis induction. As an example, activation of the CD95/
Fas by the CD95/Fas ligand results in receptor aggregation and recruitment of the 
adaptor molecule FADD (Fas-Associated Death Domain) and initiator caspase-8 
(Fig.  4.2 , right). Consequently, caspase-8    becomes activated and initiates apoptosis 
by cleavage of downstream effector caspases. Caspases are synthesized as inactive 
pro-caspases and act in a caspase cascade to initiate apoptosis. Initiator caspases 
are characterized by longer pro-domains that mediate the assembly of activating 
complexes, such as the death-inducing signalling complex (DISC   ), resulting in the 
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  Fig. 4.2    Induction of apoptosis via the death receptor pathway, and the in fl uence of XN on these 
mechanisms (see text for description)       
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transduction of death signals. The major effector caspases-3, -6 and -7 execute 
apoptosis by cleavage of key cellular proteins that cause the typical morphological 
changes observed in cells undergoing apoptosis, including apoptotic and structural 
proteins, cell cycle proteins and proteins belonging to the cellular DNA repair 
machinery (summary in Jin and El-Deiry  2005  ) . Cleavage of the DNA repair-
associated enzyme poly(ADP-ribose)polymerase (PARP)    is accepted as a promi-
nent marker of apoptosis.  

 Activation of sphingomyelinases    such as the acid sphingomyelinase (A-SMase) 
results in the formation of ceramide from sphingomyelin (SM). Ceramide is acting 
as a second messenger involved in regulating various cellular functions including 
proliferation and apoptosis (Carpinteiro et al.  2008  ) . Activation of death receptors 
has been shown to activate A-SMase, enhancing ceramide production, which in turn 
facilitates death receptor clustering, DISC formation and caspase-8 activation 
(Grassme et al.  2003  ) . 

 TNF is a multifunctional pro-in fl ammatory protein that activates the NF- k B    
pathway through binding to TNF-receptors (Fig.  4.2 , left). After TNF-binding, the 
adaptor protein TRADD is recruited to the activated TNF-R1 and serves as a platform 
for binding of TNF receptor-associated factor (TRAF) 2 and the receptor interacting 
kinase (RIP), forming complex 1. TNF activates NF- k B through phosphorylation 
and subsequent ubiquitin-mediated degradation of its inhibitor I- k B by I- k B kinase 
(IKK), which is recruited to the TNF-R1 complex through TRAF2 and stabilized by 
RIP. Degradation of I- k B liberates NF- k B and allows nuclear translocation, where it 
interacts with the  k B element. In a second step after formation of the TNF-R1 
complex 1, TRAF2 and RIP interact with FADD and pro-caspase 8, forming 
complex 2 that results in activation of caspase-8 and the caspase cascade. 

 Different from Fas and TRAIL signalling, TNF does not induce apoptosis 
spontaneously, since activation of NF- k B mediates a strong pro-survival mecha-
nism. NF- k B is involved in the regulation of gene expression of about 200 genes 
involved in in fl ammation, development, cell growth, and inhibition of apoptosis 
(Ak and Levine  2010  ) . Consequently, the cell-death inducing capacity of TNF is 
only apparent when NF- k B activation is blocked. Ak and Levine have recently 
postulated that NF- k B and p53    have mutually exclusive functions: inactivation 
of NF- k B enhances the stability of p53, which then contributes to cell growth 
inhibition and apoptosis induction (Ak and Levine  2010  ) . 

 In 2005, we were  fi rst to describe that XN induced apoptosis in the HCT-116 
derived colon cancer cell line 40–16  via  the extrinsic apoptotic pathway 
(Pan et al.  2005  ) . XN treatment led to cleavage and activation of the initiator 
caspase-8 in a dose-and time-dependent manner. Consequently, XN also acti-
vated downstream effector caspases-3 and -7 and PARP cleavage as a marker of 
apoptosis induction. Several other groups subsequently demonstrated similar 
activation of the caspase cascade, PARP cleavage and apoptosis induction by XN 
in breast cancer cell lines and patient-derived B-cell lymphocytic leukemia 
(B-CLL) cells (Vanhoecke et al.  2005 ; Lust et al.  2005     )  (Table  1  in the Annex). 
Interestingly, Xuan et al .  recently identi fi ed a role of A-SMase-derived ceramide 
in XN-mediated apoptosis induction in dendritic cells (DC) (Xuan et al.  2010  ) . 
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Unlike in DC from wildtype mice, in DC from A-SMase knockout mice, XN was 
unable to activate caspase-8 and -3 and to stimulate PARP cleavage and DNA 
fragmentation, underlining the importance of A-SMase activity for XN-mediated 
apoptosis induction in DC. 

 An in fl uence of XN on NF- k B signaling was  fi rst described by Albini et al. in 
 2006 . The authors investigated anti-angiogenic modes of action of XN. Treatment 
of human umbilical vein endothelial cells    (HUVEC) with TNF for 15 min resulted 
in nuclear translocation of NF- k B, which was completely blocked by pretreat-
ment with 10  m M XN. This was attributed to the inhibition I- k B phosphorylation 
by XN. In addition to blocking TNF-induced NF- k B activation, XN inhibited the 
constitutive activity of NF- k B in BPH-1 prostate epithelial cells   , but not in 
the PC-3 prostate cancer cell line   . Effects in BPH-1 cells were not associated 
with inhibition of NF- k B nuclear translocation. Still, caspases were activated, 
and XN treatment resulted in cell growth inhibition and cell death (Colgate et al. 
 2007  ) . In MM6 and U937 leukemia cells stimulated with TNF, inhibition of 
NF- k B activation by XN led to downregulation of matrix metalloproteases 
(MMP) expression and reduced invasive potential. Also, XN reduced prolifera-
tion of MM6 and U937 leukemia cells    and primary samples from acute myelocytic 
leukemia (AML) patients (Dell’Eva et al.  2007  ) . Anti-leukemic ef fi cacy of XN 
was further con fi rmed in the myeloid leukemia cell line K562 positive for the 
tyrosine kinase Bcr-Abl. Bcr-Abl activates several signaling pathways including 
Akt and NF- k B. XN treatment reduced cell viability and led to apoptosis induction. 
Also, cell invasion was reduced. Both effects were attributed to suppression of 
NF- k B activation as well as I k B and IKK expression. Levels of the anti-apoptotic 
protein survivin, which is induced by Bcr-Abl, and of Bcr-Abl itself were reduced 
by XN, whereas expression of p53 and its effector p21 were elevated (Monteghirfo 
et al.  2008  ) . Most of these XN-mediated effects on cell proliferation, apoptosis 
induction, Bcr-Abl expression, and NF- k B activation were mediated by increased 
oxidative stress    after XN treatment, and were prevented by pretreatment with the 
antioxidant N-acetyl cysteine (NAC)(see also below). In a more mechanistic 
study in leukemia cell lines, Harikumar et al. con fi rmed that XN induced apop-
tosis by affecting NF- k B signaling. XN treatment blocked constitutive NF- k B 
activity and NF- k B activation by TNF, prevented nuclear translocation of the 
NF- k B p65 subunit to the nucleus, suppressed NF- k B-regulated proliferative 
(cyclin D1, c-Myc) as well as anti-apoptotic gene products (Bcl-xL, XIAP, 
cIAP1, cIAP2), thus promoting apoptosis. The authors postulate that XN may 
directly interact with cysteine residues of I k B kinase (IKK) and the p65 subunit 
of NF- k B through its unsaturated ketone moiety (Harikumar et al.  2009  ) . 
Inhibition of NF- k B activation by XN and increased caspases 3 activity was also 
involved in apoptosis induction in hepatic stellate cells and Huh7 human liver 
cancer cells    (Dorn et al.  2010a,   b  ) . In a recent study, Szliszka et al .  demonstrated 
that combined treatment with TRAIL    and XN or a series of other chalcones 
enhanced the apoptosis inducing capacity of TRAIL in prostate cancer cells 
(Szliszka et al.  2010  ) .  



774 Anti-proliferative and Apoptosis-Inducing Properties of Xanthohumol…

    4.4.2   Mitochondria-Mediated Apoptosis Induction 

 The intrinsic mitochondrial pathway    of apoptosis induction is initiated by Bcl-2 
family proteins   , which regulate the passage of small molecules like cytochrome 
 c  through the mitochondrial permeability transition pore (Fig.  4.3 ). The Bcl-2 
protein family includes anti-apoptotic (e.g. Bcl-2, Bcl-xL, Bcl-w, Mcl-1) and pro-
apoptotic proteins (e.g. Bax, Bak, Bad). The small BH3 domain-only protein Bid 
activates pro-apoptotic Bax after cleavage by caspase-8 and thus interconnects the 
death receptor- and the mitochondrial pathway. Intracellular stress signals trigger 
the translocation of Bax from the cytosol to the mitochondria, where it homodi-
merizes and contributes to the permeabilization of the mitochondrial membrane. 
Release of cytochrome  c  then activates assembly of the multiprotein complex 
Apoptosome, resulting in activation of pro-caspase-9 and the downstream effector 
caspase cascade (Jin and El-Deiry  2005  ) .  
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 Our study with 40–16 colon cancer cells indicated that XN not only activates 
the death receptor pathway, but also the intrinsic apoptosis pathway (Pan et al.  2005  ) . 
XN decreased the expression of anti-apoptotic Bcl-2, leading to cleavage and 
subsequent activation of pro-caspase-9 and downstream effector caspases. Further, 
XN treatment induced p53 and pro-apoptotic Bax expression in BPH-1 prostate 
epithelial cells, whereas anti-apoptotic Bcl-2 was downregulated (Colgate et al. 
 2007  ) . Lust et al. demonstrated induction of apoptosis by XN  via  the mitochon-
drial pathway in human chronic lymphocytic leukemia (CLL) cells. XN reduced 
the expression of Bcl-2, Mcl-1 and Bid, and induced caspase-9 and -3 activity 
(Lust et al.  2009  ) .  

    4.4.3   The Role of Reactive Oxygen Species (ROS)    

 Recently, ROS have been identi fi ed as key redox regulators of cellular signaling 
cascades, metabolic processes and transcription factors. Numerous cellular path-
ways generate ROS, with hydrogen peroxide (H 

2
 O 

2
 ), superoxide anion radicals 

(O  
2
  −•  ) and hydroxyl radicals (OH • ) being the most abundant ones (Kamata and 

Hirata  1999  ) . In aerobic cells, mitochondria are believed to be the major source of 
ROS, since roughly 1–2% of all transported electrons escape oxidative phosphory-
lation and reduce O 

2
  to O  

2
  −•   (Boveris and Chance  1973 ; Boveris and Cadenas  1975 ; 

Fruehauf and Meyskens  2007 ; Pani et al.  2009  ) . 
 Acute high levels of ROS oxidize intracellular proteins, inactivate iron-sulfur 

complex-containing enzymes and damage cellular compartments, which ultimately 
trigger cells into apoptosis. For example, mitochondrial dysfunction has been 
shown to play a key role in the induction of apoptosis (Green and Reed  1998 ; 
Desagher and Martinou  2000  ) . Impaired mitochondrial functions suppress mito-
chondrial metabolism, imbalance the mitochondrial membrane potential, block 
respiration and oxidative phosphorylation (Orrenius et al.  2007  ) ,  fi nally leading to 
apoptosis induction (Simon et al.  2000  ) . Interestingly, cells with an imbalanced 
redox homeostasis are apparently more susceptible to oxidative stress-induced 
apoptosis than normal cells. Therefore, induction of ROS might be very effective 
in eliminating cancer cells by disrupting mitochondrial functions and inducing 
apoptosis (Trachootham et al.  2009  ) . 

 Despite its antioxidant activity (Gerhauser et al.  2002  ) , several recent reports 
suggest that induction of apoptosis by XN is linked to the induction of ROS 
(Fig.  4.3 ). As a  fi rst indication, Yang et al. reported in  2007  that XN inhibited 
adipocyte differentiation and subsequently induced apoptosis in human preadipo-
cytes  via  a ROS-mediated mechanism. Incubation of preadipocytes with XN resulted 
in a transient increase in ‘oxidative stress’, detected by dichloro fl uorescein    (DCF) 
 fl uorescence. This was accompanied by a rapid breakdown of the mitochondrial 
membrane potential    and release of cytochrome  c  from the mitochondria to the cytosol, 
activation of caspase-3 and -7, PARP cleavage and apoptosis induction indicated by 
single stranded DNA. The role of ROS induction was con fi rmed by pre-treatment 
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with the antioxidants ascorbic acid and  b -mercaptoethanol, which ef fi ciently 
prevented XN-mediated apoptosis induction (Yang et al.  2007  ) . As mentioned 
above, data by Monteghirfo et al .  also suggested that apoptosis induction by XN in 
K562 leukemia cells was related to the induction of ‘oxidative stress’ detected with 
the  fl uorescent dye DCF diacetate (DA). XN-mediated effects,  i.e.  inhibition of 
NF- k B activation, reduced Bcr-Abl expression, inhibition of cell proliferation, and 
apoptosis induction were inhibited by co-exposure with the antioxidant NAC. The 
authors speculated that increased ROS levels might lead to DNA damage, which 
could activate p53 to establish an ampli fi cation loop (Monteghirfo et al.  2008  ) . 

 Only recently, we could provide detailed information on the nature and source of 
ROS induced after XN treatment, and their link to apoptosis induction (Strathmann 
et al.  2010  ) . We con fi rmed a rapid time- and dose-dependent increase in intracellu-
lar ROS formation detected by DCF-DA  fl uorescence in BPH-1 prostate epithelial 
cells by XN. DCF-DA is considered as a sensor for unspeci fi c ‘oxidative stress’ 
rather than for a particular ROS (Halliwell and Whiteman  2004  ) . By using the dye 
dihydroethidium    (DHE), which is speci fi cally oxidized by O  

2
  −•   (Zhao et al.  2005  ) , 

we could demonstrate that XN treatment resulted in enhanced O  
2
  −•  -generation. O  

2
  −•   

induction by XN was transient and signi fi cantly scavenged by co-treatment with the 
antioxidants ascorbic acid and NAC, as well as by pre-treatment with the superoxide 
dismutase (SOD) mimetic MnTMPyP (manganese(III) tetrakis(1-methyl-4-pyridyl)
porphyrin). In BPH-1 cells loaded with MitoSOX Red    speci fi c for mitochondrial 
O  

2
  −•  , XN treatment caused a rapid increase in red  fl uorescent staining of mitochon-

dria, suggesting that mitochondria are targeted by XN, leading to O  
2
  −•  -formation 

(Fig.  4.4 ). In contrast, XN treatment of BPH-1  r  0  (rho zero) cells (characterized by 
non-functional mitochondria) in the presence of DHE resulted in signi fi cantly lower 
DHE oxidation than in intact BPH-1 cells, further con fi rming the important role of 
mitochondria in O  

2
  −•  -generation induced by XN.  

 Blocking of mitochondrial respiration    is believed to be one of the major sources of 
mitochondrial O  

2
  −•   formation. When oxygen consumption was measured in isolated 

mouse liver mitochondria, XN treatment was as potent in blocking mitochondrial 

  Fig. 4.4    Mitochondria are the source of XN-induced O
2
 –• . MCF-7 cells were loaded with 

MitoSOX Red and then incubated with 50  m M XN for 25 min.  Red   fl uorescent staining of mito-
chondria indicates O

2
 –•  formation, blue staining depicts the position of nuclei. Pictures were 

acquired by confocal microscopy       
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respiration as Antimycin A, a prominent inhibitor of Complex III of the respiratory 
chain. A more detailed analysis of XN-mediated effects on complexes of the respira-
tory chain indicated that XN nonspeci fi cally inhibited Complexes I to III at high con-
centrations, blocked the electron  fl ux from Complex I to Complexes II and III and 
caused a rapid depletion of ATP. These data supported the hypothesis that XN inhibits 
mitochondrial respiration. Consistently, XN caused a rapid breakdown of the mito-
chondrial membrane potential ( Y  

m
 ), followed by the release of cytochrome  c  to the 

cytosol and induction of PARP cleavage in a time- and dose-dependent manner. 
Importantly, anti-proliferative as well as apoptosis-inducing effects of XN were 
signi fi cantly reduced by co-treatment with the SOD mimetic MnTMPyP. Overall, 
these data strongly suggest that XN-mediated O  

2
  −•   formation is the initial trigger of 

XN-induced apoptosis (Strathmann et al.  2010  ) .  

    4.4.4   ER Stress and Unfolded Protein Response 

 Besides the death receptor- and the mitochondria-mediated pathway of apoptosis 
induction, endoplasmatic reticulum (ER) stress    and unfolded protein response 
(UPR)    is another cellular program activating apoptosis cascades. Interestingly, ER 
stress is closely linked to oxidative stress. Protein folding itself is an oxidizing 
process that leads to the generation of ROS during oxidizing protein folding and the 
formation of disul fi de bonds (Malhotra and Kaufman  2007  ) . ROS can target 
ER-based calcium channels, stimulating the release of Ca 2+  ions to the cytosol, 
which then accumulate in the inner matrix of mitochondria, disrupt the electron 
transport chain and stimulate the production of more ROS. Excessive ROS produc-
tion and changes in cellular redox status then directly or indirectly affect protein 
folding and aggravate ER stress (Fig.  4.5 ).  

 The ER is the cellular site of protein biosynthesis, folding, assembly and 
modi fi cations. It is composed of protein chaperones, proteins that catalyze folding and 
sensors for the detection of mis- or unfolded proteins. Also, it is a major calcium store 
and functions as a sensor to signals mediated by growth factors, hormones, changes in 
energy levels, nutrient availability and redox status (Zhang and Kaufman  2008  ) . 
Alterations in cellular homeostasis that cause accumulation of unfolded proteins in 
the ER lumen by an imbalance between protein folding demand and protein folding 
capacity (referred to as ER stress) activate the unfolded protein response (UPR). 

 The UPR signaling cascades are activated by three ER membrane-localized 
sensor proteins: ATF6    (activating transcription factor 6), Ire1 a     (inositol-requiring 
1 a ) and PERK    (double stranded RNA-dependent protein kinase (PKR)-like ER 
kinase). Under non-stressed conditions, they are maintained in an inactive state 
through interaction of their luminal unfolded protein-sensing domain with the 
abundant ER chaperone BiP    (immunoglobulin-heavy-chain binding protein, also 
known as glucose-regulated protein GRP78   ). ER stress causes release of BiP and 
activates PERK through homodimerization and  trans -autophosphorylation. 
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Activated PERK then phosphorylates the translation initiation factor eIF2 a , thereby 
reducing the general frequency of mRNA translation initiation. On the other hand, 
speci fi c mRNAs such as the basic leucine zipper domain (bZIP)-containing tran-
scription factor ATF4 are preferentially translated and activate the transcription of 
UPR target genes involved in amino acid biosynthesis, antioxidative stress response 
and ER stress-induced apoptosis. PERK is also required for NF- k B activation 
which mainly up-regulates anti-apoptotic proteins (see above) and thus contributes 
to the balance between survival and cell death. In addition to PERK, ER stress 
activates autophosphorylation of Ire1 a , which has protein kinase and site-speci fi c 
endoribonuclease (RNase) activity. It initiates the removal of a 26 base intron from 
the mRNA of XBP1 (X-box-binding protein 1), resulting in the translation of 
‘active’ XBP1 with potent transcription factor activity (Zhang and Kaufman  2008  ) . 
As a third important factor, ER stress initiates the processing of ATF6 to release a 
functional fragment (‘cleaved’ ATF6) that acts as a transcription factor with simi-
lar functions as ‘active’ XBP1. These transcription factors stimulate the transcrip-
tion of UPR target genes including ER chaperones and enzymes that promote 
protein folding, maturation, secretion and ER-associated protein degradation 
(Zhang and Kaufman  2008  ) . 
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 If the protein-folding defect is persisting and cannot be resolved, the UPR will 
initiate apoptosis to remove stressed cells. Apoptosis induction  via  ER-stress is 
mainly mediated by the bZIP transcription factor CHOP    (CAAT/enhancer-binding 
protein (C/EBP) homologous protein, also known as Gadd153 (growth arrest and 
DNA damage 153). For maximal induction of CHOP, activation of all three 
ER-stress signalling pathways is required. Activation of CHOP target genes such as 
Gadd34, Trb3 (tribble homolog 3) and DR5 (death receptor 5) induces growth arrest 
and apoptosis. CHOP has also been implicated in repressing the transcription of 
anti-apoptotic Bcl-2. In addition to CHOP, pro-caspase-12 (probably represented by 
pro-caspase-4 in humans) associated with the ER membrane is involved in the 
induction of apoptosis during ER stress. The mechanisms of caspase 12 activation 
by ER stress are presently not clear. However, it activates processing and activation 
of caspase-9 and the downstream caspase cascade (Faitova et al.  2006  ) . 

 Lust et al. have only recently provided  fi rst indication that XN induces apoptosis 
 via  an UPR-mediated mechanisms in CLL cells (Lust et al.  2009  ) . The authors  fi rst 
demonstrated activation of caspases-3, -4, and -9 after XN treatment of CLL cells 
for 12 h and more prominently for 24 h. Next, they detected upregulation of the 
chaperone BiP (GRP78) at the mRNA and protein level. XN activated the ER stress 
sensor IRE1 a , indicated by detection of the processed, shorter XBP1 mRNA. 
However, active XBP1 protein was not detectable by Western blotting. The authors 
concluded that either CLL cells do not translate the processed XPB1 transcript, or 
that levels were too low for detection by Western blotting. Cleaved ATF6 was also 
not unambiguously detectable by Western blotting in CLL cells, whereas XN treat-
ment clearly induced the processing of ATF6 in T47D breast cancer cells used as a 
positive control. PERK activation was demonstrated by eIF2 a  phosphorylation, 
which was strongly enhanced by XN treatment already after 3 h of treatment. Also, 
CHOP protein levels were strongly induced by XN treatment for 12 and 24 h. The 
authors detected ROS by DCF-DA  fl uorescence microscopy. However, since the 
in fl uence of co-treatment with antioxidants was not tested, it is unclear whether 
ROS induction is a cause or consequence of UPR. XN also inhibited protein degra-
dation  via  the proteasome and caused an accumulation of ubiquitinated proteins. 
These data provide an interesting new insight into the apoptosis inducing capacity 
of XN in CLL cells. Further studies have to demonstrate whether these observation 
are also relevant for other cell types and  in vivo .   

    4.5   Inhibition of Tumor Growth  In Vivo  

 Only few studies so far have investigated the anti-proliferative and tumor growth 
inhibiting potential of XN in animal models. In the course of a study by our group 
(Gerhauser  2005 ; Klenke  2008  ) , intravital microscopy was used to investigate the 
effect of XN on tumor angiogenesis and tumor growth  in vivo . Human MX-1 breast 
tumor xenografts were implanted in dorsal skinfold chamber    preparations in female 
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Severe Combined Immuno-De fi cient (SCID) mice. Starting from day 15 after tumor 
implantation, animals were treated with XN applied subcutaneously at a dose of 
1,000 mg/kg body weight per day or DMSO as solvent control, respectively, for 7 
and 14 days. To assess tumor growth, the two-dimensional tumor surface was docu-
mented with digital photography using bright  fi eld microscopy. Functional vessel 
density was quanti fi ed by intravital  fl uorescence video microscopy after injection of 
FITC-labelled dextran. Application of XN for 7 and 14 days inhibited the growth of 
the breast tumor xenografts by 46% and 83%, respectively, in comparison with the 
solvent-treated control group, and reduced the size of established tumors by 30% 
and 56%, respectively. Concomitantly, XN-treatment for 14 days reduced tumor-
induced neovascularization by 33% (Gerhauser  2005 ; Klenke  2008  ) . 

 Albini et al. tested the effect of XN applied orally at a dose of 20  m M in drinking 
water on the growth of Karposi’s sarcoma xenografts    (Albini et al.  2006  ) . KS-IMM 
cells mixed with matrigel were injected on the  fl anks of 7 week old  nu/nu  (CD-1)
BR mice. XN application was started 4 days before cell injection. Twenty-four days 
after injection, the average tumor volume was signi fi cantly reduced by 70% by XN 
intervention. The average tumor weight was also signi fi cantly inhibited by about 
45%. Inhibition of tumor growth was accompanied by a reduction of vascularisation 
and extensive areas of necrosis and  fi brosis in comparison with control tumors 
(Albini et al.  2006  ) . 

 In a third investigation, Monteiro et al. tested the effect of orally applied XN on 
the growth of MCF-7 breast cancer xenografts    in male nude mice. XN was applied 
at a dose of 100  m M in 0.1% ethanol as drinking source for 60 days. In comparison 
with the solvent control, XN treatment non-signi fi cantly reduced average tumor 
weights. Morphologically, tumors from XN-treated animals showed large areas of 
necrosis, a decrease in the number of in fi ltrating in fl ammatory cells, and decreased 
NF- k B, phosphorylated I k B, and cytokine IL1 b  staining. XN treatment also reduced 
cell proliferation assessed by Ki67 staining from a diffuse pattern in control tumors 
to focal areas of proliferating cells, and doubled the number of TUNEL   -positive 
cells as an indication of apoptosis induction. Consistent with previous studies, 
tumors of XN-treated animals presented signi fi cantly lower microvessel density 
than tumors of control mice. Also, expression of factor VIII as an endothelial marker 
was signi fi cantly reduced.  

    4.6   Summary and Conclusion 

 As outlined above, XN is a natural product with a broad spectrum of biological 
activities. There is consistent evidence from in vitro studies that XN inhibits cell 
proliferation by inhibition of DNA synthesis, induction of cell cycle arrest and 
induction of apoptosis. Apoptosis induction is observed in a wide panel of cell types 
and in cancer cells derived from a large spectrum of tumor sites. Primary cells appear 
to be less sensitive to the anti-proliferative activity of XN than transformed cells. 
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 XN induces apoptosis by activation of the death receptor-mediated extrinsic as 
well as the mitochondria-mediated intrinsic pathway. Inhibition of TNF-mediated 
activation of NF- k B by XN has been associated with induction of apoptosis  via  the 
extrinsic pathway in various studies. In cell culture, XN treatment results in an 
immediate transient increase in O  

2
  −•   generation by inhibition of the mitochondrial 

respiratory chain. This increase in oxidative stress is considered as the trigger of 
apoptosis induction. Recent evidence indicates that XN induces ER stress as an 
additional mechanism of apoptosis induction, which might also be activated by 
ROS production. 

 Only few studies so far have addressed the question of whether XN reduces 
tumor growth  in vivo . Inhibition of mammary cancer and Karposi’s sarcoma 
xenograft growth by XN has consistently been related to the inhibition of angiogen-
esis. There is limited evidence that induction of apoptosis also contributes to tumor 
growth inhibition. The mechanisms of apoptosis induction  in vivo  may involve 
prevention of TNF-induced NF- k B activity.       
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  Abstract   Curcuminoids are biologically active polyphenols present in the spice 
and coloring agent turmeric. Dietary intake of curcuminoids has been associated 
a wide range of medicinal properties, including possible bene fi cial effects in the 
prevention of many forms of cancer. Studies carried out  in vitro  on cultured cells 
show that curcuminoids reduce the rate of cell division and induce apoptosis by 
affecting signal transduction pathways. However, there is a discrepancy between 
the curcuminoid dosage required for these  in vitro  effects and the most optimistic 
estimates on curcuminoid bioavailability following oral uptake. Therefore, the 
mechanism by which curcuminoids exert their biological effects through dietary 
intake remains incompletely understood. Curcuminoid bioavailability is dependent 
on several factors. These include solubility, chemical stability, ef fi ciency of digestive 
uptake, metabolic processing, and excretion. This review attempts to illuminate the 
current state of knowledge on the effect of these factors on curcuminoid bioavail-
ability. In addition, efforts to augment curcuminoid bioavailability through chemical 
modi fi cations, improved solubilization, increased stability, or alternative routes of 
administration are addressed.      

    5.1   Introduction 

 Curcuminoids are polyphenols extracted from the root of  Curcuma longa  (Braga 
et al.  2003 ; Verghese  1993  ) . They impart the yellow color to the spice turmeric, where 
they occur in amounts of 2–8% (   Hiserodt et al.  1996 ; Jayaprakasha et al.  2002 ; Tayyem 
et al.  2006  ) . Curcumin is the main ingredient (70–80%) in commercially available 
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curcumin preparations (Huang et al.  1995 ; Marczylo et al.  2007  ) . Structurally, 
curcumin (diferuloylmethane; 1,7-bis(4-hydroxy-3-methoxy phenyl)-1,6-heptadiene-
3,5,-dione; curcumin I) is composed of two feruloyl chromophores joined by a 
methylene group. Curcumin contains a diketone structure that exists in a tautomeric 
equilibrium with two possible enol structures through intramolecular hydrogen 
transfer. Indeed, in most organic solvents the enol form predominates (Payton 
et al.  2007  ) . Since the resulting two enol tautomers are in equilibrium, the single 
hydrogen atom shared by the two possible keto-enol structures becomes delocalized 
(Balasubramanian  2006 ; Mague et al.  2004  ) . In addition to curcumin, turmeric contains 
two additional structurally related congeners that lack either one (demethoxycurcumin 
[DMC], curcumin II,    15–25%) or both (bisdemethoxycurcumin [BDMC], curcumin 
III, 3–10%) methoxy groups in the phenyl rings (Fig.  5.1 ). Collectively, these com-
pounds are referred to as curcuminoids. However, the term ‘curcumin’ is often used 
interchangeably.  

  Fig. 5.1    Structure of curcuminoids (curcumin, demethoxy-, and bisdemethoxycurcumin) and the 
chemical degradation products of curcumin (vanillin, ferulic acid, and feruloylmethane). The keto-enol 
equilibria of curcumin are indicated.  * : A glutathione conjugation site at position C1 and an alter-
native  in vitro  enol glucuronidation site at position C5 [or C3].  ** : Alternative modi fi cation site for 
demethoxycurcumin at position C5 (Zeng et al.  2007  )        
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 Curcuminoids have been implicated in numerous medicinal applications. These 
include inhibition of tumor propagation, protection against Alzheimer disease and 
antiin fl ammatory properties [reviews: (Aggarwal and Sung  2009 ; Anand et al. 
 2007,   2008a ; Epstein et al.  2010 ; Hatcher et al.  2008 ; Villegas et al.  2008  ) ].  In vitro , 
curcumin slows the rate of cell division or induces apoptosis in a concentration 
dependent manner. These effects are observed at curcumin concentrations ranging 
from 10 to 100  m M depending on cell culture system. Inhibition of Alzheimer-
associated plaque formation and resolution of preexisting plaques has been reported 
at lower concentrations in the 1  m M range both  in vivo  and  in vitro  (Frautschy et al. 
 2001 ; Garcia-Alloza et al.  2007 ; Lim et al.  2001 ; Ono et al.  2004 ; Yang et al.  2005  ) . 
One conundrum associated with the biological effects of curcumin is its exceedingly 
poor bioavailability (Yang et al.  2008  ) . Following oral uptake of curcumin, the 
measured plasma concentration is extremely low, not exceeding transient levels of 
about 1  m M. It is therefore unclear how the effects observed in  in vivo  studies can be 
explained in terms of the biological effects observed  in vitro . Bioavailability is 
dependent on numerous factors. These include solubility, chemical stability, uptake, 
metabolism, and excretion. The inter-relationship between these factors on the 
bioavailability of curcuminoids is here examined.  

    5.2   Curcumin Solubility and Chemical Stability 

 It might be assumed that curcumin bioavailability through oral uptake is dependent 
on the compound being in solution before being absorbed into the bloodstream by 
the intestinal tract. The solubility properties of curcumin and its chemical stability 
therefore warrant some further consideration. 

 Curcumin is virtually insoluble in aqueous buffers at pH 5 [<10 −8  M] (Tønnesen 
 2002  ) . In this laboratory, the solubility of curcumin in deionized water, phosphate-
buffered saline, pH 7, with or without 1% dimethyl sulfoxide (DMSO), was found 
not to exceed 1  m M (personal observations), Astoundingly higher solubility values 
in water have been reported (Leung and Kee  2009 ; Maiti et al.  2007 ; Wang et al. 
 1997  ) , although it is not clear how these values were obtained. The water solubility 
of curcumin is greatly enhanced in alkaline solutions (~3 mM). This is accomplished 
by ionization through successive dissociation of protons from the three ionizable 
hydroxyl groups (two phenolic and one enolic, [Fig.  5.1 ]). The acidic constants 
have been variably determined as ranging from pKA 

1
  (enolic) = 7.7–8.55, pKA 

2
  

(phenolic) = 8.1–10.41 and pKA 
3
  (phenolic) = 9–10.69 (Bernabé-Pineda et al.  2004 ; 

Jovanovic et al.  1999 ; Priyadarsini et al.  2003 ; Shen and Ji  2007 ; Tang et al.  2002 ; 
Tønnesen and Karlsen  1985a  ) . However, curcumin is chemically unstable in alkaline 
solutions and undergoes spontaneous decomposition. The main decomposition 
products are vanillin, ferulic acid, and feruroyl methane. Vanillin is derived from 
further decomposition of feruloyl methane, which may in turn undergo condensation 
into yellow products with spectral absorption characteristics similar to curcumin 
(Tønnesen and Karlsen  1985a,   b ; Wang et al.  1997  ) . On the other hand, curcumin is 
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exceedingly stable at acidic pH. In aqueous solutions containing 10% methanol, 
degradation half-lives ranged from 6.6 × 10 3  h at pH 1.23, 4.6 h at pH 7.3, to 2.5 × 10 −2  h 
at pH 10.84 when incubated at 31.5°C (Tønnesen and Karlsen  1985a  ) . The pH-
dependent stability of curcumin was con fi rmed by Wang et al.  (  1997  )  although in this 
report 90% of the curcumin decomposed within 30 min when incubated with 0.1 M 
phosphate buffer (pH 7.2) at 37°C. 

 In contrast, the solubility and stability of curcumin in aqueous solutions is greatly 
enhanced by the presence of bovine serum albumin [BSA] (Barik et al.  2003 ; Blasius 
et al.  2004 ; Pfeiffer et al.  2003 ; Quitschke  2008 ; Wang et al.  1997  ) . Spectroscopic 
studies on BSA and human serum albumin [HSA] have indicated that this occurs 
through complex formation of curcumin (Zsila et al.  2003  )  via the interactions with 
both polar domains (Mandeville et al.  2009  )  and the hydrophobic domain surround-
ing Trp 214 [HSA] or Trp 213 [BSA] (Barik et al.  2003 ; Mandeville et al.  2009 ; 
Sahoo et al.  2008 ; Wang et al.  2005  ) . The overall binding constant was estimated to 
be 4–5 × 10 5  M −1 . A different study identi fi ed two different curcumin-HSA interaction 
sites: A high- and a low-af fi nity site with equilibrium constants of 2 × 10 5  M −1  and 
2.1 × 10 4  M −1 , respectively (Pulla Reddy et al.  1999  ) . As a result of the interaction 
with serum albumin, the stability of curcumin is greatly increased. Indeed, the rate 
of curcumin decomposition in HSA solutions was 16-fold lower than in comparable 
phosphate buffered solutions at pH 7.4 (Leung and Kee  2009  ) . It is likely that this 
is the reason why curcumin is similarly stabilized in solutions containing serum 
supplements (Blasius et al.  2004 ; Pfeiffer et al.  2003 ; Quitschke  2008 ; Wang et al. 
 1997  ) . The solubility of curcuminoids in serum albumin solutions is also greatly 
enhanced with a maximum solubility of about 2.5 mM in 5% BSA (Quitschke 
 2008  ) . Although the interaction of curcumin with serum albumin and other plasma 
proteins (Leung and Kee  2009  )  may have limited relevance to its bioavailability by 
oral uptake, it offers other alternatives for curcumin delivery, such as by intravenous 
injection (Quitschke  2008  ) . 

 The complex formation of curcumin with serum components is also crucial in 
the context of cell culture experiments, where this interaction may be the only 
source of curcumin solubility and stability in an otherwise aqueous nutrient solu-
tion. It is a little appreciated fact that curcumin pre-dissolved in an organic solvent 
will precipitate upon addition to an aqueous medium. In the serum-free culture 
medium, the soluble fraction of curcumin would then approach the solubility limit 
in aqueous solutions at physiological pH, i.e. ~1  m M. The remainder remains in a 
suspension that is readily pelleted under standard microcentrifuge conditions. The 
presence of serum in the culture medium increases curcumin solubility proportion-
ally to the serum concentration in the culture medium (usually 5–10%). However, 
the solubilization process takes time and requires continuous mixing for optimal 
results (Quitschke  2008  ) . The kinetics of solubilization has not been established 
under conditions where the dissolved curcumin is simply added to the medium 
prior to incubation. Since the interaction of suspended curcumin with cells has not 
been adequately characterized, results from cell culture experiments addressing 
issues relating to the dose-dependent effects of curcumin should be interpreted 
with caution. 
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 In contrast to its poor solubility in water, curcumin is readily dissolved in several 
organic solvents. Such solvents include alcohols, ketones, esters, and organic acids. 
The solubility of curcumin in these solvents has not been systematically determined, 
but it generally ranges from 1 to 30 mM. The common property of these solvents is 
that they have amphiphilic properties. According to the same principle, curcumin 
is also to varying degrees soluble in e.g. chloroform, acetonitrile, detergents, and 
polyethylene glycol (PEG). However, the solvent in which the highest levels of 
curcumin solubility can be achieved may conceivably be dimethyl sulfoxide (DMSO). 
In this solvent, curcumin concentrations as high as 1 M can be achieved. The most 
common solvents used for media dilution in cell culture experiments are ethanol 
and DMSO. The solubility of curcumin in organic solvents also forms the basis for 
its extraction from the powdered root of  Curcuma longa  (Braga et al.  2003 ; Verghese 
 1993  ) . The stability of curcumin in organic solvents usually poses no practical 
problem, in particular when stored at −20°C. However, photochemical degradation 
of curcumin in such solvents has been reported and the degradation products are 
different from those observed in aqueous solutions (Tønnesen et al.  1986  ) . The half-life 
(2–95 h) was solvent-dependent and increased with the concentration of curcumin 
in solution. 

 In the literature, curcumin is often referred to as being lipophilic. Assuming that 
lipophilic is de fi ned as a tendency to dissolve in non-polar solvents, this description 
is not entirely correct. Indeed, curcumin does not to any signi fi cant extent dissolve 
in strictly non-polar solvents such as diethylether or mineral oil. An example that 
best illustrates this situation is provided by a comparison of curcumin solubility in 
heptane and heptanoic acid. The solubility of curcumin is exceedingly low in 
heptane compared to its approximately 3,000-fold higher solubility in heptanoic 
acid. Furthermore, the solubility of curcumin decreases with increasing aliphatic 
chain length (unpublished results). These observations justify a careful quali fi cation 
of the lipophilic nature of the interaction of curcumin with cells and serum proteins. 
Clearly, curcumin does not have an af fi nity for hydrophobic moieties alone, but 
requires the balanced presence of hydrophilic residues as was suggested with its 
interaction with serum albumin (Mandeville et al.  2009  ) . It is therefore more accurate 
to describe the solubility behavior of curcumin as amphipathic (Sun et al.  2008  ) .  

    5.3   Curcumin Uptake, Tissue Distribution, and Excretion 

 After oral ingestion, curcumin travels through the gastrointestinal tract. It is  fi rst 
exposed to the acidic content of the stomach, followed by the somewhat alkaline 
environment of the small intestines. It is there mixed with digestive  fl uids from the 
pancreas and bile from the gall bladder. Before being eliminated through the bowel, 
it also encounters the intestinal  fl ora. The entire process takes place at 37°C . This 
provides ample opportunity for curcumin to be solubilized via complex formation 
with digestive proteins (pancreas) or interaction with organic molecules (bile). On the 
other hand, it also exposes curcumin to potential chemical degradation, although the 
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effect of light can be excluded here. The results on systemic availability addressed 
in this section are limited to the administration of standard curcumin preparations 
either in solid form (powder, capsules), as suspensions (oil, water) or in solutions 
(e.g. alkaline, organic solvents) for i.v. and i.p. injection. Special formulations and cur-
cumin co-administered with other compounds are discussed in subsequent sections. 

 In an early systematic investigation of curcumin metabolism (Holder et al.  1978  ) , 
tritiated curcumin was injected into rats either intravenously (i.v.) or intraperitone-
ally (i.p.). The excretion products of curcumin were then determined in urine and 
feces. Within 72 h after i.p. injection, about 73% of the radioactivity was excreted 
in the feces and 11% in the urine with no signi fi cant amount remaining in the tissues. 
Most of the excreted radioactivity was in the form of metabolized curcumin. The 
presence of the i.p. injected compound in feces suggested elimination via the bile. 
This was supported by the observation that 6 h after i.v. injection of [H 3 ]-curcumin, 
about 85% of the radioactivity was recovered in the bile (Holder et al.  1978  ) . 

 In another study on curcumin bioavailability (Wahlström and Blennow  1978  ) , 
1 g/kg of curcumin suspended in arachis oil was administered to rats by gavage in a 
single dose. The majority of the curcumin (65–85%) was excreted in the feces 
within 3 days while negligible amounts (<0.01%) were measured in the urine. 
Curcumin was detected in the plasma after 3 h in only one of four animals. A small 
proportion of curcumin (0.00056%) was found to be excreted in the bile and 0.015% 
was distributed in liver, kidneys and body fat. Most of the administered curcumin 
was located to the small intestines. After i.v injection of curcumin (in 0.1 N NaOH), 
the results were different, although the amount administered was not speci fi ed. 
In this case, 2.1% of the curcumin was excreted as free curcumin in the bile within 
3 h and 20% as conjugated curcumin, with a concomitant increase in bile  fl ow. 
At the same time, the relative amount in liver was 3.1% and in the kidneys 0.5%. 
The concentration of both free and conjugated curcumin in plasma reached a level 
of about 10  m g/ml within 5 min and declined to undetectable levels within 60 min 
(Wahlström and Blennow  1978  ) . 

 Ravindranath and Chandrasekhara  (  1980  )  administered a single dose of 400 mg 
curcumin by gavage and 40% of the curcumin was excreted unchanged in the feces 
over a 5 day period. No free curcumin was detected in the urine while conjugated 
products were increased for 7 days. Although it was implied, it was not established 
whether the conjugates were necessarily derived from curcumin. No curcumin was 
detected in blood from the heart or portal veins. The amount of curcumin in the 
gastrointestinal tract decreased from 96% to 38% during the 24-h period after 
administration. The difference was interpreted as representing curcumin absorption 
(Ravindranath and Chandrasekhara  1980  ) . The uptake and excretion of curcumin 
after oral uptake was further investigated by the same group using tritiated curcumin. 
Three doses (400, 80, and 10 mg) of [H 3 ]-curcumin suspended in water with 0.01% 
Tween 20 was administered to rats by gavage and the excretion of radioactivity 
was monitored for 12 days. The main route of excretion was via the feces, which 
accounted for 59–99% of the total amount of radioactivity administered, of which 
about 34% was in the form of unmodi fi ed curcumin. Most of the radioactivity was 
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excreted during the  fi rst 3 days after oral intake. Very little radioactivity (1–4%) was 
eliminated via the urin (Ravindranath and Chandrasekhara  1982  ) . 

 More recent studies on the systemic uptake of curcumin reported a maximum 
serum concentration of 500 ng/ml (1.36  m M), which was attained less than 1 h following 
the oral administration of 100–300 mg/ml of curcumin suspended in water-Tween-20 
(Liu et al.  2006 ; Maiti et al.  2007  ) . Thereafter, the serum concentration of curcumin 
declined linearly to undetectable levels over 6 h. Very similar results were obtained 
by Shoba et al.  (  1998  )  except that after administering a nearly tenfold higher dose 
of curcumin (2 g/kg), the maximum serum concentration more than doubled to 
1.35  m g/ml (3.67  m M). In the same study, a single 2 g (~30 mg/kg) dose of curcumin 
administered to humans resulted in negligible serum concentrations in the low nM 
range (Shoba et al.  1998  ) . 

 Marczylo et al.  (  2009  )  determined the urine, plasma and tissue distribution 
of curcumin 20 min after oral intake (340 mg/kg) in the rat. The highest levels of 
curcumin was found in the rat intestinal mucosa (1,400  m g/g) followed by liver 
(3.7  m g/g), heart (0.8  m g/g) and kidney (0.2  m g/g). Plasma and urine levels reached 
16.1 and 2 ng/ml, respectively. Most of the curcumin was present as glucuronides of 
either the parental compound or its reduction products (Marczylo et al.  2009  )  .  

 A systematic investigation of the uptake of curcumin was carried out on mice 
to evaluate their potential application in Alzheimer disease (Begum et al.  2008  ) . 
For acute oral administration by gavage, mice were given two doses of curcumin 
(148  m g, ~6 mg/kg) on two consecutive days. For chronic oral administration, 
curcumin was mixed with food at two different concentrations (~1.25 mg/day and 
 ~ 10 mg/day) for 4 months. The mice were subsequently analyzed for the presence 
of curcumin in plasma and brain tissue. Following acute administration, no 
curcumin was detected in the plasma, while the level in the brain was 0.519  m g/g. 
In contrast, after chronic administration, plasma concentrations of 35 ng/ml 
(low dose) and 171 ng/ml (high dose) were recorded. The comparable respective 
values for brain curcumin levels were 0.469 and 0.525  m g/g. After chronic oral 
administration of curcumin, the reduction product tetrahydrocurcumin was detected 
in both plasma and brain tissue at 10–25% of the curcumin level, indicating some 
degree of metabolic conversion. These results indicate that the plasma concentration 
after oral uptake of curcumin is dose-dependent while the concentration in brain is 
largely constant (0.469 and 0.525  m g/ml), even after acute administration of 
curcumin (0.519  m g/g). Delivery of curcumin by single intramuscular (i.m.; 3 mg/kg) 
or i.p. (6 mg/kg) injections yielded higher plasma levels (127 ng/ml, i.p.; 238 ng/ml, 
i.m.) than those obtained by acute oral administration. The brain concentrations 
(0.739  m g/g, i.p.; 1.162  m g/g, i.m.) were consistently higher than those obtained by 
either acute or chronic oral administration. 

 The distribution of curcumin into other tissues of mice and rats has been further 
investigated following oral uptake (Marczylo et al.  2009 ; Padhye et al.  2009a ; 
Suresh and Srinivasan  2010  )  and i.p. or i.v. injection (Perkins et al.  2002 ; Yang 
et al.  2007  ) . As expected, the by far highest levels are found in the intestines 
both after oral ingestion and i.p. injection. High curcumin concentrations are also 
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recorded in the liver. The distribution in other organs and tissues vary between 
studies (Table  5.1 ). In general, tissue levels of curcumin are much higher than 
comparable plasma levels.  

 A very recent article on the systemic distribution and excretion in rats after oral 
uptake of curcumin suspended in peanut oil (500 mg/kg) reported vastly higher 
values of curcumin serum levels than comparable previous studies. Six days after 
uptake, a maximum curcumin serum concentration of 83.8  m g/ml (228  m M!) was 
reported. Interestingly, the comparable curcumin content of total blood was 490.3  m g. 
Assuming that whole blood contains about 50% serum, almost all of the blood curcumin 
would be accounted for in the serum fraction. This suggests that curcumin does not 
adhere to other cellular components to any signi fi cant degree. The values for the 
tissue distribution (liver, kidney, intestine) of curcumin is in the same range as those 
reported by others, although the data are dif fi cult to compare since they are reported 
in  m g/whole tissue (Table  5.1 ). 36.5% of administered curcumin was eliminated in 
the feces and 0.173% in the urine (Suresh and Srinivasan  2010  ) . 

 These and additional studies on the distribution of curcumin in plasma and tissues 
in mice and rats after either oral intake or i.v. and i.p. injections are summarized in 
Table  5.1 . The plasma concentrations for both species range from 16.1 to 500 ng/ml 
(43 nM–1.36  m M) after a single oral dose by gavage. Vastly higher initial plasma 
concentrations up to 10,000 ng/ml (27  m M) can be achieved by i.p or i.v. injection. 
However, the plasma levels of curcumin and their metabolites are exceedingly 
transient and generally decline to undetectable levels within 4–12 h. Curcumin levels 
in tissues vary greatly, but they are generally much higher (10–100-fold, p.o.) than 
corresponding plasma levels. Particularly after oral intake, but also after i.p injections, 
the highest curcumin levels are consistently observed in the intestines followed by 
the liver. 

 Much of the information on the systemic availability of curcumin in humans was 
obtained from clinical trials for a range of conditions (Baum et al.  2007,   2008 ; 
Cheng et al.  2001 ; Dhillon et al.  2008 ; Garcea et al.  2004 ; Garcea et al.  2005 ; Lao et al. 
 2006 ; Sharma et al.  2001,   2004  )  and complementary to animal studies (Shoba et al. 
 1998  ) . These results are summarized in Table  5.2 . Plasma curcumin concentrations 
ranged from undetectable to the highest levels of about 1.75  m M, which are compa-
rable to those observed in animal studies.  

 In summary, data from both animal and human studies suggest that the plasma 
curcumin levels following oral uptake are relatively low ranging from undetectable 
levels to concentrations of up to 1.75  m M, (Tables  5.1  and  5.2 ). The primary route of 
elimination is via the feces. Here the curcumin may pass either unmodi fi ed without 
prior uptake or via the bloodstream into the bile after modi fi cation in the liver. 
Urinary excretion is by comparison of secondary importance. As most of these 
studies indicate, free curcumin is a minor species in circulation and elimination. 
Instead, curcumin is vigorously modi fi ed to generate reduction and conjugation 
products. However, in animal studies the reported tissue concentrations after oral 
uptake are quite signi fi cant reaching levels as high as in the mM range in the intestines 
and about 10  m M in the liver after oral uptake (Marczylo et al.  2009  ) . Even in the 
brain, which is the organ with the lowest reported concentration of curcumin, levels 
of 1–3  m M are consistently detected. Higher levels of systemic curcumin are obtained 
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   Table 5.1    Curcumin levels in plasma and tissues (animal studies)   

 Dose (Species), route 
 Cmax a  (ng/ml) 
plasma 

 Tmax (h) 
plasma  Tissue ( m g/g)  Reference 

 340 mg/kg (rat), p.o  ~87  0.5–1  na  Marczylo et al. 
 (  2007  )  

 340 mg/kg (rat), p.o  16.1  0.25  Intestine: 1,400  Marczylo et al. 
 (  2009  )   Liver: 3.67 

 Kidney: 0.21 
 Heart: 0.807 

 2 g/kg (rat), oral  1350  0.83  na  Shoba et al.  (  1998  )  
 100 mg/kg (rat), p.o  266.7  1.62  na  Liu et al.  (  2006  )  
 ~2.3 g/kg (rat), p.o  Trace  0.25–24  na  Ravindranath and 

Chandrasekhara 
 (  1980  )  

 1 g/kg (rat), oral  Trace-nd  0–1  na  Wahlström and 
Blennow  (  1978  )   Not speci fi ed (rat), i.v.  ~100  <0.08 

 1 g/kg, p.o  500  0.75 h  na  Maiti et al.  (  2007  )  
 ~6 mg/kg (mouse), p.o  n.d  4 b   Brain: 0.519  Begum et al. 

 (  2008  )   ~6 mg/kg (mouse) i.p.  127 l  Brain: 0.739 
 ~3 mg/kg (mouse), i.m.  238  Brain: 1.162 
 50 mg/kg (mouse), i.v.  nd  na  na  Wang et al.  (  2008  )  
 100 mg/kg (rat), p.o  64.6  2  na  Takahashi et al. 

( 2009 ) 
 50 mg/kg (mouse), p.o  ~40  1.5  na  Narayanan et al. 

( 2009 ) 
 10 mg/kg (rat), i.v.  ~10,000  <0.08  na  Ma et al.  (  2007  )  
 250 mg/kg (rat), p.o  90.3  0.5  na  Shaikh et al.  (  2009  )  
 400 mg/kg (rat), oral  nd (<20)  na  na  Xu et al.  (  2006  )  
 100 mg/kg (rat), p.o  ~200  ~0.5  na  Asai and Miyazawa 

 (  2000  )  
 1 g/kg (mouse), oral  220  1  na  Pan et al.  (  1999  )  
 100 mg/kg (mouse), i.p.  2,250 (600)  0.25 (1)  Intestine: 117.04 

 Liver: 26.9 
 Kidney: 7.51 
 Spleen: 26.06 
 Brain: 0.41 

 250 mg/kg (mouse), p.o  220  1  Padhye et al. 
 (  2009a    )  

 0.5% in diet (mouse)   , p.o.  ~1.8  ss  Intestine (s): 
88.3 

 Perkins et al. 
 (  2002  )  

 100 mg/kg (mouse), i.p.  9,200  ns (<4)  Intestine (l): 
263.1 

 Intestine: 73.6 
 Liver: 26.9 
 Lungs: 5.9 
 Heart: 3.4 
 Muscle: 3.1 
 Kidney:28.7 
 Brain: 0.41 

(continued)
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by alternate routes of administrations such as i.v., i.m., and i.p. injections. Overall, 
the systemic availability of curcumin as judged by plasma levels does not seem 
high enough to achieve many of the effects observed in cell culture. However, the 
relatively high levels in tissues reach concentrations that justify the suspicion that 
biological effects are indeed feasible. In particular, a potential for the treatment and 
prevention of Alzheimer disease exists due to the much lower levels of curcumin 
required to affect biochemical changes related to this disorder. It therefore seems 
appropriate to consider tissue distribution, rather than plasma levels, when evaluating the 
therapeutic potential of curcumin.  

Table 5.1 (continued)

   Table 5.2    Plasma curcumin levels in humans   

 Oral dose curcumin  Peak plasma level (ng/ml) a   Reference 

 36–180 mg/day  nd  Sharma et al.  (  2001  )  
 3.6 g/day  4.2  Sharma et al.  (  2004  )  
 0.45,1.8,3.6 g/day  nd-trace  Garcea et al.  (  2004  )  
 1 g/day  198b  Baum et al.  (  2008  )  
 4 g/day  328 b  
 4 g/day  188  Cheng et al.  (  2001  )  
 6 g/day  236 
 8 g/day  651 
 10,12 g/day  nd-trace  Vareed et al.  (  2008  )  
 1 g/day  155  Baum et al.  (  2007  )  
 4 g/day  294 
 1,2,4,6,8,10,12 g/day  nd-trace  Lao et al.  (  2006  )  
 3.6 g/day  Trace  Garcea et al.  (  2005  )  
 8 g/day  nd  Dhillon et al.  (  2008  )  
 2 g  Trace  Shoba et al. ( 1998 ) 
 2 g  150  Antony et al.  (  2008  )  

  Abbreviations:  nd  not detected 
  a Total curcuminoids, including metabolic products 
  b Calculated median value  

 Dose (Species), route 
 Cmax a  (ng/ml) 
plasma 

 Tmax (h) 
plasma  Tissue ( m g/g)  Reference 

 500 mg/kg (rat), p.o.  60  0.7  na  Yang et al.  (  2007  )  
 10 mg/kg (rat), i.v.  360  ns (<0.08) 
 500 mg/kg (rat), p.o.  83,800  6  Intestine: 11,830  Suresh and 

Srinivasan 
 (  2010  )  

 Liver: 135.2 
 Kidney: 9.03 
 Note: whole 

tissue 

  Abbreviations:  p.o.  per os,  i.v.  intravenous,  i.p.  intraperitoneal,  nd  not detected,  na  not available, 
 ns  not speci fi ed,  ss  steady state,  s  small,  l  large 
  a Total curcuminoids, including metabolites 
  b Time of measurement  
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    5.4   Curcumin Metabolism 

 As suggested in the preceding section, curcumin undergoes metabolic transformation 
 in vivo . This transformation takes place via both phase I and phase II metabolic 
pathways. The phase I metabolism of curcumin generates exclusively reduction 
products such as dihydrocurcumin, tetrahydrocurcumin, hexahydrocurcumin and 
octahydrocurcumin [hexahydrocurcuminol] (Fig.  5.2 ). The phase II metabolites are 
primarily curcumin mono-glucuronide, curcumin mono-sulfate, or mixed curcumin 
glucuronide-sulfate conjugated at either of the phenolic residues (Fig.  5.2 ). The phase 
I metabolites may also be similarly conjugated. The results from the following section 
are summarized in Table  5.3 .   

 In an early study on curcumin metabolism, [H 3 ]-curcumin was administered to rats 
by i.p. injection. As discussed above, within 6 h after i.v. injection of [H 3 ]-curcumin 
about 85% of the radioactivity was recovered in the bile and 95% of this was accounted 
for by glucuronidated conjugates of curcumin. The conjugated fraction was deglucuroni-
dated and further fractionated into tetrahydrocurcumin (50%), hexahydrocurcumin 
(42%), and a smaller amount of dihydroferulic acid (4%). Consequently, the main 

  Fig. 5.2    Structures of curcumin phase I (reduction) and phase II (conjugation) metabolites as 
described in the text.  * : Alternative  in vitro  glucuronidation site       
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excretion products in the bile had been formed by reduction and subsequent 
glucuronidation of curcumin (Holder et al.  1978  ) . Wahlström and Blennow  (  1978  )  
found that after i.v. injection, 2.1% of the administered curcumin excreted in 
the bile was in the free and 20.1% (i.e. ~90% of the total) in the conjugated form. 
By comparison, using perfused livers, 49% of the curcumin was excreted in the 
bile in the conjugated form. In suspensions of isolated hepatocytes, added curcumin 
disappeared from the medium as a result of rapid metabolism (Wahlström and 
Blennow  1978  ) . Although these metabolic products were not identi fi ed, it may be 
concluded from other similar studies (see below) that they represented phase I metabo-
lites of curcumin. 

 An  in vitro  study used everted intestinal sacs from rats that were incubated with 
curcumin on the mucosal (luminal) side to determine the potential for intestinal 
absorption. Much of the curcumin disappeared from the mucosal side, but was not 
detectable in the serosal  fl uid (Ravindranath and Chandrasekhara  1981  ) . In addition, 
little curcumin was recovered in the intestinal tissue. Instead, a structurally related, 
less polar, colorless compound was detected in both the intestinal tissue and in the 
serosal  fl uid (Ravindranath and Chandrasekhara  1981  ) . It may again be surmised 
that this compound represents either reduction or more likely, chemical degradation 
products of curcumin, since these no longer absorb light in the 420 nm range. It was 
concluded that curcumin undergoes vigorous metabolic transformation during 
uptake in the intestinal tract, which may limit its systemic availability. 

 After i.p. injection of curcumin in mice, Pan et al.  (  1999  )  identi fi ed a range of 
curcumin metabolic products by reversed phase chromatography. It was proposed 
that curcumin undergoes sequential phase I reduction to dihydrocurcumin, tetrahy-
drocurcumin and hexahydrocurcumin. Glucuronidated phase II metabolites included 
curcumin-glucuronide and glucuronidated reduction products. Indeed, about 99% 
of the curcumin and >85% of the tetrahydrocurcumin in plasma was conjugated 
(Pan et al.  1999  ) . Except for the additional identi fi cation of the reduction product 
dihydrocurcumin, these metabolic products were essentially the same as those identi fi ed 
by Holder et al.  (  1978  ) . Interestingly, the presence of the other major conjugation 
product, curcumin sulfate, was not reported in either study. 

 Curcumin sulfate was  fi rst detected as a major metabolite in rat plasma after 
curcumin administration by gavage (Asai and Miyazawa  2000  ) . In this instance, 
about 99% of the plasma curcumin was present in either the glucuronidated form 
(~42%) or as a mixed glucuronide/sulfate conjugate (~58%). It was also found that 
the curcumin congeners DMC and BDMC were similarly processed. In contrast to 
the data reported by Holder et al.  (  1978  )  and Pan et al.  (  1999  ) , this study did not detect 
tetrahydrocurcumin or its conjugates as metabolic products. This discrepancy was 
interpreted as resulting from the difference in the methods of curcumin administration 
(i.e., oral vs. i.p and i.v.). Accordingly, curcumin would be differently processed 
depending on whether it bypassed or was absorbed by the alimentary tract. 

 Another study investigated the metabolism of curcumin following oral or i.v. injected 
curcumin in rats. In both cases, the presence of curcumin-glucuronide, -sulfate and 
mixed -glucuronide/sulfate was demonstrated. Judging from an HPLC chromato-
gram from plasma extract following i.v. injection, curcumin-glucuronide and mixed 
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curcumin-glucuronide/sulfate were represented in approximately equal proportions, 
whereas the level of curcumin-sulfate was lower (~10% of total conjugates). In contrast, 
incubating curcumin with rat or human hepatocyte suspensions yielded primarily 
the reduction product hexahydrocurcumin. A proportion of hexahydrocurcumin 
was further reduced to the newly identi fi ed hexahydrocurcuminol (octahydro-
curcumin). Consequently, primarily the reduction products of curcumin were 
generated in liver cell suspensions, whereas the conjugated products predominated 
 in vivo  (Ireson et al.  2001  ) . 

 Curcumin reduction products and glucuronidation have also been demonstrated 
in cell free systems and liver tissue slices from the rat (Hoehle et al.  2006  ) . The 
major metabolite in rat liver slices was hexahydrocurcumin. Sex differences were 
noted in the conversion to octa- and tetrahydrocurcumin. Liver slices from male rats 
produced octahydrocurcumin more ef fi ciently, whereas slices from female rats 
generated more tetrahydrocurcumin. Most of the hydrocurcumins were in the glucu-
ronidated form with a signi fi cant proportion sulfate. DMC and BDMC were 
similarly metabolized (Hoehle et al.  2006  ) . In contrast, an  in vivo  study on 
the metabolism of DMC in rats uncovered seven additional reduction products in 
urine and feces after oral intake. These included primarily 5-O-methyl- and 5-dehy-
droxy-hexahydrodemethoxycurcumins (Fig.  5.1 ). The distribution of these 
additional reduction products differed in urine and feces. Since DMC is the only 
asymmetric curcuminoid, the two enol isomers could be distinguished by NMR. 
The isomer with the enol group in the C5 position was found to predominate (Zeng 
et al.  2007  ) . This is consistent with the observation that methylation and dehydroxy-
lation occurs primarily at this site. 

 Cytosol extracts from rat liver or alcohol dehydrogenase supplemented with 
NADH produced the full spectrum of unconjugated curcumin reduction products 
while microsomal fractions supplemented with uridine diphosphate glucuronic acid 
produced the glucuronidated products (Hoehle et al.  2006  ) . Similar results were 
obtained by    Ireson et al. ( 2002 ). The glucuronidation of curcumin was further 
quantitated in cell-free microsomal preparations from liver and intestine (Pfeiffer 
et al.  2007  ) . While human microsomal preparations from intestines and liver yielded 
similar glucuronidation activities, the activity in microsomes from rat intestine 
was about fourfold higher than from liver (Pfeiffer et al.  2007  ) . In contrast, Ireson 
et al.  (  2002  )  detected a 60-fold higher glucuronidation activity in rat liver than 
intestine. In human microsomal preparations, the activity was about 2.7-fold higher 
in the intestine than in the liver. Similarly, Asai and Miyazawa  (  2000  )  found an 
approximately threefold higher glucuronidation activity in enzyme preparations 
from rat liver compared to both small and large intestine. 

 The glucuronidation of curcumin is catalyzed by UDP-glucuronosyltransferase 
and this enzyme exists in multiple isoforms (Tukey and Strassburg  2000  ) . Microsomes 
expressing nine UGT isoforms that are also expressed in human liver and intestines 
were expressed in baculovirus-infected cells and analyzed for their ability to differ-
entially activate curcuminoid glucuronidation. Although most of the isoforms were 
to some extent able to affect curcuminoid glucuronidation, the highest activities 
for the native curcuminoids were found with isoforms UGT1A1, 1A8, and 1A10 
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(Hoehle et al.  2007 ; Pfeiffer et al.  2007  ) . Using hexahydrocurcumin as a substrate 
the highest activities were found with isoforms UGT1A8, 1A9, and 2B7. Both the 
native and the hydrogenated form of BDMC appeared to be poorer substrates for 
UGT than the two other curcuminoids (Hoehle et al.  2007  ) . 

 Sulfation is accomplished with the cytosolic enzyme sulfotransferase [SULT] 
(Nagata and Yamazoe  2000  ) . SULT activity was primarily detected in enzyme prep-
arations from rat liver and kidney with little or no activity in either large or small 
intestines (Asai and Miyazawa  2000  ) . Similar results were obtained by Ireson et al. 
( 2002 ) with cytosol preparations from rat livers showing a sevenfold higher sulfation 
activity than rat intestines. In contrast, SULT activities in human intestinal prepara-
tions were about 2.6-fold higher than those in the liver. Furthermore, the presence 
of the two SULT isoforms SULT1A1 and SULT1A3 were identi fi ed by Western blot 
analysis in human intestinal and liver tissue (Ireson et al.  2002  ) . 

 Both glucuronidated and sulfated curcumin were also identi fi ed in the plasma 
from peripheral and portal circulation in humans after oral ingestion of curcumin 
(Garcea et al.  2004  ) . In one study, the ratio of glucuronidated/sulfated product was 
found to be 1.92 (Vareed et al.  2008  ) . Baum et al.  (  2007  )  detected no curcuminoids 
or metabolic products unless the plasma had been pretreated with glucuronidase. 
In addition, the reduction product tetrahydrocurcumin was identi fi ed together with 
signi fi cant amounts of ferulic acid and vanillic acid (Baum et al.  2007  ) . 

 Glutathione conjugation of curcumin mediated by glutathione S-transferase has 
also been reported in cell-free preparations from human intestine and liver and in 
cultured Caco-2 cells. In contrast to the phenolic glucuronide and sulfate conjugation, 
this conjugation takes place on the (C1) unsaturated carbonyl site of curcumin 
(Usta et al.  2007  )  [Figs.  5.1  and  5.2 ]. A glucuronidation product at the enol site of 
curcumin was also identi fi ed in cell free preparations by Pfeiffer et al.  (  2007  )  
[Fig.  5.1 ]. However, since these conjugation products have not been unequivocally 
identi fi ed  in vivo , their biological signi fi cance remains uncertain. 

 Based on these data, it seems likely that after oral uptake, a portion of the free 
curcumin is  fi rst glucuronidated and/or sulfated in the intestinal mucosa concomi-
tant with systemic uptake. Further phase I reduction may then take place in the liver, 
where the curcumin reduction products may also be conjugated prior to excretion 
via the bile (feces) and to a much lesser extent the kidneys. The remaining free 
curcumin that escapes conjugation in the intestines is then likely complexed with 
albumin and other serum proteins as it is transferred to the bloodstream. Upon entering 
the capillary circulation, the free curcumin can then be released to individual cells, 
where they can exert their biological effects. Supporting this notion is a careful 
examination of the data reported by Marczylo et al.  (  2009  ) . The published chromato-
grams seem to suggest that the composition of curcuminoids in plasma and urine 
differs from that in tissues. All curcuminoids in urine and the majority in plasma 
are conjugated. In contrast, the parent compounds seem to predominate in the 
organs. It is therefore conceivable that curcumin in plasma re fl ects residual curcumin 
that has escaped cellular binding and has been metabolized in the liver. Circulating 
curcumin may also re fl ect metabolic products from other cells and tissues. For example, 
Baum et al.  (  2007  )  identi fi ed signi fi cant amounts of the additional curcumin-derived 
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products vanillic acid and ferulic acid in plasma and Holder  (  1978  )  reported the 
presence of dihydroferulic acid in bile. Although these compounds are identical or 
structurally related to those formed by chemical decomposition, it is conceivable 
that alternative metabolic processes exist other than the reduction processes that 
typically occur in the liver. The conspicuously low and rapidly declining plasma levels 
may re fl ect rapid tissue binding followed by gradual slow release of unconventional 
metabolic products.  

    5.5   Strategies for Increasing Curcumin Bioavailability 

 The limited uptake of curcumin in the intestinal tract may conceivably be due to 
its low solubility. Strategies to overcome this obstacle include the development of 
formulations that improve the solubilization of curcumin. A further problem is its 
rapid conversion to biologically less active conjugates followed by excretion via the 
bile or urine. Inhibiting this metabolic conversion and thereby increasing the half-
life of available curcumin in circulation offers the additional potential possibility for 
enhancing its bioavailability. In addition, the design of structural analogues that 
retain or enhance the biological activity of curcumin and show a better solubilization 
pro fi le in water is vigorously pursued. 

    5.5.1   Inhibition of Metabolic Enzymes 

 Piperine is an alkaloid derived from black pepper that has been shown to enhance 
the oral bioavailability by oral uptake of a wide range of drugs and supplements, 
including phenytoin (Pattanaik et al.  2006  ) , theophylline, propranolol, (Bano et al. 
 1991  ) , coenzyme Q10 (Badmaev et al.  2000  ) ,  b -lactam antibiotics (Hiwale et al.  2002  ) , 
and curcumin (Shoba et al.  1998  )  [For review, see (Srinivasan  2007  ) ]. The mechanism 
for this effect remains obscure, but it may involve synergistic interactions between 
piperine and the co-administered substances, inhibition of gastrointestinal passage 
(Bajad et al.  2001  ) , or the inhibition of metabolic enzymes. 

 Most relevant for the effect on curcumin metabolism are earlier reports that 
piperine inhibits the activity of UGT both  in vivo  and  in vitro  (Atal et al.  1985 ; Reen 
and Singh  1991 ; Singh et al.  1986 ). The inhibition of UGT was more pronounced in 
cell-free preparations from rat intestine than liver (Reen and Singh  1991  ) . However, 
a more recent systematic  in vitro  study on the inhibition of metabolic enzymes from 
human liver preparations and the intestinal cell line LS180 showed no inhibition 
of acetaminophen glucuronidation or sulfation by piperine (Volak et al.  2008  ) . 
However, piperine inhibited UGT activity  in vivo  and  in vitro  and this effect was 
enhanced  in vivo  by the co-administration of curcumin and capsaicin (Suresh 
and Srinivasan  2006  ) . Interestingly, curcuminoids by themselves inhibited both 
glucuronidation and sulfation (Volak et al.  2008  ) . Similarly, Basu et al. reported the 
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inhibition of UGTs with mouse duodenal microsomes after oral uptake of curcumin 
and in LS180 cells by preventing PKC-mediated phosphorylation of UGT (Basu 
et al.  2004 ,  2007 ). These effects were limited primarily to the intestinal mucosa. 
Administration of curcuminoids and piperine (50  m M) together did not appreciably 
change the IC 

50
  values for glucuronidation (11  m M) or sulfation (4.1  m M) vs. cur-

cuminoids alone (10 and 4.3  m M, respectively). Both curcuminoids and piperine also 
speci fi cally inhibited multiple cytochrome P 

450
  enzymes (Oetari et al.  1996 ; Suresh 

and Srinivasan  2006 ; Volak et al.  2008  ) . Another  in vitro  study found that a 100  m M 
concentration of piperine inhibited the glucuronidation of (−)-epigallocatechin-3-gal-
late from green tea by 40% with microsomes from the mouse intestinal tract but not 
with liver (Lambert et al.  2004  ) . 

 Although these studies are not conclusive, they seem to suggest a role for piper-
ine in the inhibition of glucuronidation in the intestinal mucosa. The observation 
that there is a stronger inhibition of UGTs from intestinal tissue than liver seems to 
support this notion. However, the fact that curcuminoids by themselves also inhibit 
both sulfation and glucuronidation suggests that this effect alone may not be respon-
sible for the increase in bioavailability from the co-administration of curcumin and 
piperine as observed in several studies. 

 Oral administration of curcumin (2 g/kg) and piperine (20 mg/kg) in rats, transiently 
increased the level of serum curcumin by about 154%. In humans, the effect was 
more profound. Ingestion of 2 g of curcumin and 20 mg of piperine increased the 
serum curcumin level 20-fold versus the intake of curcumin alone (Shoba et al. 
 1998  ) . A cross-over study with six human subjects ingesting 2 g of curcumin with 
5 mg of piperine showed an initial rapid increase to a maximum after 60 min to 
serum curcumin levels that were about threefold higher than without piperine. 
That level remained stable and declined after 140 min following ingestion. In contrast, 
curcumin levels without piperine gradually increased for 140 min after uptake followed 
by a rapid decline (Anand et al.  2007  ) . A study coincidental to developing probes 
for Alzheimer  b -amyloid plaque imaging found increased levels (45–75%) of radio-
labeled [18 F ]- fl uoropropyl substituted curcumin in blood, brain, and spleen after 
co-injection with piperine in mice. However, these effects were transient and had 
already been neutralized within 30–60 min (Ryu et al.  2006  ) . 

 These  in vivo  studies show that the simultaneous administration of curcumin and 
piperine may have some bene fi cial effects on the bioavailability of curcumin. Although 
seemingly impressive, these effects are exceedingly short-lived and terminate within 
30–120 min. Clearly, more studies are required to assess the therapeutic potential of 
co-administered curcumin and piperine. These include studies of chronic intake and 
perhaps using higher doses of piperine, which has a favorable toxic pro fi le when 
ingested orally [review: (Srinivasan  2007  ) ].  

    5.5.2   Formulations for Enhanced Solubilization 

 Numerous attempts have been made to improve curcumin bioavailability and stability 
by enhancing its solubility properties. In addition to curcumin solubilization with 
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albumin solutions and serum as described earlier, these include the encapsulation 
in liposomes, micelles, or nanoparticles, complex formation with phospholipids, 
cyclodextrin, or metals. 

 Liposomal micelles characteristically contain amphiphilic polymers with hydro-
phobic and hydrophilic blocks of varying composition. Under appropriate conditions 
these polymers self-assemble into micelles in aqueous solutions (Letchford et al. 
 2008  ) . Such micelles dramatically improve the solubility and chemical stability of 
curcumin in aqueous media compared to free curcumin (Tønnesen  2002  ) . As deter-
mined by  in vitro  dialysis, curcumin release from micelles (98.7%) was slower than 
that of free curcumin (68%) in distilled water after 6 h. However, in the presence 
of serum albumin, the situation was reversed [36% and 70.8%, respectively] 
(Ma et al.  2007  ) . Kunwar et al., found comparable binding of liposomal and albumin 
solubilized curcumin to cultured cells (Kunwar et al.  2006  ) . Liposomal preparations 
increased the chemical stability of curcumin in phosphate buffered saline, whereas 
the stability was similar to free curcumin in plasma and cell culture medium 
containing fetal bovine serum (Chen et al.  2009  ) . It is most likely that this is due to 
the stabilization of free curcumin by binding to albumin and other serum compo-
nents. Curcumin encapsulated in liposomes were found to have similar properties to 
conventional preparations in cell culture studies (Li et al.  2005  ) . After i.v. injection 
of liposomal curcumin in mice (40 mg/kg curcumin), the liposomal preparation 
inhibited pancreatic carcinoma, colorectal cancer and tumor angiogenesis (Li et al. 
 2005,   2007  ) . However, these studies did not speci fi cally address the  in vivo  bio-
availability of liposomal curcumin preparations. 

 A study administering liposomal-encapsulated curcumin (1 mg/100 ml) by i.v. 
injection into mice reported a peak plasma concentration of 8.79 pM after 4 h. The 
level declined to undetectable levels after 48 h. By comparison, DMSO solubilized 
curcumin was never detected in the plasma. Low concentrations of curcumin 
(0.009–0.070  m M) were also detected in the liver after both liposomal and DMSO-
solubilized curcumin injection (Wang et al.  2008  ) . In a different study, micellar 
curcumin was compared to curcumin solubilized in a formulation (DPD) of N,N-
dimethylacetamide [15%], PEG400 [45%], and 5% dextrose [40%] by i.v. injection 
into rats. A rapid decrease in curcumin plasma concentration with both formulations 
was observed within 2 h of injection. However, liposomal curcumin concentrations 
remained relatively stable for 24 h [t 

1/2
  = 60.5 h], whereas curcumin solubilized in 

DPD rapidly declined to unquanti fi able levels [t 
1/2

  = 0.57 h]. In addition, other phar-
macokinetic parameters such as clearance, volume distribution, and mean residence 
time were more favorable for micellar curcumin by orders of magnitude (Ma et al. 
 2007  ) . Two hours after oral ingestion by rats, curcumin solubilized as a phospholipid 
complex had a higher serum concentration (~700 ng/ml) than conventional curcumin 
(~260 ng/ml). Similar ratios persisted after 16 h (~300 vs. 100 ng/ml). However, it needs 
to be pointed out that the administered dose for the phospholipid-curcumin complex 
(300 mg/kg) was three times higher than the dose for conventional curcumin [100 mg/
kg] (Liu et al.  2006  ) , although similar results were obtained by Maiti et al.  (  2007  )  
using the same amount of conventional curcumin and phospholipid-curcumin complex 
[1 g/kg]. In this case, the maximal concentration was reached within 0.75–2 h after 
uptake with serum concentrations of 0.5  m g/ml for conventional curcumin and 
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1.2  m g/ml for phospholipid-curcumin with concomitant increases in elimination 
half-life (Maiti et al.  2007  ) . 

 In cell culture studies, PLGA [po   ly(lactic-co-glycolic acid)]-encapsulated cur-
cumin was shown to improve cellular uptake by as much as sixfold compared to 
free curcumin (Mukerjee and Vishwanatha  2009 ; Yallapu et al.  2010  ) . Similar 
results were noted with different formulations of nanoparticles (Bisht et al.  2007 ; 
Thangapazham et al.  2008  ) . After oral application in rats of PLGA-encapsulated 
curcumin (100 mg/kg), a maximal serum curcumin concentration of 260.5 ng/ml 
was achieved at 2 h after ingestion, compared to only 90.3 ng/ml at 0.5 h after 
ingestion of a higher dose (250 mg/kg) of suspended curcumin, together with a 
longer plasma half-life. The effect on suspended curcumin was further enhanced by 
the co-administration of piperine (Shaikh et al.  2009  ) . Using nanoparticles composed 
of polymers of N-isopropylacrylamide, vinylpyrrolidone, and acrylic acid in a mouse 
model, Bisht et al.  (  2010  )  found reduced tumor growth and metastasis after i.p. 
administration of encapsulated curcumin [25 mg/kg](Bisht et al.  2010  )  in combina-
tion with gemcitabine .  Maximum plasma concentrations (~13,000 ng/ml) were 
reached by less than 5 h after injection and declined to undetectable levels by 24 h. By 
comparison, plasma levels after injection of curcumin suspended in corn oil were 
essentially undetectable (Bisht et al.  2010  ) . 

 The inclusion of curcumin into casein micelles was found to have a similar cytotoxic 
pro fi le as free curcumin on HeLa cells (Sahu et al.  2008  ) . Curcumin has also been 
used as an adjuvant in the nanoemulsion delivery of paclitaxel (Ganta et al.  2010  )  
and as a model cream base (Teichmann et al.  2007 ; Tiyaboonchai et al.  2007  ) . 

 The interaction of curcumin and phosphatidylcholine from egg and soy was 
characterized by  fl uorescence spectroscopy. The determined equilibrium constants 
were 32.5 and 26.4  m M, respectively (Began et al.  1999  ) . Rats receiving curcumin 
[340 mg/kg] formulated with phosphatidylcholine orally showed  fi vefold higher 
serum concentrations than those receiving standard curcumin. Similarly, liver con-
centrations were also higher while the curcumin concentration was somewhat lower 
in the intestinal tract in rats receiving phosphatidylcholine than standard curcumin 
formulations (Marczylo et al.  2007  ) . 

 Cyclodextrins are cyclic compounds containing 6–8 glucose monomers ( a ,  b , 
and  g ) with both central less polar and outer more hydrophilic moieties. The glucose 
residues can be further methylated or hydroxypropylated (Tomren et al.  2007 ; 
Tønnesen et al.  2002  ) . It is often assumed that curcumin forms an inclusion complex 
within the hydrophobic central cavity. However, it is also possible that curcumin, 
due to its amphophilic character, forms different complexes by interaction with 
both the hydrophilic and hydrophobic residues of cyclodextrins (Loftsson et al.  2004  ) . 
In one study, curcumin solubility was increased by complexation with various cyclo-
dextrins by a factor of at least 104. At the same time, hydrolytic stability of curcumin 
was increased while photodecomposition was increased compared to curcumin 
in organic solvents. The highest level of solubility was achieved with a 10% solution 
of hydroxypropyl γ-cyclodextrin [5.35 mM] (Tomren et al.  2007  )  or with  a supersatu-
rated solution of hydroxypropyl  b -cyclodextrin complex [~16 mM] (Yadav et al.  2009  ) . 
The stoichiometric ratios of curcumin/cyclodextrins was generally found to be 1:2 
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(Baglole et al.  2005 ; Tang et al.  2002 ; Yadav et al.  2009  ) . This lead Baglole et al. 
 (  2005  )  to propose a structure in which each phenolic ring of the curcumin mole-
cule is immersed into the hydrophobic cavity of the cyclodextrin structure. An 
 in vivo  study on dextran sulfate induced colitis in rats found improvement in rats 
treated with both conventional curcumin and curcumin-cyclodextrin complexes 
with the curcumin-cyclodextrin complexes being more effective (Yadav et al.  2009  ) . 
Cell culture studies with hydroxypropyl- g -cyclodextrin of curcumin showed that the 
curcumin-cyclodextrin complex had superior antiproliferative and anti-in fl ammatory 
effects to free curcumin (Yadav et al.  2010  ) . Although none of these studies addressed 
the systemic availability of curcumin-cyclodextrin complexes, this form of curcumin 
solubilization nevertheless seems to have profound therapeutic potential as judged by 
its therapeutic effectiveness by oral uptake and their potential for high levels of 
curcumin solubilization. I.v. injections may further extend the therapeutic usefulness 
of cyclodextrin complexes due to their relatively favorable toxic pro fi le (Stella 
and He  2008  ) . 

 Alternative methods for curcumin solubilization include complex formation with 
metals (Eybl et al.  2006 ; John et al.  2002 ; Kurien and Sco fi eld  2009 ; Mohammadi 
et al.  2005 ; Sui et al.  1993 ; Thompson et al.  2004 ; Valentini et al.  2009 ; Zebib 
et al.  2010  )  or heat solubilization, which has been reported to increase curcumin 
solubility 12-fold (Kurien and Sco fi eld  2009  ) . Although these formulations show 
biological activity in cell culture studies and  in vivo , their effectiveness in enhancing 
bioavailability (Eybl et al.  2006  )  remains to be established. Another approach to 
increase curcumin solubility and approve oral absorption is by solid dispersion 
with polyvinylpyrrolidone K30 [PVP K30]. This was found to increase curcumin 
solubility at least 880-fold (Kaewnopparat et al.  2009 ; Paradkar et al.  2004 ; Xu et al. 
 2006  ) . With an oral dose of 400 mg/kg PVP K30 dispersed curcumin in rats, peak 
plasma levels of 200 ng/ml were reached by 45 min after uptake (Xu et al.  2008  ) . 
Another curcumin formulation of proprietary composition (BCM-95 CG) was used 
in a pilot cross-over study to determine its bioavailability (Antony et al.  2008  ) . After 
ingesting a single dose of BCM-95 CG formulated curcumin (2 g), the maximum 
serum concentration of curcumin (457 ng/ml) and plasma half life (4.96 h) increased 
about threefold compared to the ingestion of standard curcumin (Cmax = 150 ng/ml, 
t 
1/2

  = 2.63 h). These effects were further enhanced by the co-administration of piperine. 
These results are summarized in Table  5.4 .   

    5.5.3   Design of Structural Analogues 

 Synthetic modi fi cations in curcumin structure have been introduced to generate a 
multitude of compounds variably referred to as derivatives, analogues or curcumin-
related. Recent examples of modi fi cations are substitutions at the C4 carbon between 
the keto groups (Padhye et al.  2009b ; Yanagisawa et al.  2010  ) , substitutions at the 
benzene rings (Shibata et al.  2009  ) , conjugations at the aromatic hydroxyl groups 
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(Harish et al.  2010 ; Li et al.  2009 ; Majhi et al.  2010  ) , modi fi cations of the keto 
groups and substitutions at the phenyl and methoxy sites (Basile et al.  2009 ; Cen 
et al.  2009  ) , and elimination of the aromatic hydroxyl and methoxy groups (Nardo 
et al.  2009  ) . These structural changes are introduced to identify curcumin-related 
compounds with enhanced biological activity or bioavailability pro fi les. Indeed, 
curcumin derivatives have been described with implications for the treatments of 
cancer (Basile et al.  2009 ; Cen et al.  2009 ; Li et al.  2009 ; Majhi et al.  2010 ; Padhye 
et al.  2009b ; Shibata et al.  2009  ) , Alzheimer disease (Yanagisawa et al.  2010  ) , 
and Parkinson disease (Harish et al.  2010  ) . Most of these studies have been carried 
out  in vitro  with speci fi c cell lines. However, Shibata et al.  (  2009  )  found improved 
survival in a mouse model for colorectal cancer with curcumin (191 days) and a 
curcumin derivative (213 days) compared to control mice (166.5 days). After oral 
uptake of a single dose (250 mg/kg), Padhye et al.  (  2009a       )  found a tenfold higher 
retention and distribution of  fl uorocurcumins into the pancreas of mice compared 
to curcumin. These are only a few examples of recently published curcumin deriva-
tives with therapeutic potential. For extensive reviews on the multitude of structural 
modi fi cations of curcumin and their biological effects, see Anand et al.  (  2008b  )  and 
Padhye et al.  (  2010  ) .   

    5.6   Conclusion 

 The available data from both animal and human studies indicate that after oral 
uptake, a portion of the ingested curcumin is absorbed in the intestines. Here it is 
partially conjugated into curcumin glucuronide or sulfate by the microsomal UGT 
and cytosolic SULT phase II metabolic enzymes. Upon entering the circulation, the 

   Table 5.4    Curcumin carriers and adjuvants: effect on plasma levels   

 Dose (Species), uptake  Vehicle 

 Concentration ratios at 
T 

max
  (Peak): vehicle/

standard  Reference 

 2 g/kg (rat), p.o.  Piperine (20 mg)  1.54  Shoba et al.  (  1998  )  
 2 g (human), p.o.  20 
 2 g (human), p.o.  Piperine (5 mg)  3  Anand et al.  (  2007  )  
 1 mg (mouse), i.v.  Liposome  8.79 pM/undetectable  Wang et al.  (  2008  )  
 100 mg (rat), p.o.  Phospholipid  2.33  Liu et al.  (  2006  )  
 1 g/kg (rat), p.o.  Phospholipid  2.4  Maiti et al. ( 2007 ) 
 250/100 mg/kg 

(rat), p.o. 
 Nanoparticle  2.9  Shaikh et al.  (  2009  )  

 250 mg/kg (rat), p.o.  Piperine  1.34 
 25 mg/kg (mouse), i.p.  Nanoparticle  13  m g/ml/undetectable  Bisht et al.  (  2010  )  
 340 mg/kg (rat), p.o.  Phosphatidylcholine  5  Marczylo et al. 

 (  2007  )  
 2 g (human), p.o.  BCM-95 CG  3  Antony et al.  (  2008  )  

  Abbreviations:  p.o.  per os,  i.v.  intravenous,  i.p.  intraperitoneal  
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unmodi fi ed curcumin is most likely complexed with albumin and other serum 
constituents due to its low water solubility. Some of the unmodi fi ed curcumin is 
then transported to cells and tissues, where it can be detected at surprisingly high 
concentrations (1–10  m M) or it will be further reduced by phase I cytosolic meta-
bolic enzymes in the liver to generate the curcumin reduction products. Conversion 
of curcumin by cells and tissues other than the liver is also likely, perhaps yielding 
unconventional metabolic products. These metabolic products are further conjugated 
in the liver and excreted in the feces via the bile and to a much lesser extent, the 
kidneys. These processes result in very low levels of mostly modi fi ed circulating 
curcumin, suggesting poor bioavailability. However, perhaps a better indicator of 
bioavailability is the concentration of curcumin in tissues, where it exists at levels 
high enough to exert biological effects similar to those described in  in vitro  studies. 
If tissue distribution is used as a criterion, curcumin may indeed have therapeutic 
potential. A major problem with oral curcumin intake is that much of the ingested 
material passes through the intestinal tract without being absorbed. Enhancing the 
solubility of curcumin may improve this situation, provided that the solubilization 
procedure retains its effectiveness throughout the intestinal tract. Another advantage 
of solubilized curcumin is the prospect of rendering it into a safe injectable form. 
In particular, i.v. injection can potentially deliver high controlled levels of curcumin 
directly into the circulation without exposing it to the metabolic enzymes of the 
intestines. Co-administration of piperine may further increase the half-life of circulating 
unmodi fi ed curcumin. Overall, the available data seem to suggest that curcumin has 
a better therapeutic potential than is suggested by its low plasma levels. The synthesis 
of potent analogues may further improve its effectiveness.      
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  Abstract   Melatonin, an indolamine derived from the amino-acid tryptophan via 
synthesis of serotonin, is secreted by the pineal gland in cyclical periods. In mammals, 
melatonin is involved in physiological processes, such as sleep/wake regulation in the 
circadian cycle. It has antioxidant oncostatic and anti-in fl ammatory properties, 
functions as an immunomodulator, and stimulates bone metabolism. In particular, the 
antitumor effects of  melatonin, have been studied in multiple cancer cell types includ-
ing melanoma, breast and prostate cancer, lymphoma, ovarian and colorectal cancer. 
This chapter summarizes the numerous observations about melatonin anticancer 
effects in both  in vivo  and  in vitro  studies published in recent years as well as the 
action mechanisms of melatonin involved in its anticarcinogenic activity focusing on 
the signalling pathways that regulate programmed cell death. In the majority of stud-
ies, melatonin has shown to inhibit development and/or growth of various experimen-
tal animal tumors and human cancer cell lines  in vitro  promoting apoptosis in contrast 
to the obvious inhibition of apoptotic processes in normal cells (focused in immune 
cells and neurons). Furthermore, if melatonin uniformly induced apoptosis in cancer 
cells, the  fi ndings could have important clinical utility given that many tumors show 
resistance to drug treatment due to their resistance to undergo apoptosis.      
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    6.1  Melatonin Biosynthesis, Catabolism and Regulation 

 Melatonin (N-actetyl-5-methoxy-tryptamine), also known as “ the chemical expression 
of darkness ”, is an indolamine derived from the amino-acid tryptophan via synthesis 
of serotonin (Fig.  6.1 ). Melatonin  fi rst isolated by Lerner et al. in 1958 (   Lerner et al. 
 1960  )  and is produced by the pineal gland and secreted into the blood in a circadian 
manner; pineal production of melatonin is low level during daytime and higher 
at night.  

 The enzymatic machinery for melatonin biosynthesis in pinealocytes was  fi rst 
identi fi ed by Axelrod in 1974 (Axelrod  1974  ) . Its biosynthesis is mediated by the 
sequential action of arylalkylamine- N-acetyltransferase (AA-NAT) and hydroxyindole-
O-methyltransferase (HIOMT). In mammals, the regulation of pineal melatonin 
biosynthesis is mediated by the retinohypothalamic tract, which projects from 
the retina to the suprachiasmatic nucleus (SCN), the endogenous circadian oscillator. 
The primary neurotransmitter, noradrenalin, is released during the night from the 
postganglionic sympathetic  fi bers of the superior cervical ganglion that terminate 
in the pinealocytes where it couples to  b -adrenergic receptors. This leads to an 
activation of adenylate cyclase with a consequent rise in cAMP levels, promoting 
the  novo  protein synthesis and stimulating the rate-limiting enzyme in melatonin 
production, arylalkylamine-N-acetyltransferase (AA-NAT) (Klein et al.  1981  ) . As a 
result, AA-NAT N-acetylates serotonin to N-acetylserotonin (NAS) and as long as 
NAS is generated, is quickly  O -methylated by hydroxyindole- O -methyltransferase 
(HIOMT) to  fi nally produce melatonin (Axelrod and Weissbach  1960  ) . Stimulation 
of  a -adrenergic receptors potentates the  b  stimulation; calcium ions, phosphati-
dylinositol, diacylglycerol and protein kinase C (PKC) participate in this mechanism 
(Sugden  1989  ) . The dramatic rise in AA-NAT (10–100-fold) drives melatonin synthe-
sis which is released during periods of darkness in a circadian manner (Reiter  1991  ) . 
In contrast, the nocturnal increase in pineal HIOMT activity is weak but signi fi cant. 
HIOMT gene expression is high during daytime but displays an additional twofold 
increase at night. 

 The amplitude of nocturnal melatonin secretion is believed to be genetically 
determined and shows considerable interindividual differences. Thus, some subjects 
produce more melatonin during their life than others. In addition, the secretory 
dynamic of melatonin attenuates gradually with age, resulting in a loss of nocturnal 
peak of melatonin with nearly undetectable plasma levels at 20–22 months of age in 
rodents (Reiter  1980  )  and at 60–70 years old in humans (Touitou et al.  1985  ) . 

 Once synthesized and released into blood at night, melatonin is transferred 
through biological membranes and it is found throughout the organism in all tissues 
of the body within a very short period. This presence does not necessarily indicate 
an endogenous synthesis because the high lipophilic nature permits its transfer. 
To date, extrapineal melatonin synthesis has been demonstrated only in retina, 
harderian gland, brain, gut, ovary, testes, inner ear and immune system including 
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bone marrow, lymphocytes, macrophages and, more recently, in thymus (   Hardeland 
 2008 ). In general, while pineal melatonin seems to act as a typical hormone 
reaching target cells through the bloodstream, extrapineal melatonin may play a 
key role as an intra-, auto- and paracrine signal molecule in those tissues where it 
is synthesized. 

 Circulating melatonin is metabolized mainly in the liver where it is  fi rst hydroxylated 
by cytochrome P 

450
  mono-oxygenases and thereafter conjugated with sulphate to be 

excreted as 6-sulfatoxymelatonin (Claustrat et al.  2005  ) . Glucuronide conjugation is 
extremely limited. Melatonin can also be metabolized nonenzymatically by free 
radicals and a few other oxidants. It is converted into cyclic 3-hydroxymelatonin 
when it directly scavenges two hydroxyl radicals (Tan et al.  1998  ) . In the brain, a 
fraction of melatonin is metabolized to kynuramine derivatives such us N-acetyl-N-
formyl-5-metoxykynuramine (AFMK) and N-acetyl-5-methoxykynuramine (AMK). 
This is of interest as the antioxidant and anti-in fl ammatory properties of melatonin 
are shared by these metabolites. 

 Actually, melatonin is considered one of the hormones most ubiquitous among 
living beings. This great functional versatility is re fl ected in its wide distribution 
within phylogenetically distant organisms from bacteria to humans. It has also been 
reported in plants and because substances normally found in foods do not fall under 
jurisdiction of the US Food and Drug Administration melatonin was classed a 
dietary supplement.  

    6.2   Melatonin Action Mechanisms 

 Melatonin exerts its cellular effects via: i) binding to speci fi c membrane G-protein-
coupled receptors, ii) direct interaction with cytosol proteins (i.e. calmodulin, pro-
tein kinase C (PKC)), iii) neutralization of free radicals including scavenging 
properties and iv) nuclear receptors belonging to the RZR/ROR orphan receptor 
superfamily and more recently, v) serving as a potential co-factor for quinone 
reductase-2 (QR-2) (Hardeland 2008) (Fig.  6.2 ).   

  Fig. 6.1    Chemical structure of melatonin       
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    6.3   Potencial Bene fi cial Actions of Melatonin 

 Melatonin is involved in diverse physiological processes, such as sleep/wake 
regulation in the circadian cycle and seasonal behaviour, sexual development and 
retinal physiology. In addition, melatonin has antioxidant, oncostatic, anti-aging 
and anti-in fl ammatory properties, functions as an immunomodulator, participates in 
cardiovascular, neurological and gastrointestinal homeostasis systems and stimulates 
bone metabolism (Pandi-Perumal et al.  2006  ) . 

    6.3.1   Melatonin in Reproduction and Sexual Maturation 

 Melatonin participates in the regulation of reproductive function in seasonal mammals 
by its inhibitory action at various levels of the hypothalamic-pituitary-gonadal axis. 
Melatonin has been shown to down-regulate gonadotropin-releasing hormone (GnRH) 
gene expression in a cyclical pattern over a 24 h period (Roy et al.  2001  ) . In seasonal 
breeders, reproductive performance is timed by variations in the photoperiod, effects 

  Fig. 6.2     Melatonin action mechanisms:  i) binding to speci fi c membrane G-protein-coupled 
receptors (MT1 and MT2), ii) direct interaction with cytosol proteins (i.e calmodulin), iii) neutra-
lization of free radicals and iv) nuclear receptors belonging to the RZR/ROR orphan receptor 
superfamily       
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that are mediated by corresponding changes in melatonin. Both surgical and functional 
pinealectomy decrease signi fi cantly plasmatic melatonin levels and accelerate the 
development in the puberty. On the contrary, short day exposition or exogenous 
melatonin administration delayed the sexual maturation in experimental animals 
(Brainard et al.  1986  )  due to inhibitory role of melatonin on the hypothalamus and 
on pubertal maturation. In humans, pineal tumours are associated with an abnormal 
pubertal maturation.  

    6.3.2   Melatonin as a Chronobiotic    Agent 

 Melatonin acts as an endogenous synchronizer of the different circadian rhythms 
generated in the organism. The  fi rst evidence of its chronobiotic role was established 
in birds and reptiles and afterwards in rats, hamsters and humans (Webb and 
Puig-Domingo  1995  ) . In mammals, melatonin synchronizes circadian rhythms in 
fetal and neonatal stages and can also entrain free-running rhythms both in normal 
individuals and in blind people. The mechanisms, by which melatonin exerts its 
chronobiotic function, are not totally well established; nevertheless, expression of 
melatonin receptors in SCN suggests a direct action of melatonin in the endogenous 
circadian clock to consequently in fl uence in the circadian rhythms. 

 Its chronobiotic properties have been shown to have value in treating various 
circadian rhythm sleep disorders such as  jet lag  or shift-work sleep disorder. Melatonin 
promotes sleep which has been demonstrated to be useful for treating insomnia 
symptoms in elderly and depressive patients and also exhibits a remarkable role as 
photoperiodic molecule in seasonal reproduction. Melatonin may mediate some of 
the tranquillizing effects of meditation and melatonin treatment has been shown to 
be useful for treating delayed sleep phase syndrome, mood disorders.  

    6.3.3   Melatonin as an Immunomodulator 

 During the last three decades, a great number of reports have documented the 
existence of a relationship between melatonin/pineal and the immune system in 
different birds and mammals, including humans.  In vivo  and  in vitro  data con fi rming 
this relationship have been provided as follows: (i) correlation between melatonin 
production and circadian and seasonal variations in the immune system, (ii) effects 
of surgical or functional pinealectomy on the immune system, (iii) effects of melatonin 
administration  in vivo  on the immune system, (iv)  in vitro  regulation of immune cell 
activity by melatonin and (v) presence of melatonin receptors in the immune system 
(Carrillo-Vico et al.  2006  ) . 

 The seasonal changes in immune function observed in animals and humans are 
likely to be mediated by the changes in the duration of melatonin secretion (Guerrero 
and Reiter  2002  ) . On the other hand, both surgical and functional pinealectomy are 
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directly correlated with weight loss and abnormal development in the primary immune 
organs of mammals and birds. 

 According to the immunomodulatory role of exogenous melatonin, the majority 
of the studies published have con fi rmed melatonin administration promotes a 
clear immuno-enhancement in terms of immune tissue morphology due to its ability 
to increasing weight of thymus and spleen both under basal and immunosuppressive 
conditions. Melatonin administration enhances both innate and cellular immunity. 

 In human neutrophils, melatonin modulates the respiratory burst (Pieri et al.  1998  ) . 
Both melatonin and its metabolite, AFMK, inhibit lipopolysaccharide (LPS)-mediated 
production of tumor necrosis factor alpha (TNF a ) and IL-8 in neutrophils (Silva 
et al.  2004  ) . Melatonin stimulates the production of progenitor cells for granulocytes-
macrophages and melatonin also stimulates the production of natural killer (NK) 
cells and CD4+ cells and inhibits CD8+ cells. The production and release of various 
cytokines from NK and T-helper lymphocytes also are enhanced by melatonin. 
Thus, melatonin regulates IL-2 and IFN g  production in lymphocytes T CD4+ (Th1), 
activates IL-1, IL-6, IL-12, TNF a , NO and other oxygen reactive species (ROS) 
production in monocytes while diminishes IL-10 production in human macrophages 
and monocytes, abolishes lipoxygenase expression in B lymphocytes likewise 
stimulates  a 1 timusine and timuline peptides in thymus (Guerrero et al.  1997 ; Guerrero 
and Reiter  2002  ) . Melatonin also participates in the regulation of apoptosis of T 
(Sainz et al.  1995  )  and B cells (Yu et al.  1981  ) . 

 Melatonin also acts on the hematopoietic system via induction of T-helper 
cell (Th)-derived opioid cytokines (MIOS system), which exert signi fi cant colony-
stimulating activity (Maestroni et al.  1994  ) . In peripheral blood mononuclear 
cells (PBMCs)/ T-cells melatonin increases IL-2, IFN g  and IL-12 production while 
decreases IL-10 production (Garcia-Maurino et al.  1997  ) .  In vivo  studies have also 
revealed the adjuvant-like properties of melatonin due to its ability to enhance antibody 
production (Regodon et al.  2005  ) . 

 The cells and organs of the immune system are remarkable sources of melatonin, 
and high concentrations of melatonin and/or its biosynthetic enzymatic machinery 
has been described in human, mouse and rat bone marrow (Tan et al.  1999 ; Conti 
et al.  2000  ) , as well as, in human immunocompetent cells (Pozo et al.  1997 ; Carrillo-
Vico et al.  2004  )  and human thymus (Naranjo et al.  2007  ) . Carrillo-Vico et al, found 
that cultured human lymphocytes synthesize and release large amounts of melatonin, 
which acts as intra-, auto-, and/or paracrine substance, via the modulation of 
the IL-2/IL-2R system by its membrane and/or nuclear receptors (Carrillo-Vico 
et al.  2005a  ) . 

 Recent reports have revealed the presence of melatonin binding sites in the 
immune system both in membrane and nuclear fractions (Carrillo-Vico et al.  2005b  ) . 
In human lymphocytes, the signal transduction for melatonin involves a pertussis 
toxin-sensitive G protein (Garcia-Perganeda et al. 1997). As mentioned above, 
melatonin has also been reported to interact with the RZR/ROR subfamily of nuclear 
receptors, which are present in different rodent and human immunocompetent 
cells (Pozo et al.  1997 ; Carrillo-Vico et al.  2003  ) . Finally, the development of several 
speci fi c melatonin membrane and nuclear receptor agonists and antagonists has 
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allowed the characterization of several physiology roles for both melatonin membrane 
and nuclear receptors in the immune system (Carrillo-Vico et al.  2006  ) . 

 On the other hand, melatonin treatment has demonstrated delaying the onset of 
disease in several viral infections (Bonilla et al.  2004  )  and improves the survival 
rate of rodents after administration of a lethal dose of LPS (Cuzzocrea and Reiter 
 2001  ) , through the inhibition of pro-in fl ammatory factors such as cytokines and 
nitric oxide (NO), as well as to decrease lipid peroxidation levels and apoptosis 
(Escames et al.  2006  ) . Its bene fi cial effect has been also con fi rmed in a study con-
ducted in newborn infants in which melatonin improved clinical outcome and prevented 
death due to septic shock (Gitto et al.  2001  ) . According to the autoimmune diseases 
such as rheumatoid arthritis, multiple sclerosis, systemic lupus and Crohn’s disease, 
the effects of melatonin are controversial and may not always be bene fi cial.  

    6.3.4   Melatonin as an Antioxidant 

 Since the discovery of melatonin as an antioxidant in 1993 (Tan et al.  1993  ) , numerous 
 in vitro  and  in vivo  studies have documented the ability of both physiological 
and pharmacological concentrations of melatonin to protect against free radical 
destruction. Melatonin is a potent free radical scavenger which was originally shown 
to detoxify the highly toxic hydroxyl radical ( . OH). Since this discovery, its scav-
enging repertoire has been expanded to include H 

2
 O 

2
 , HOCl,  1 O 

2
 , O  

2
  −  , NO . , ONOO −  

and others (Reiter et al.  2007  ) . The large subcellular distribution of melatonin allows 
its interaction with almost any kind of molecule, reducing oxidative damage in 
both lipid and aqueous environments. This is supported experimentally by numerous 
studies in which melatonin has been demonstrated to protect lipids in the cellular 
membranes, proteins in the cytosol and DNA in the nucleus from free radical damage 
(Reiter et al.  2004  ) . 

 Melatonin can also develop its antioxidant action due to its ability to induce the 
expression and/or the activity of the main antioxidant enzymes. Thus, it up-regulates 
antioxidative enzymes such as glutathione peroxidase, glutathione reductase and 
glucose 6-phosphate dehydrogenase, superoxide dismutase and catalase. 

 The ef fi cacy of melatonin in functioning in this antioxidant capacity relates 
also to its ef fi cacy in reducing electron leakage from the mitochondrial electron 
transport chain (Leon et al.  2005  )  and its synergistic interactions with other antioxi-
dant (Lopez-Burillo et al.  2003  ) . In recent years, it has become apparent that when 
melatonin scavenges radicals and related reactants, the products generated are also 
free radical scavengers thereby greatly exaggerating the antioxidant potential of 
melatonin. 

 Examples of situations in which melatonin has been found to lower induced oxida-
tive damage include ischaemia reperfusion injury (in brain, heart, liver, gut, lung and 
urinary bladder), toxic drug exposure, bacterial toxin exposure, schistosomias, heavy metal 
toxicity, amyloid  b  (A b ) protein exposure (as a model of Alzheimer’s disease), I-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) exposure (as a model of Parkinsonism) 
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among others (Reiter et al.  2004  ) . Melatonin has also been successfully used as an 
adjuvant treatment in neonates with sepsis (a high free radical condition) (Gitto et al. 
 2001  ) . In humans, melatonin has also been shown to be bene fi cial in skin erythema 
due to exposure to ultraviolet radiation (Bangha et al.  1996  ) , iron and erythropoietin 
administration (Shamir et al.  2001  )  and tardive dyskinesia (Herrera et al.  2001  ) .  

    6.3.5   Melatonin and Aging 

 The consequences of aging are also seen in melatonin production. The mean nighttime 
serum melatonin concentration is low during the  fi rst 6 months of life, increasing 
to a peak value at 1–3 years of age and diminished on individuals age 15–20 years 
with a gradually declination gradually with age, resulting in a loss of nocturnal peak 
of melatonin with nearly undetectable plasma levels at 60–70 year-old humans. 
Thus, if serum melatonin levels contribute to the antioxidant capacity, such ability 
would be reduced in advanced age. Nevertheless, there are variations in the amplitude 
of the nocturnal concentrations of melatonin among individuals which indicate that 
some subjects produce signi fi cantly less melatonin during lifetime than others which 
may have signi fi cance in terms of aging. High and young secretors have plasma 
levels of melatonin ranging from 54 to75 pg/mL whereas low and elderly secretors 
range from 18 to 40 pg/mL. 

 Since Pierpaoli and Maestroni showed, for  fi rst time, that exogenous nocturnal 
administration of melatonin or engraftment of young homologous pineals to old 
syngeneic mice adjacent to the thymus resulted in a signi fi cant enhancement of 
survival and juvenile characters in mice, due to its immunostimulatory property 
(Pierpaoli and Maestroni  1987  ) , several studies have been performed to elucidate 
the effects of melatonin on life-span progression in different species (Anisimov 
et al.  2006  ) . Pinealectomy seems to accelerate the aging process reducing animal 
survival while pineal graft in rodents exhibits surprising results in increasing life-
span and recovering juvenile characters (Anisimov  2003  ) . 

 Although the role of melatonin during aging is not fully understood and the relation 
is dif fi cult to document, several properties of the indolamine indicate that it may 
be bene fi cial in aging. In fact, there are reports that con fi rm that exogenous admin-
istration of this indoleamine is able to reduce the in fl ammatory and oxidative processes 
associated to the age as well as exert an immunomodulatory effect. There are reports 
that document this reduced melatonin concentrations in the pineal gland and serum 
during advancing age (Reiter  1986 ; Bondarenko  1992  ) . 

 Aging is also characterized by sleep disturbances and a decline in immune system 
function, so-called inmmunosenescence, in which melatonin seems to play a remark-
able role. It has been demonstrated that melatonin administration improves sleep 
disorders (Cajochen et al.  2003  )  and has an immune reconstituting effect in aging 
(Arlt and Hewison  2004  ) . 

 Recent studies have suggested that age-related decline in melatonin concentration 
involves a loss of its antioxidant ability against damage produced by free radicals 
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(Reiter et al.  2002  ) . Oxidative damage plays a remarkable role in the pathogenesis 
of neurodegenerative and hepatic diseases, commonly manifested in the elderly 
population. Given the high incidence of hepatic pathologies during aging, recent 
studies have described the protective effect of exogenous melatonin treatment 
against age-related oxidative damage in hepatocytes and liver from rats (Castillo 
et al.  2005 ; Kireev et al.  2007  ) . Melatonin also prevents age-related oxidative DNA 
damage in the brain of female senescence-accelerated SAM-P/6 mice (Morioka 
et al.  1999  ) , restores mitochondrial respiratory control index, ADP/O ratio, state 3 
and DNP-dependent uncoupled respiration (Okatani et al.  2002  ) . Furthermore, 
melatonin induces the senescence-associated reductions of complex I and IV activities 
in liver mitochondria from SAMP8 (Okatani et al.  2002  ) . Melatonin also counteracts 
LPS-induced inhibition of complexes I and IV. In general, the actions of melatonin 
were greater in old than in young animals (Escames et al.  2003  ) . 

 Numerous studies have suggested that melatonin may provide protection against 
aging through the enhancement of immune function and its antioxidant property. 
Therefore, the loss of this potent antioxidant during aging may be consequential of 
the onset of age-related diseases as well as sleep disorders, cancer and immunological 
disturbances commonly manifested in elderly. In fact, some studies in rodents have 
suggested that such diminished melatonin secretion may accelerate aging.  

    6.3.6   Melatonin and Cancer 

 In relation to its oncostatic properties, there is evidence that tumor initiation, pro-
motion or progression may be restrained by the night-time physiological surge of 
melatonin in the blood or extracellular  fl uid (Blask et al.  2005  ) . Nevertheless, in 
the majority of studies melatonin has been shown to inhibit development and/or 
growth of various experimental animal tumors and some human cell lines  in vitro , 
its role in human malignancy is not clear. When administered in physiological (nM) 
and pharmacological concentrations ( m M-mM), melatonin exhibits a growth inhibi-
tory effect in estrogen-positive, MCF7 human breast cancer cell lines (Blask et al. 
 2005  ) . The antitumor effect of melatonin has been also described in hepatoma which 
seems to result from MT1/MT2-dependent inhibition of linoleic acid uptake, thereby 
preventing the formation of its mitogenic metabolite, 13-hydroxyoctadecadienoic 
acid (Blask et al.  2005  ) . Several reports have suggested the antiproliferative effects 
of melatonin by binding to nuclear receptors altering the transcription of several 
genes that play a role in cellular proliferation (Carlberg  2000  ) . Melatonin has been 
shown to increase calmodulin degradation due to direct binding as well as causing 
redistribution of calmodulin, thereby inhibiting cell cycle progression (Blask et al. 
 2002  ) . A  fi nal well-documented function of melatonin is its direct and indirect anti-
oxidant properties leading to a decrease in DNA damage (Blask et al.  2002  ) . Inhibition 
of NF- k B by melatonin may be another potential mechanism associated to apoptosis 
and cytokine activity modulation. 
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 Melatonin has been demonstrated to exhibit oncostatic properties against a variety 
of tumor cells including prostate cancer, uterus cancer, endometrial carcinoma, 
ovarian carcinoma cell lines, human melanoma, intestine tumors and lung cancer 
(Jung and Ahmad  2006  ) . In addition, depressed nocturnal melatonin concentrations 
or nocturnal excretion of the main melatonin metabolite 6-sulfatoxymelatonin were 
found in various tumor types including breast cancer, prostate cancer, colorectal 
cancer (CRC), endometrial cancer, cervical cancer, lung cancer and stomach cancer. 
However, in other types such as Hodgkin’s sarcoma, osteosarcoma, ovarian cancer 
and others, melatonin levels were not changed or showed great variations among 
individuals (Bartsch et al.  2002 ). 

 Several clinical studies suggest that administration of melatonin (in high doses 
either alone or in combination with IL-2) is able to favourably in fl uence the course 
of advanced malignant disease in humans and lead to an improvement in their quality 
of life (Lissoni et al.  2001  ) . Likewise, recent epidemiologic studies have suggested 
that women who work exclusively at night for long periods have a signi fi cantly 
elevated risk of breast cancer (Blask et al.  2005  ) .   

    6.4   Melatonin as Inducer of Cell Death in Cancer 

 Apoptosis and necrosis represent two major mutually different mechanisms of cell 
death. Necrosis is de fi ned as uncontrolled process of cellular break-up executed 
as a consequence of massive and irreversible damage. However, apoptosis is con-
trolled to a certain degree reversible process of programmed cell disintegration 
that usually doesn’t induce in fl ammatory reaction. Although the understanding of 
detail signalling pathways that execute apoptosis is incomplete, this process is 
controlled by numerous proteins and protein complexes that, when activated by 
various triggers, induce sequential activation of the effector mechanisms. Apoptosis 
is triggered by two major apoptosis-initiating pathways, designated as the intrinsic 
(also known as inner or mitochondria-mediated) and extrinsic (also known as outer 
or receptor-mediated) pathways. Both pathways converge to a  fi nal apoptosis exe-
cution step resulting in the cleavage of cell regulatory and structural molecules 
(Green and Kroemer  2004 ; Thorburn  2004  ) . 

 Apoptosis is an essential physiological process throughout the life of multi-cellular 
organisms important in the development and in the maintenance of tissue homeo-
stasis. Apoptosis is involved in controlling of cell number and proliferation during 
embryogenesis, detection of activated lymphocytes at the end of the immune response, 
elimination of self-reactive lymphocytes, in controlled destruction of damaged, aged, 
infected, transformed, and other harmful cells (Nagata  1997  ) . 

 The defect in apoptosis and in apoptotic regulatory mechanisms can result in 
various pathological states, including malignant transformation, tumor progression 
or autoimmune and neurodegenerative disorders. Apoptosis represents a major 
causative factor in the development and progression of cancer. Some types of 
cancer are characterized by defects in apoptosis leading to immortal clones of cells. 
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This ability of tumor cells to evade engagement of apoptosis can play a signi fi cant 
role in their resistance to conventional therapeutic regimens. Further understanding 
of the different signalling pathways that control apoptosis in the different tumor 
types will help with the discovery of novel targeted agents and the design of clinical 
trials that are based on the molecular defects speci fi c to the targeted tumor. 
Consequently, in the search of new anticancer targets, melatonin seems to play a 
remarkable role on inhibition of several human cancer cells lines growth. In fact, 
melatonin proapoptotic action has been described in a variety of both  in vitro  and 
 in vivo  studies (Tables  6.1  and  6.2 , respectively). In contrast, there is evidence that 
melatonin may actually inhibit apoptotic processes in normal cells (focused in 
immune cells and neurons).   

    6.4.1    In Vitro  Studies 

 Given the importance of the apoptotic program in the treatment of cancer, the role 
of melatonin in in fl uencing apoptosis in tumor cells attracted attention because 
it seems that it can actually increase apoptosis in some tumor cells. Melatonin 
proapoptotic action has been described in a great variety of human cancer cell types 
including human breast cancer cell line MCF-7, human colon cancer, hepatocarcinoma 
H22, Jurkat, human B cells lymphoma, human neuroblastoma cells and, more recently, 
in human myeloid HL-60 cells and human pancreatic carcinoma PANC-1 cells. The 
action mechanisms involved in melatonin pro-apoptotic effects in experimental 
 in vitro  studies has been reviewed and compiled in great detail in Table  6.1 . 

 To date, the results obtained appear promising; furthermore, if melatonin uni-
formly induced apoptosis in human cancer cells, the  fi ndings could have relevant 
clinical utility.  

    6.4.2    In Vivo  Studies 

 There is evidence on suppressive effect of melatonin on the development of sponta-
neous and chemically induced carcinogenesis at various sites in mice and rats as 
well as on the tumor growth  in vitro . In addition, for a variety of tumors their growth 
is accelerated in pinealectomized animals. The inhibitory effect of melatonin is well 
established in relation to mammary tumors and colon cancer. Nevertheless, there 
are some interesting data on the effect of melatonin on tumors of other localizations 
(for review see Anisimov et al.  2006  ) . The mechanism of the oncostatic action is 
complex and probably includes: (1) modulation of the endocrine system; (2) modu-
lation of the immune system; (3) the direct oncostatic action of melatonin on tumor 
cells. The latter includes the antioxidative action which probably plays an important 
role in the countering the DNA damage during the radiation challenge or the exposure 
to chemical carcinogens. It also includes the antiproliferative and pro-apoptotic 
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effects exerted via melatonin membrane and nuclear receptors expressed by tumor 
cells (Pawlikowski et al.  2002 ; Hill et al.  2009  ) . However, in a series of studies 
contradictory results have also been observed as it has been shown that melatonin 
may inhibit apoptosis. In this section we will review available data on anticarcinogenic 
effects of melatonin and its effects on the modulation of apoptosis in experimental 
 in vivo  studies (Table  6.2 ). 

    6.4.2.1   Colon Cancer 

 The inhibitory effects of exogenous melatonin on colon oncogenesis have been 
investigated by several authors. For instance, Anisimov et al.  (  2000  )  demonstrated 
the suppression of 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis 
by melatonin in female LIO rats which received from the day of the 1st injection 
of the carcinogen 5 days a week during the night time (from 18.00 to 08.00 h) mela-
tonin, 20 mg/l. The reduction of multiplicity of colon tumors under the in fl uence 
of melatonin was correlated with the signi fi cant inhibitory effect of the pineal 
hormone on mitotic index and with stimulating effect of melatonin on the relative 
number of apoptotic cells (TUNEL-method) in colon tumors. Kossoy et al.  (  2000  )  
evaluated histologically and immunohistochemically the splenic immune response 
to 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis in melatonin fed 
rats. The anti-carcinogenic properties of melatonin were evidenced by the expansion 
of the splenic zones by 106–125%, compared to those from DMH-treated rats, and 
the numbers of CD8+ lymphocytes and Fas-positive cells increased sharply, concluding 
that anti-carcinogenic and pro-apoptotic effects of melatonin were related to activation 
of several elements of the host’s lymphatic system and pro-apoptotic Fas signaling 
respectively. 

 Winczyk et al.  (  2001  )  studied the effects of melatonin and the thiazolidinedione 
derivative CGP 52608 on apoptosis of Colon 38 cancer in male mice implanted 
subcutaneously with a suspension of Colon 38 cells. Ten days after induction of 
tumors, the animals were treated with melatonin in subcutaneous injections in daily 
doses of 10 or 100  m g in the evening for 6 days. Melatonin increased signi fi cantly 
the number of apoptotic cells in tumors. This  fi nding con fi rms our earlier observa-
tion that melatonin exerts a pro-apoptotic effect on murine colonic cancer cells. 
In addition authors suggested that RZR/ROR receptors are involved the in the pro-
apoptotic effect of melatonin. In a later study, by Winczyk et al.  (  2002  )  investigated 
whether CGP 55644 (an antagonist of the nuclear RZR/RORalpha receptor) changed 
the oncostatic and proapoptotics effects of Melatonin on murine Colon 38 cancer. 
The experiment was performed on adult male B6D2F1 mice. Melatonin or CGP 
were given either alone or combined during 10 days and, the proliferation/apoptosis 
(P/A) ratio were determined. It was found that melatonin increased the apoptotic 
index, but CGP decreased it. In addition, CGP given together with the hormone 
blocked its proapoptotic effect. Based on our data, they concluded that nuclear RZR/
RORalpha receptors participated in the oncostatic action of melatonin. 
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 In another study by Tanaka et al.  (  2008  )  using an azoxymethane (AOM)/dextran 
sodium sulfate (DSS) in Male F344 rats. Animals were given 0.4, 2 or 10 ppm MEL 
in drinking water for 17 weeks. Colonic adenocarcinoma was developed at week 20 
which was signi fi cantly inhibited by the administration with MEL dose-dependently. 
MEL exposure modulated the mitotic and apoptotic indices in the colonic adeno-
carcinomas that developed and lowered the immunohistochemical expression of 
nuclear factor kappa B, tumor necrosis factor alpha, interleukin-1beta and STAT3 in 
the epithelial malignancies. These results indicated the bene fi cial effects of MEL 
on colitis-related colon carcinogenesis and a potential application for inhibiting 
colorectal cancer development in the in fl amed colon (Tanaka et al.  2008  ) .  

    6.4.2.2   Bladder Cancer 

 Repeated cyclophosphamide (CP) chemotherapy increases the risk of developing 
bladder cancer, which could be due to the extremely rapid proliferation of urothe-
lial cells observed in hyperplastic urothelium induced by CP treatment. Zupancic 
et al.  (  2008  )  investigated the effect of melatonin on the development of urothelial 
hyperplasia induced by repeated CP treatment. Male ICR mice were injected with 
CP (150 mg/kg) or melatonin (10 mg/kg) with CP once a week for 3, 4 and 5 weeks. 
Repeated doses of CP caused the development of hyperplastic urothelium and 
increased proliferation and apoptotic indices regarding Ki-67 and active caspase-3 
immunohistochemistry, respectively. Melatonin co-treatment prevented the develop-
ment of hyperplastic urothelium, statistically signi fi cantly decreased proliferation 
and apoptotic indices after four and  fi ve doses of CP and caused higher differentia-
tion state of super fi cial urothelial cells. Similar results were found by Tripathi and 
Jena  (  2010  )  who in male Sprague–Dawley rats. Melatonintreatment (10 mg/kg) 
reduced the bladder damage and signi fi cantly decrease in the percentage of TUNEL 
positive cells as compared with CP-treated group.  

    6.4.2.3   Hepatoma 

 Cini et al.  (  1998  )  tested the effects of daily melatonin treatment on the growth of the 
ascites hepatoma in rats, determining survival time, cell number and cell cycle 
phases at various stages of tumor development. MLT was injected intramuscularly 
at a dose of 0.34 mg/kg, equivalent to a daily dose of 0.048 mg/rat at 1,900 h every 
evening, starting the day before tumor transplantation and continuing throughout 
the animal’s life. Melatonin inhibited cellular proliferation, doubled mean life-time 
and increased survival. Thymidine incorporation in hepatoma cells from treated rats 
decreased signi fi cantly without changes in the apoptotic index (TUNEL-method). 
Flow cytometric analysis showed that melatonin slowed cell cycle progression 
by increasing the number of cells in phase G0G1. Thus, similar to in vitro models, 
melatonin’s oncostatic action in vivo appears to be directed to speci fi c cell cycle 
mechanisms, which remain to be elucidated. 
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 Different results were found by Dziegiel et al.  (  2003  )  in a study about the cytostatic 
ef fi ciency of doxorubicin (DOX) applied together with melatonin to rats with trans-
plantable Morris hepatoma. Melatonin was administered subcutaneously before and 
after every injection of a cytostatic drug at a dose of 10 mg/kg b.w. Administration 
of melatonin together with DOX decreased the extent of tumour necrosis and the 
apoptotic tumour cells but, on the other hand, decreased the number of apoptotic 
cardiomyocytes.  

    6.4.2.4   Prostate Cancer 

 Prostate cancer is one of the most common malignancies among elderly males in the 
developed countries of South and East Asia, Europe and the United States. Although 
some studies have shown a relationship between high dietary fat intake and increased 
testosterone levels, the cause of prostate cancer remains unknown. Nevertheless, 
mechanistically, apoptosis is closely involved in the initiation, progression and 
metastasis of prostate cancer. Therefore, potential anti-prostate cancer strategies may 
include effective apoptosis induction or enhancement via novel apoptosis inducers 
(Joo and Yoo  2009  ) . Xi et al.  (  2001  )  demonstrated the antiproliferative effects 
of melatonin on prostate cancer cell proliferation and apoptosis in athymic nude 
mice xenograft models of LNCaP and PC-3 cells. Daily i.p. melatonin (4  m g/g body 
weight), 1 h before room lighting was switched off, was given to nude mice before 
or after tumor cell inoculation. Melatonin inhibited the growth of LNCaP tumors, 
without affecting the growth of PC-3 xenografts, in nude mice. It induced signi fi cant 
decreases in the expression of PCNA, cyclin A, and PSA in LNCaP tumors. Detection 
and quantitation of apoptosis were performed by the TUNEL reaction. When 
melatonin or saline treatment was initiated 10 days before LNCaP cell inoculation, 
no signi fi cant differences in the number of apoptotic cells/HPF in prostate tumors 
were found between the saline treated group and melatonin-treated group. Similarly, 
the number of apoptotic cells/HPF in LNCaP tumors from saline-treated animals 
was not signi fi cantly different from those derived from melatonin-treated animals when 
the animals were injected 10 days after tumor cell transplantation.  

    6.4.2.5   Breast Cancer and Prolactinoma 

 Substantial evidence has accumulated demonstrating that the pineal hormone 
melatonin exerts an inhibitory in fl uence on the growth of breast cancer cells  in vitro  
and the development and growth of carcinogen-induced rat mammary tumors  in vivo  
(Nowfar et al.  2002  ). This oncostatic activity has been explained on the basis of 
its antiestrogenic property. An interesting study by Melancon et al.  (  2005  )  demonstrated 
 a  signi fi cant increase in tumor regression induced in N-nitroso-N-methylurea-induced 
mammary tumors in rats treated with the combination of melatonin and 9-cis-retinoic 
acid (9cRA). Melatonin was administered by subcutaneous injection in the late afternoon. 
Treatment groups included: control melatonin 500  m g/day, melatonin 1,000  m g/day, 
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melatonin 500  m g/day+9cRA and melatonin 1,000  m g/day+9cRA. Rats treated with 
the lower dose of melatonin 500  m g+9cRA showed the greatest degree of tumor 
regression (78%), with 54% undergoing complete regression and a signi fi cant increase 
in apoptotic cells observed by TUNEL Assay. Furthermore, tumor multiplicity and 
burden were signi fi cantly decreased by the combination of melatonin and 9cRA. 
These data demonstrated that the combined use of Melatonin and 9cRA produced 
additive or synergistic effects, which were more ef fi cacious than 9cRA alone. This 
combination of melatonin and 9cRA could be a potentially useful clinical treatment 
regimen for breast cancer since it allows the use of lower doses of retinoic acid, 
thus, avoiding the toxic side effects associated with the use of high dose retinoids. 

 In 7, 12-di-methylbenz(a)anthracene (DMBA) model of mammary carcinoma, 
melatonin was daily injected subcutaneously in a dose of 250  m g/100 g body weight 
for 3 months from 14 days before the intake of DMBA and then continued until 
the end of the experiments. Melatonin reduced the carcinogenic effects of DMBA. 
The protective effect in melatonin treated group was associated with decreased levels 
of markers of tumorigenicity, endocrine derangement and oxidative stress. Also, it 
was associated with increased levels of markers of apoptotic activity: tumour necrosis 
factor (TNF)-alpha, tissue caspase-3 activity and percentage of DNA fragmentation 
and ultrastructural features of apoptosis (el-Aziz et al.  2005  ) . In a later study by 
Yang et al.  (  2006  )  the  in vivo  effects of melatonin on proliferation and apoptosis of 
17-beta-estradiol (E2)-induced pituitary prolactin secreting tumor (prolactinoma) 
were investigated in rats kept in 12 L/12 D (lights on: 06:00–18:00 h). As melatonin 
was shown to induce apoptosis of breast and liver tumor cells, we examined whether 
melatonin would induce apoptosis of rat pituitary prolactinoma cells. 0.125, 0.25, 
0.50 or 1.0 mg melatonin/day/rat was administrated subcutaneously at 17:30–18:00 h. 
The weight of prolactinomas was measured. Apoptosis was evaluated using the 
TdT-mediated dUTP nick-end labeling method. It was found that treatment with 
0.25 and 0.50 mg melatonin for 97 days inhibited prolactinoma cell proliferation 
and increased prolactinoma cell apoptosis. Furthermore, melatonin induced mRNA 
expression of Bax and cytochrome c protein expression. Conversely, mRNA expres-
sion of Bcl-2, and mitochondrial membrane potential were inhibited by melatonin 
treatment. These results suggest that melatonin inhibits the proliferation and induces 
apoptosis of rat pituitary prolactin-secreting tumor via perturbation of mitochondria 
physiology.  

    6.4.2.6   Lung Cancer 

 Although melatonin has been shown to inhibit urethane-induced carcinogenesis 
tumors in murine lung in mice (Vesnushkin et al.  2006  ) , previous report by Perissin 
et al.  (  1989  )  observed opposite results in mice bearing Lewis lung carcinoma. 
Additionally, we have not found any preclinic study about the effects of melatonin 
administration on apoptosis  in vivo  experimental models of lung cancer. Although 
Maestroni et al.  (  1994  )  investigated whether melatonin could affect tumor growth 
and/or hematopoiesis in mice transplanted with Lewis lung carcinoma and treated 
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with cyclophosphamide or etoposide. These agents were injected i.p. for 5 days at 
two different cumulative doses (cyclophosphamide, 40 and 160 mg/kg body weight; 
etoposide, 20 and 40 mg/kg body weight) from day 8 through day 12 after tumor 
transplantation. Melatonin was injected s.c. at a dose of 1 mg/kg body weight/day, 
from day 8 throughout the experiments and from days 8 through 12 or from day 13 
onwards. Melatonin did not in fl uence tumor growth but selectively counteracted 
bone marrow toxicity when administered together with the cancer chemotherapy 
compounds without interfering with their anticancer action.  In vitro , melatonin 
proved to counteract apoptosis in bone marrow cells incubated with etoposide.        
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  Abstract   Arthropods represent a rich source of various biologically and pharmaco-
logically active molecules and were also shown to possess cytotoxic and cytolytic 
effects on tumor cell lines as well as anti-angiogenic activities. Cytotoxic and apoptosis-
inducing factors were found, e.g., in some butter fl ies, beetles and saprophagous 
 fl ies, however, venomous and blood feeding animals contain the widest array of 
pharmacologically active compounds. Antitumor and anti-angiogenic compounds 
have been detected in saliva of ticks and blood feeding insects quite recently. 
For example, an antigen 5-like protein (tabRTS) containing the RTS-disintegrin motif 
with anti-angiogenic properties was isolated from horse fl y salivary glands. However, 
and in contrast to blood feeding dipterans (e.g., horse fl ies or mosquitoes), hard ticks 
(Ixodida) as a distinct group of blood feeding arthropods remain attached to their 
hosts for several days to weeks. Tick salivary compounds are secreted into the host 
during feeding and are involved in the modulation of host haemostasis and immune 
responses and thus are essential for completion of the feeding process and tick 
survival. During the extended feeding period, expression of new proteins is switched 
on in salivary glands of hard ticks. By exploring the proteins expressed in tick salivary 
glands (sialome), novel sequences with similarities to disintegrin metalloproteases 
and thrombospondin were discovered, suggesting that tick salivary peptides can 
be involved in disruption of platelet aggregation, cell-matrix interactions and/or 
inhibition of angiogenesis. These  fi ndings suggest that tick saliva modulates nega-
tively angiogenesis-dependent wound healing and tissue repair, allowing ticks to 
feed for prolonged periods. Antihemostatic factors in tick saliva represent another 
source of promising anticancer therapeutics. Ixolaris, a tissue factor inhibitor from 
ticks blocks tumor growth and angiogenesis in a glioblastoma model. The inhibitory 
effect of ixolaris is most probably due to downregulation of the vascular endothelial 
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growth factor and reduced tumor vascularization. Amblyomin-X, a tick Kunitz-type 
serine protease inhibitor induces tumor mass regression and decreased number of 
metastatic processes in a murine melanoma model, indicating that the compound 
selectively acts on tumor cells by inducing apoptosis. Generally, the diversity of 
arthropod bioactive molecules is very wide and needs further extensive exploration 
with the perspective to discover novel compounds with potential use as pharmaceu-
ticals in anticancer therapy.  

  Keywords   Arthropods  •  Insects  •  Ticks  •  Angiogenesis  •  Tumor growth      

    7.1   Introduction 

 Cancer still causes one of  fi ve deaths worldwide. Surgery, chemotherapy and radio-
therapy provide inadequate protection and instead, affect normal cells along with 
the cancer cells. The search for cancer treatment by application of natural products 
has been practiced over a long period and several new cytotoxic molecules on natural 
basis have been discovered and further developed to pharmaceuticals. During the 
last decades a number of promising molecules with anticancer activities have been 
discovered in animal venoms and some of them are in clinical trials and may emerge 
be future drugs in cancer therapy (e.g., Kuczer et al.  2008 ; Gomes et al.  2010  ) . 

 Animal venoms represent a rich source of various biologically and pharmacologically 
active molecules (e.g., Andrade et al.  2005 ; Pimenta and de Lima  2005 ; Steen et al. 
 2006 ; Kuczer et al.  2008 ; Hovius et al.  2008 ; Gomes et al.  2010  ) . During the process 
of evolution, animal venoms have developed in various groups of animals, having 
various functions in defence systems against predators as well as in the evolution of 
(ecto)parasite – host relationships (Fry et al.  2009  ) . Among parasites, blood feeding 
and tissue dwelling arthropods (ticks, insects) represent distinct groups. To facilitate 
blood feeding and ensure further development and reproduction, blood feeding 
organisms have developed special mechanisms to counteract the defence systems of 
their hosts, such as hemostasis, itch/pain and innate and acquired immune responses, 
by a wide variety of active compounds, involving inhibitors of factors of the coagulation 
pathways, inhibitors of platelet aggregation, vasodilators and immunomodulatory 
and immunosuppressive molecules. These compounds are secreted via their saliva 
into to host skin while taking a blood meal. The diversity of pharmacologically active 
molecules expressed in the salivary glands of hematophagous arthropods is very large 
and the functions of a lot of molecules have still not been elucidated (Charlab 
et al.  1999 ; Ribeiro and Francischetti  2003 ; Valenzuela  2004 ; Andrade et al.  2005 ; 
Tu et al.  2005 ; Koh and Kini  2009 ; Francischetti et al.  2010  ) . 

 Insects comprise approximately 85% of animal species (Chernysh et al.  2002  )  
and represent the richest source of candidate molecules for development of new ther-
apeutics. Among the bioactive peptides derived from insects, antimicrobial peptides 
and anticoagulants have been best characterized (Bulet et al.  1999 ; Koh and Kini  2009  ) . 
The limited number of compounds with antitumor properties identi fi ed in insects 
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and other arthropods (see Table  7.1 ) were shown to possess mainly cytotoxic and 
cytolytic effects on tumor cell lines, apoptosis inducing properties (e.g., Cohen and 
Quistad  1998 ; Kuhn-Nentwig  2003  )  and/or anti-angiogenic activities (e.g., Ma et al. 
 2010 ; Francischetti et al.  2010 ;    Carneiro-Lobo et al. 2009).  

 According to Pimenta and Lima  (  2005  ) , toxins present in animal venoms can be 
classi fi ed based on their chemical nature, their pharmacological or biological prop-
erties, their molecular level effects and their sub-molecular binding sites. According 
to this classi fi cation, toxins comprise, e.g., various peptides and proteins, glycoproteins, 
alkaloids and biogenic amines and can act as neurotoxins, myotoxins, antimicrobial 
compounds, vasoactive peptides (vasodilators or vasoconstrictors), and exert hemolytic, 
cytolytic, necrotic, hemorrhagic, anti-in fl ammatory, antitumoral or analgesic activities. 
Moreover, venom compounds can act as ion channel ligands, agonists or antagonists 
of receptors, enzymes or inhibitors of enzymes. 

 Ixodid ticks as a distinct group of blood feeding arthropods remain attached to 
their hosts for several days to weeks. Tick salivary compounds are involved in the 
modulation of host haemostasis and immune responses and are essential for comple-
tion of the feeding process and tick survival (e.g., Ribeiro  1995  ) . During the extended 
blood meal, expression of new proteins with a wide range of biological activities is 
switched on in tick salivary glands. Considering the peculiar feeding habits and 
complex biology of ticks, they are characterized in more details below. 

 Generally, isolation and identi fi cation of arthropod salivary molecules is often 
slow and dif fi cult. High-throughput approaches involving molecular biology 
techniques, proteomics, transcriptomics and functional genomics to study salivary 
components of blood feeding arthropods have been introduced and will enable to 
test predicted and novel functions of arthropod molecules (e.g., Valenzuela  2002,   2004  ) .  

    7.2   Ticks (Acari) 

 The salivary glands of ticks are multifunctional complex organs. They enable the 
feeding ticks to concentrate blood nutrients by returning excess water and ions via 
saliva to the host. In addition, salivary glands of ticks produce a cocktail of molecules 
that regulate secretion of salivary proteins and modulate host defence mechanisms 
(Ribeiro and Francischetti  2003 ; Valenzuela  2004  ) . After a tick attaches to a host, 
expression of a series of new genes and synthesis of proteins is initiated in their salivary 
glands that re fl ect the stages of the feeding process. Argasid (soft) ticks feed rapidly 
and penetrate deeply in the host skin and do not secrete factors enabling strong 
attachment to the host. In contrast, almost all ixodid (hard) ticks produce cement 
proteins that ensure  fi rm attachment of the tick to the host and seal the area around 
the mouth parts to the wound site. As feeding progresses, the amount of secreted 
saliva increases and salivary glands undergo a remarkable and rapid structural 
reorganization. At the peak of the feeding process, the glands can increase 25-fold in 
size and protein content. Once the tick is engorged and detaches, the glands degenerate 
through a process of cell apoptosis. 
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   Table 7.1    Examples of pharmacologically active compounds with antitumor potential in arthropods   

 Species  Molecule  Target and/or function  Reference 

 30 arthropods  Crude extracts  Cytotoxic effects  Cohen and 
Quistad  (  1998  )  

 Ticks 
  Haemaphysalis 

longicornis  
 Troponin I-like 

molecule 
 Inhibition of angiogenesis  Fukumoto et al. 

 (  2006  )  
  Haemaphysalis 

longicornis  
 Haemagin  Disruption of angiogenesis and 

wound healing; inhibition 
of vascular endothelial cell 
proliferation and induction 
of apoptosis 

 Islam et al. 
 (  2009  )  

  Amblyomma 
americanum  

 Calreticulin  Inhibition of angiogenesis  Jaworski et al. 
 (  1995  )  

  Amblyomma 
cajannense  

 Amblyomin-X  Induction of tumor cell death  Chudzinski-
Tavassi 
et al.  (  2010  )  

  Ixodes scapularis   Salivary gland extracts  Inhibition of endothelial 
cell proliferation 
and angiogenesis 

 Francischetti 
et al. 
 (  2005a    )  

  Ixodes scapularis   Ixolaris  Blocking of TF activity; 
inhibition of tumor growth, 
downregulation of VEGF 
and reduced tumor 
vascularization 

 Carneiro-Lobo 
et al.  (  2009  )  

  Ixodes ricinus   Metalloproteases Metis 
family 

 Involvement in tissue 
remodeling or disruption 
through digestion of 
structural components 

 Decrem et al. 
 (  2008  )  

  Ixodes ricinus   Salivary gland extracts  Antiproliferative activities  Kazimírová 
et al.  (  2006  )  

  Rhipicephalus 
appendiculatus  

 Growth factor binding  Hajnická et al. 
 (  2011  )  

  Dermacentor 
reticulatus  

  Amblyomma 
variegatum  

 Insects 
 Scorpions, various 

species 
 Venom  Various mechanisms, induction 

of apoptosis, cytotoxicity 
 Gomes 

et al.  (  2010  )  
  Heterometrus 

bengalensis  
 Bengalin  Cytotoxicity, apoptosis  Das Gupta 

et al.  (  2010  )  
 Various insects  Crude extracts  Cytotoxic effects  Ahn et al. 

 (  2000  )  
  Musca domestica   Crude extract  Antitumor activity  Hou et al. 

 (  2007  )  
 Cecropin, antimicrobial 

peptide 
 Apoptosis-inducing activity  Jin et al.  (  2010  )  

(continued)
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 The insertion of the tick mouthparts (hypostome) to the host skin causes damage 
of the epidermis and rupture of blood vessels. Injury of the host skin would normally 
lead to formation of a hemostatic plug by activation of the coagulation cascade and 
vasoconstriction as well as to in fl ammatory responses and  fi nally to wound healing 
and tissue remodelling. Wound healing is a cascade of processes and involves three 
phases — in fl ammatory, proliferative, and maturation and remodeling (e.g., Midwood 
et al.  2004  ) . Brie fl y, in the in fl ammatory phase, mechanisms of the innate response 
of the organism to injury are involved. Platelet aggregation and activation of the 
coagulation cascade lead to formation of a blood clot that serves in prevention of 
local hemorrhage and functions as a provisional matrix for the wound healing. 
Following hemostasis, bacteria and tissue debris are phagocytosed and removed, and 
chemical signals that modulate migration, proliferation and differentiation of cells 

Table 7.1 (continued)

 Species  Molecule  Target and/or function  Reference 

  Sarcophaga bullata   Lectin  Cytotoxic effects  Itoh et al. 
 (  1985  )  

  Calliphora vicina   Alloferon  Antiviral and antitumor 
peptides 

 Chernysch 
et al.  (  2002  )  

  Drosophila virilis   SK-84, antimicrobial 
peptide 

 Antiproliferative activities  Lu and Chen 
 (  2010  )  

  Tabanus bovinus   Crude whole body 
extracts 

 Cytotoxic effects, anti-angio-
genic activities 

 Ahn et al. 
 (  2000  )  , 
Kwak et al. 
 (  2002  )  

  Tabanus yao   TabRTS  Inhibitor for angiogenesis  Ma et al. 
 (  2010  )  

 Lepidoptera 
(Pieridae) 

 Pierisins  Apoptosis-inducing protein; 
cytotoxic activity based on 
DNA ADP-ribosylating 
activity 

 Matsumoto 
et al.  (  2008  ) , 
Watanabe 
et al.  (  1999  )  

  Antheraea yamamai   Any–GS (VII)  Antiproliferative  Yang et al. 
 (  2004  )  

  Hyalophora 
cecropia  

 Cecropins and their 
derivatives, 
antimicrobial 
peptides 

 Cytotoxic and antiproliferative 
activities 

 Moore et al. 
 (  1994  ) , 
Suttmann 
et al.  (  2008  )  

 Coleoptera  Derivatives of 43-mer 
defensins 

 Cytotoxic and antiproliferative 
activities 

 Iwasaki et al. 
 (  2009  )  

  Mylabris phalerata   Buthanol extracts  Apoptosis-inducing activity  Huh et al. 
 (  2003  )  

  Mylabris soo.   Cantharidin  Cytotoxic and apoptosis 
inducing ctivities 

 Liu and Chen 
 (  2009  )  

 Honey bee  Melittin  Cell cycle arrest and apoptosis  Ip et al.  (  2008a, 
  b  ) , Oršolić 
( 2012 ) 
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involved in the proliferative phase and signals that trigger synthesis and degradation 
of extracellular matrix (ECM) proteins are released. During the proliferative phase, 
granulation tissue is formed and the process involves proliferation of endothelial 
cells (EC),  fi broblast accumulation, collagen synthesis and formation of a new network 
of blood vessels (angiogenesis). Epithelial cells  fi nally cover the wound (epitheliali-
sation). Macrophages produce cytokines that stimulate  fi broplasia and angiogenesis. 
During angiogenesis, the vascular basement membrane and the  fi brin or interstitial 
matrix are degraded by ECs, and these cells start to migrate into the matrix and 
proliferate by forming new capillary-like tubes. Fibroblasts produce new ECM that 
supports additional cell ingrowth. Blood vessels provide oxygen and nutrients and 
ensure sustained cell metabolism. The integrity of the granulation tissue depends 
on the presence of lipid mediators, the activity of target cells and growth factors 
which originate from plasma or are released into the wound by activated platelets, 
in fi ltrated peripheral blood monocytes and macrophages or by injured and activated 
parenchymal cells. The temporary  fi brin matrix also promotes formation of granula-
tion tissue. Fibroblasts and ECs express integrin receptors and invade the  fi brin/
 fi bronectin-rich clot in the wound and start synthesizing a permanent ECM. 
Maturation and remodeling is the  fi nal phase of wound healing and occurs when the 
wound has closed. During contraction, the wound size is decreasing due to the 
activity of myo fi broblasts. Collagen is remodeled and realigned along tension lines. 
Cellular activity is reduced and cells that are not needed are removed by apoptosis. 
The number of blood vessels in the wound decrease. 

 Angiogenesis is an important process in wound healing (Folkman  2003 ; Carmeliet 
 2003 ; Laurens et al.  2006  ) . It is a complex process, in which proliferation of ECs 
is stimulated by growth factors (VEGF or FGF-2) and migration of ECs into the ECM 
occurs while new capillaries are formed. EC migration is controlled by proteolytic 
enzymes of the plasminogen activator/plasmin system and by matrix metallopro-
teinases. The cells proliferate and elongate. Vessel stabilization occurs thanks to 
interaction with pericytes and reconstitution of the basement membrane. Integrins 
(e.g., alpha    

pi b
  beta 

3
 , alpha 

5
 beta 

1
 , alpha Vbeta  

3
 , and alpha Vbeta 

5
 ) are important in wound 

healing and angiogenesis as they facilitate binding of EC to ECM  fi brin(ogen), 
vitronectin, and  fi bronectin. Except wound healing, angiogenesis plays also an important 
role in the development and progression of tumor metastasis, thus tick compounds 
impairing wound healing have probably also an antitumor potential. 

 The wound healing response of the host would normally disrupt tick feeding 
and cause rejection of the tick, with detrimental consequences to tick viability and 
reproduction. However, ticks complete their blood meal thanks to the presence of 
a wide range of physiologically active molecules in their salivary glands Fig.     7.1  . 
These molecules evolved during the host-parasite co-evolution and are crucial in 
overcoming haemostatic and immune responses of the hosts and, in addition, they 
support transmission of tick-borne pathogens (e.g., Ribeiro and Francischetti  2003 ; 
Brossard and Wikel  2004 ; Nuttall and Labuda  2004 ; Ramamoorthi et al.  2005 ; 
Andrade et al.  2005 ; Steen et al.  2006  ) . 

 Saliva of ixodid ticks were shown to contain factors that bind cytokines (IL-2, IL-4) 
and chemokines [CXCL8 (IL-8), CCL2 (MCP-1), CCL3 (MIP-1a), CCL5 (RANTES), 
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CCL11 (eotaxin)] which are involved in host immune and wound healing responses 
and neutralize their biological activities (Hajnická et al.  2005 ; Frauenschuh et al. 
 2007 ; Déruaz et al.  2008  ) . Targeting of factors involved in wound healing (angio-
genesis, growth factors) appears to be another strategy adopted by ixodid ticks to 
suppress in fl ammation and succeed in blood feeding (Francischetii et al.  2010 ; 
Hajnická et al.  2011  ) . 

 The network of signal molecules involved in regulation of the wound healing 
processes includes cytokines and chemokines (Werner and Grose  2003  )  and, in 
addition, a number of growth factors like epidermal growth factor (EGF),  fi broblast 
growth factor (FGF-2), platelet-derived growth factor (PDGF), transforming growth 
factor beta (TGF- b 1), granulocyte macrophage colony stimulating factor (GM-CSF), 
hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) 
(e.g., Barrientos et al.  2008  ) . Compounds of salivary gland extracts of various hard 
ticks seem to bind growth factors in a species-speci fi c manner, e.g., salivary gland 
extracts derived from  Amblyomma variegatum  bind TGF-  b 1, PDGF, FGF-2 and HGF, 
from  Dermacentor reticulatus  and  Rhipicephalus appendiculatus  react with TGF- 
 b 1, FGF-2 and HGF, and from  Ixodes ricinus  and  I. scapularis  with PDGF. Salivary 
gland extracts of the tick species that react with PDGF ( A. variegatum  and  I. ricinus ) 

  Fig. 7.1    Hard ticks (Ixodidae) insert their mouthparts into the skin of their hosts and remain attached 
for several days to weeks. In the wound at the tick attachment site, a hemorrhagic pool is created. 
Ticks secrete biologically active salivary compounds to the wound and counteract host defence 
mechanisms involved in wound healing, hemostasis, innate and acquired immunity, itch and pain. 
Among blood feeding animals, ticks, due to their unique feeding habits and prolonged blood-meal, 
produce the richest cocktail of pharmacologically active substances with potential use in treatment 
of various disorders       
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also display antiproliferative activities and affect changes in cell morphology in 
a number of cell lines. These activities correlate with disruption of the actin 
cytoskeleton, but have not been detected in those tick species that did not target 
PDGF (Hajnická et al.  2011  ) . 

 Generally, the composition of tick saliva is complex and redundant at the same 
time, which re fl ects complex and redundant host defence responses. As already 
stated, tick saliva contains inhibitors of blood coagulation and platelet aggregation 
as well as vasodilatory and immuno-modulatory substances (Wikel and Alarcon-
Chaidez  2001 ; Brossard and Wikel  2004 ; Andrade et al.  2005 ;    Steen et al.  2006  ) . 
The blood feeding strategy of ticks on one hand, and the pool and mode of action 
of the pharmacologically active compounds contained in their saliva and salivary 
glands on the other hand, are mostly species-speci fi c. The activity, mechanisms of 
action and characteristics of these compounds have been studied more intensively 
during the last two decades. The aim of such studies was to identify the active com-
pounds and prepare them in recombinant form, with their perspective usage as 
pharmaceuticals (Titus et al.  2006 ; Maritz-Olivier et al.  2007 ; Hovius et al.  2008  ) . 
Recent progress in transcriptome research in hard ticks has disclosed hundreds of 
different proteins expressed in their salivary glands, whereby for the majority not 
known function has been ascribed and they include many novel and unique protein 
families (Francischetti et al.  2010  ) . 

 By exploring the proteins expressed in salivary glands of ticks (sialomes), novel 
sequences with similarities to disintegrin metalloproteases and thrombospondin 
were discovered, indicating that tick salivary peptides can be involved in disruption 
of platelet aggregation, cell-matrix interactions and/or inhibition of angiogenesis 
(Valenzuela et al.  2002 ; Francisch   etti et al.  2005a,   b ; Fukumoto et al.  2006  ) . These 
 fi ndings suggest that tick saliva is a negative modulator of angiogenesis-dependent 
wound healing and tissue repair, allowing ticks to feed for prolonged periods 
(Francischetti et al.  2005a,   b  ) . In addition, calreticulin with potent anti-angiogenesis 
properties was also detected in salivary glands of the hard tick  Amblyomma ameri-
canum  (Jaworski et al.  1995  ) . The presence of the N-terminus of calreticulin was 
also found in saliva of  Ixodes scapularis  and a potent inhibitory activity on both 
endothelial cell proliferation and chick aorta sprouting formation was demonstrated 
in saliva of this tick (Valenzuela et al.  2002 ; Francischetti et al.  2005a    ) . 

 In a study involving four hard tick species ( Ixodes ricinus, Dermacentor reticu-
latus, Rhipicephalus appendiculatus  and  Amblyomma variegatum ), dose-dependent 
inhibitory effects of salivary gland extracts on the proliferation of HeLa cells were 
demonstrated (Kazimírová et al.  2006  ) . The results suggested that salivary gland 
extracts of various hard tick species might contain different compounds to suppress 
cell proliferation and induce apoptosis, whereas the presence and amounts of the 
active compounds might change during tick feeding. Inhibition of cell proliferation 
by salivary gland extracts of these ticks was most probably related to suppression 
of proliferation rather than to cytotoxic or cytolytic effects. The active compounds 
are most probably proteins as the anti-proliferative effects of salivary gland extracts 
were abolished by their incubation at 100°C. 
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 Thrombospondin-like molecules were also detected in tick sialome (Valenzuela 
et al.  2002  ) . The role of the thrombospondin-1 (TSP1) in tumor cell adhesion, motility 
and proliferation was discussed by Roberts  (  1996  )  who stated contradictory effects 
of TSP1 on tumor growth indicating that the activities are most probably cell-speci fi c. 

 Platelet aggregation inhibitors and disintegrin metalloproteases present in tick 
salivary glands and participating in the inhibition of wound healing after a tick bite 
could potentially also be involved in the suppression of tumor cell proliferation 
(Mans et al.  2002 ; Valenzuela et al.  2002 ; Decrem et al.  2008  ) . 

 Disintegrins contained in tick saliva inhibit platelet aggregation and are also 
important for successful tick feeding (Decrem et al.  2008 ; Francischetti et al.  2005a ; 
Harnnoi et al.  2007  ) . In the sialome of  Ixodes scapularis  two cysteine-rich peptides 
(ISL 929 and ISL 1373) with homology to the cysteine-rich domain of disintegrin 
metalloproteinases, a family of structurally and evolutionarily related negative regu-
lators of integrins have been identi fi ed (Valenzuela et al.  2002 ; Ribeiro et al.  2006 ; 
Guo et al.  2009  ) . ISL 929 and ISL 1373 belong to the ixostatin family (short-coding 
cysteine-rich-peptides). These peptides code for cysteine-rich peptides which are 
similar to the cysteine-rich domains of the ADAMTS ( a d isintegrin  a nd  m etalloprotease 
with  t hrombospondin motif s ) proteins, i.e., enzymes that, among other functions, 
cleave cartilage and inhibit angiogenesis. However, the function of peptides belonging 
to the ixostatin family is largely unknown, although they might be involved in inhibition 
of angiogenesis/tissue repair (Ribeiro et al.  2006 ; Francischetti et al.  2005a,   b  ) . 
For example, polymorphonuclear leukocytes treated with the saliva of  I. scapularis  
and recombinant ISL 929 and ISL 1373 displayed reduced expression of  b  

2
  integrins 

and impaired adherence (Guo et al.  2009  ) . 
 The effects of coagulation inhibitors on tumor cells and an association between 

cancer and thrombosis have been recognized and described, however, the manner by 
which tumor growth is regulated by coagulation in vivo remains largely unclear 
(Nierodzik and Karpatkin  2006  ) . Thrombin is known to activate tumor cell adhesion 
to platelets, endothelial cells, and subendothelial matrix proteins, enhance tumor 
cell growth, increase tumor cell seeding and spontaneous metastasis, and stimulate 
angiogenesis in tumors. Thus, tumor malignancy may be regulated by a procoagu-
lant/anticoagulant pathway. Thrombin (thrombosis) contributes to increased malig-
nancy by activating platelet-tumor aggregation, tumor adhesion to subendothelial 
matrix, tumor growth and metastasis, and tumor-associated angiogenesis, and 
in addition, thrombin serves to preserve and/or activate dormant tumor cells. Tick 
saliva is known to contain a wide array of molecules with antithrombin activities, 
like savignin (Nienaber et al.  1999  ) , madanin (Iwanaga et al.  2003  ) , variegin (Koh 
et al.  2007  )  or boophilin (Macedo-Ribeiro et al.  2008  )  (for review see e.g., Koh and 
Kini  2009 ; Francischetti et al.  2010  )  which also could be considered as candidates 
in the development of drugs for administration in anticancer adjuvant therapy. 

 Francischetti et al.  (  2005a    )  demonstrated for the  fi rst time that saliva of the hard 
tick  Ixodes scapularis  dose-dependently inhibited microvascular endothelial cell 
proliferation. The process was accompanied by a change in cell shape (shrinkage of 
the cytoplasm with loss of cell-cell interactions) and apoptosis. The effect of saliva 
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appeared to be mediated by endothelial cell  a 
5
 b 

1
 integrin, suggesting that a 

metalloprotease is responsible for the antiproliferation activity. These  fi ndings 
suggest that tick saliva is a negative modulator of angiogenesis-dependent wound 
healing and tissue repair, allowing ticks to feed for a prolonged period. Prior to 
this discovery, inhibition of angiogenesis was an unidenti fi ed biologic property of 
tick saliva or of any blood-sucking arthropods studied so far. Thus tick saliva 
may be regarded as an additional source of angiogenesis inhibitors with potential 
applications in anticancer therapy. 

 During vessel wall injury, membrane-bound tissue factor (TF) is exposed and 
blood coagulation is initiated (Gomez and McVey  2006  ) . Abnormal elevated TF 
expression has been documented in several tumor types including high grade tumors 
(glioblastomas) and indicates a potential role for TF in progression of this disease, and 
suggests that anticoagulants could be used as adjuvants for its treatment. Ixolaris, 
a TF pathway inhibitor, belonging to a novel group of tick anticoagulants, was iso-
lated from  I. scapularis  ticks (Francischetti et al.  2002  ) . Ixolaris is a Kunitz-like 
serine proteinase inhibitor that interacts with zymogen FX through a precursor state 
of the heparin-binding exosite, displaying potent and long-lasting antithrombotic 
activity. It was hypothesized that Ixolaris might interfere with progression of 
glioblastoma due to its potent activity against  in vitro  procoagulant properties 
and  in vivo  tumor growth of U87-MG glioblastoma cells. Along with inhibition of 
tumor growth, Ixolaris caused downregulation of VEGF and vessel density in the tumor 
mass. The results suggest that Ixolaris is among the promising candidates for devel-
opment of antitumor therapeutics (Carneiro-Lobo et al.  2009  ) . 

 Amblyomin-X, a Kunitz-type serine protease inhibitor present in salivary 
glands of  Amblyomma cajannense  (Batista et al.  2010  ) , inhibits the activity of coag-
ulation Factor Xa (FXa) and, in addition, displays cytotoxic activity by decreasing 
tumor mass and reducing metastasis in a murine melanoma model. Moreover, 
Amblyomin-X displays a pro-apoptotic activity in SK-Mel-28 (melanoma) or Mia-
PaCa-2 (pancreas adenocarcinoma) cell lines. Treatment of the tumor cell lines with 
Amblyomin-X resulted in alterations of expression of a number of genes related 
to cell cycle. Amblyomin-X most probably acts on tumor cells selectively by targeting 
the ubiquitin-proteasome system and induces apoptotic cell death (Chudzinski-Tavassi 
et al.  2010  ) . 

 Haemangin, a novel Kunitz-type inhibitor from salivary glands of  Haemaphysalis 
longicornis  was shown to disrupt angiogenesis and wound healing via inhibition of 
vascular endothelial cell proliferation and induction of apoptosis (Islam et al.  2009  ) . 
In addition, haemangin was shown to inactivate trypsin, chymotrypsin, and plasmin, 
indicating its antiproteolytic potential on angiogenic cascades. Analysis of haemangin-
speci fi c gene expression kinetics at different blood feeding stages of adult  H. longicornis  
ticks revealed a dramatic up-regulation prior to feeding completion, which seems 
to be linked to the ingestion of the blood-meal. The study also provided the  fi rst 
insights into transcriptional responses of human microvascular endothelial cells to 
Haemangin. DNA microarray data revealed that Haemangin altered the expression 
of 3,267 genes, including those involved in angiogenesis, which further support the 
anti-angiogenic function of the compound. Moreover, the study provided novel 



1737 Pharmacologically Active Compounds from Ticks and Other Arthropods…

information on the blood feeding strategies of hard ticks that enable them to feed for 
a prolonged period and ensure full blood-meals through modulation of angiogenesis 
and wound healing processes. 

 Troponin I (TnI) (Feldman and Rouleau  2002  )  is a novel cartilage-derived angio-
genesis inhibitor that inhibits endothelial cell proliferation and angiogenesis, and 
was shown to inhibit metastasis of a wide variety of tumors  in vivo . Despite evidence 
of its ef fi cacy, little has been known about the mode of action of TnI as an anti-
proliferative and anti-angiogenic agent. It has been demonstrated that TnI inhibits 
both bFGF-stimulated and basal levels of endothelial cell proliferation, and it was 
hypothesized that this inhibition occurs, at least in part, through an interaction of 
TnI with the cell surface bFGF receptor on capillary endothelial cells, suggesting 
that the compound competes with bFGF for interaction with the bFGF receptor. 
In a cDNA expression library prepared from  H. longicornis  a cDNA encoding 
27/30 kDa proteins was cloned and assigned as P27/30 gene. The predicted amino acid 
sequence of the P27/30 gene showed high homology with the  Drosophila melano-
gaster  troponin I clone E2, suggesting that  H. longicornis  P27/30 is a troponin I-like 
protein (You et al.  2001  ) . To investigate the inhibitory effects of tick troponin-
like molecules on angiogenesis, recombinant HLTnI was prepared. In an assay for 
testing the activity of VEGF, signi fi cant inhibition of formation of capillaries in a 
culture of human vascular endothelial cells (HUVEC) by HLTnI was demonstrated .  
The results indicate that HLTnI is a potent inhibitor of angiogenesis (Fukumoto 
et al.  2006  ) . 

 The effects of  Dermacentor variabilis  saliva on basal- and platelet-derived growth 
factor (PDGF)-stimulated cell migration and extracellular signal-regulated kinase 
(ERK) signalling in  fi broblasts was also examined (Kramer et al.  2008  ) . The study 
revealed a delay in repair of injured cell monolayers after pre-treatment with tick 
saliva, which was not associated with reductions in cell number. In a migration 
assays, tick saliva suppressed both basal and PDGF-stimulated  fi broblast migration. 
Tick saliva also reduced ERK activity stimulated with PDGF. It was suggested that 
the delayed repair of injured cell monolayers was a result of inhibition of  fi broblast 
migration normally elicited by chemotactic signals. Moreover, tick saliva suppressed 
ERK activation in injured renal epithelial OK cells. Thus it appears that ticks ensure 
prolonged feeding and maintenance of the feeding lesion in the host skin also by 
suppression of ERK activation and  fi broblast migration, both being important events 
in the wound healing process. The fact that the effects of tick saliva on ERK activity 
stimulated by injury- and growth factors are not cell-type speci fi c suggests that some 
compounds in tick saliva might also control the invasiveness of cancer cells.  

    7.3   Scorpions 

 Scorpions (Arachnida, Scorpionidea) are the most venomous representatives of 
the class Arachnida and contain compounds that affect cell proliferation and 
induce apoptosis (for review see Gomes et al.  2010  ) . Venom of the scorpion  Buthus 
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martensii  was shown to suppress proliferation and induce cell death of malignant 
glioma U251-MG cells, but did not affect human hepatocellular carcinoma cells. 
The glioma cell death was determined as apoptosis and is most probably related to 
modulation of ion channels in glioma cells (Wang and Ji  2005  ) . Moreover, scorpion 
venoms contain chlorotoxins that speci fi cally bind to glioma cells and thus have a 
potential to be used in treatment of glioma (Lyons et al.  2002  ) . Hyaluronidase and 
serine proteinase-like proteins (e.g. BMK-CBP) have also been isolated from 
scorpion venom and have anticancer effects. Dose-dependent cell binding activity 
of BMK-CBP, e.g., with the breast cancer cell line MCF-7 was demonstrated and 
the substance is most probably related to the anticancer potential of the scorpion 
venom (Gao et al.  2008  ) . 

 Isolated protein fractions of the scorpion  junceus  venom showed different 
cytotoxic effects on tumor cell lines of epithelial origin (HeLa, Hep-2, NCI-H292) 
and induced apoptosis, but the mode of their action has not been elucidated (Díaz 
García et al.  2010  ) . On the other hand, cytotoxic activity of the venom of the species 
 Heterometrus bengalensis  on human leukemic cells was explained by induction of 
DNA fragmentation. Recently, a 72 kDa novel scorpion venom protein named 
bengalin has been puri fi ed from  H. bengalensis  venom (Das Gupta et al.  2010  ) . 
The protein shows antiproliferative and apoptogenic effects on human leukemic 
cell lines U937 and K562. In addition, the protein elicits loss of mitochondrial 
membrane potential, and subsequent release of cytochrome c into the cytosol, decrease 
in expression of heat shock proteins HSP70 and HSP90, activation of caspase-9 and 
caspase-3 and induction of cleavage of poly(ADP-ribose) polymerase. It was also 
demonstrated that the antiproliferative and apoptogenic effects of bengalin were 
related to inhibition of HSPs expression. Based on these results it was hypothesised 
that the molecular mechanism of the anticancer potential of bengalin might be mediated 
by the mitochondrial death cascade.  

    7.4   Spiders and Centipedes 

 Cohen and Quistad  (  1998  )  assessed venoms from 30 arthropods (including 26 spider 
species) for cytotoxicity by using cultured cells of three mammalian sources (murine 
neuroblastoma and macrophages and human osteosarcoma). The most cytotoxic 
venoms were derived from predatory jumping spiders (Salticidae,  Phidippus  sp.) 
and a centipede ( Scolopendra  sp.). The cytotoxicity of the  Phidippus ardens  venom 
was instantaneous and evidenced by dramatic disruption of cell membranes resulting 
in cell collapse. Surprisingly, the venoms of spiders from the families Loxoscelidae 
and Theridiidae that have been known for their use in medical practice, exerted only 
moderate cytotoxicity to cultured mammalian neuroblastoma cells. In contrast, the 
venom of the centipede  Scolopendra  sp. was highly toxic to the three mammalian 
cell cultures. It is suggested that the cytotoxic compounds in spider venom that cause 
disruption of cell membranes are not neuroactive peptides or acylpolyamines, but 
most probably enzymes and their mode of action needs further investigation.  
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    7.5   Honey Bee 

 The therapeutic properties of bee venom (bee venom therapy) have been well known 
for a long period. Bee venom therapy has been applied in traditional medicine, 
for instance, in treatment of arthritis, rheumatism, pain and skin diseases. Bee venom 
contains a wide variety of biologically active substances, like peptides (e.g. melittin, 
apamin, adolapin, mast-cell-degranulating peptide, phospholipase A2), amines (e.g., 
histamine, epinephrine), and nonpeptide substances. Among various effects, anti-
cancer potential of bee venom has also been demonstrated and melittin appears to 
be the main compound responsible for cytotoxic and apoptogenic activities (for review 
see, e.g., Son et al.  2007 ; Oršolić  2012  ) . 

 The cytotoxic effect of bee venom is most probably due to activation of phospho-
lipase A2 by melittin, but suppression of expression of matrix metalloproteinase-9 
which is important in invasion of cancer cells and metastasis seems to be another 
important anticancer property of melittin (Park et al.  2010  ) . A wide range of cancer 
cells (e.g., renal, lung, liver, prostate, bladder, mammary cancer cells and leukemia cells) 
were shown to be affected by melittin. Besides the cytotoxic effects, induction of 
apoptosis by bee venom has been reported for a number of cancer cell lines, how-
ever, the underlying molecular mechanisms have not been completely elucidated. 
Several death mechanisms of cancer cells induced by bee venom or its component 
melittin have been reported, including activation of caspase and matrix metallopro-
teinases (MMP) (see Son et al.  2007  ) . For example, in human breast cancer MCF7 
cells, bee venom probably induces apoptosis through the mitochondrial-dependent 
pathway (Ip et al.  2008a  ) , while in human cervical cancer Ca Ski cells, apoptosis 
is induced via a Fas receptor pathway, also involving mitochondrial-dependent 
pathways (Ip et al.  2008b  ) . In leukemic U937 cells, melittin appears to induce apoptosis 
through downregulating Akt signal pathways (Moon et al.  2008  ) .  

    7.6   Beetles (Coleoptera) 

 The beetle  Mylabris phalerata  (Chrysomelidae) is known as an insect crude extracts 
of which have been used in anticancer therapy in oriental medicine. A butanol fraction 
prepared from the beetle extract displayed low cytotoxic activity on human mono-
cytic leukemic U937 cells, but induced morphological changes leading to apoptosis 
and activated the caspase cascade and release of cytochrome c from mitochondria 
into the cytosol. The anticancer activity of  M. phalerata  fraction is most probably 
due to apoptosis rather than cytotoxicity (Huh et al.  2003  ) . 

 Cantharidin, a highly toxic compound, has been isolated from  M. phalerata  and 
a number of other beetle species and has been used in anticancer therapy    due to its 
cytotoxic activities (Liu and Chen  2009  ) . However, because of its toxicity clinical 
application of cantharidin has been limited. On the other hand, synthetic analogues 
of cantharidin due to their reduced toxicity on non-malignant cells are promising 
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new drugs. They were shown to induce apoptosis, e.g., in leukemia cell lines through 
activation of the caspase-dependent pathway (Kok et al.  2006  ) . 

 Modi fi ed 43-mer defensins (D-9-mer peptides) with antibacterial properties 
which were derived from the coconut rhinoceros beetle  Oryctes rhinoceros,  are also 
among promising candidates for drugs in anticancer therapy. The synthesized peptides 
displayed antiproliferative effects on mouse myeloma cell lines and cytotoxic activities 
based on disrupting the membrane of the cancer cells (Iwasaki et al.  2009  ) .  

    7.7   Diptera 

 Peptides, referred to as alloferons, were isolated from bacteria-challenged larvae of 
the blow  fl y  Calliphora vicina  (Chernysh et al.  2002  )  .   In vitro , alloferon demonstrated 
stimulatory activity on natural killer lymphocytes and  in vivo  this peptide displayed 
antiviral and antitumor activities. 

 Anticancer potential was also demonstrated in extracts of the house fl y  Musca 
domestica,  showing high in vitro antitumor activity against the human colon cancer 
cell line CT26 (Hou et al.  2007  ) , but the antitumor mechanisms are still unclear. 
Studies on apoptogenic activities of the antimicrobial peptide cecropin isolated 
from  M. domestica  in BEL-7402 (human hepatocellular carcinoma cell line) revealed 
that cell death is most probably induced through the extrinsic apoptotic pathway 
by upregulation of Fas, Fas-L, and caspase-8 and -3 (Jin et al.  2010  ) . 

 Lectin of the  fl esh fl y,  Sarcophaga peregrina  was reported to show cytotoxicity 
against murine ascetic and solid tumors  in vivo  (Itoh et al.  1985  ) , suggesting that 
also these insects could be a good source of new biologically active substances, 
including anticancer agents. 

 Recently, a novel glycine-rich antimicrobial peptide has been puri fi ed from 
 Drosophila virilis  larvae and further characterised (Lu and Chen  2010  ) . The peptide 
was named SK84 and, except antibacterial activity, exerts speci fi c inhibitory effects 
on proliferation of cancer cell lines (human leukemia THP-1, liver cancer HepG2, 
breast cancer MCF-7). 

 Potent antitumor and anti-angiogenic activities were also demonstrated in whole 
body extracts of the blood feeding horse  fl y  Tabanus bovinus  (Ahn et al.  2000 ; 
Kwak et al.  2002  ) . Strong correlation between cytotoxicity and L-amino acid oxidase 
(LAO) activity in the crude extracts suggests that LAO may be one of the cytotoxic 
components associated with apoptosis. Except cytotoxic effects, anti-angiogenic 
activities of  T. bovinus  extracts were also demonstrated (Kwak et al.  2002  ) , suggesting 
that the antitumor and anti-metastatic properties of horse fl y extracts might be mediated 
by the anti-angiogenic mechanism. 

 Recently, an antigen 5-like protein (named tabRTS) was puri fi ed and characterized 
from the salivary glands of the horse fl y  Tabanus yao  (Ma et al.  2010 ). TabRTS con-
tains the SCP domain (Sc7 family of extracellular protein domain) and an Arg-Thr-Ser 
(RTS) disintegrin motif at the C-terminus of tabRTS. The RTS motif is positioned 
in a loop bracketed by cysteine residues similarly as detected in RTS-disintegrins 
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contained in the venom of snakes belonging to Crotalidae and Viperidae, which act 
as angiogenesis inhibitors. TabRTS signi fi cantly inhibited angiogenesis  in vitro  and 
 in vivo  in the endothelial Cell Tube formation assay and chicken chorioallantoic 
membrane (CAM) angiogenesis assay, respectively. This study revealed the  fi rst 
angiogenesis inhibitor protein containing the RTS motif from invertebrates, a possible 
novel type of RTS-disintegrin.  

    7.8   Lepidoptera 

 Anticancer factors were detected also in some butter fl ies (Costa-Neto  2005  ) . A penta-
peptide Any–GS (VII) isolated from larvae of the silkmoth  Antheraea yamamai  
suppress proliferation of hepatoma cells, most probably due to cell cycle arrest 
rather than to an apoptotic/necrotic activity (Yang et al.  2004  ) . 

 Cabbage butter fl ies,  Pieris rapae  and  Pieris brassicae  ,  contain cytotoxic proteins, 
designated as pierisin-1 and -2, inducing apoptosis in several cancer cell lines (Koyama 
et al.  1996 ; Kono et al.  1997,   1999 ; Watanabe et al.  1998,   1999 ; Matsushima-Hibiya 
et al.  2000  ) . The proteins exhibit DNA ADP-ribosylating activity. Similar activities 
have also been detected in other species of the Pieridae family, but not all (Matsumoto 
et al.  2008  ) . Recently, further pierisins (Pierisin-3, Pierisin-4) beloning to the pierisin 
protein family have been found in other representatives of the Pieridae family 
(Yamamoto et al.  2009  )  and their anticancer potential was con fi rmed. 

 Antimicrobial peptides Cecropin A and B, belonging to the Cecropin-family, 
were originally isolated from the hemolymph of the silk moth  Hyalophora cecropia  
and, besides their antimicrobial activities, they display speci fi c antitumor activities 
against a number of cancer cell lines, like mammalian leukemia, lymphoma, colon 
carcinoma (Moore et al.  1994 ; Chen et al.  1997  ) . In addition, cecropins as well 
as the structurally and functionally related antimicrobial peptide Magainin II 
exert cytotoxic and antiproliferative effects on human bladder cancer cell lines 
(Lehmann et al.  2006 ; Suttmann et al.  2008  ) . The mode of action of cecropins is 
most probably related to disruption of cancer cell membranes and subsequent 
cytolysis and destruction.  

    7.9   Concluding Remarks 

 Salivary glands of blood feeding ticks and insects as well as venoms and extracts of 
other arthropods represent a rich source of various pharmacologically active com-
pounds that, in blood feeding organisms, primarily facilitate blood feeding and 
interfere with host defence systems. In addition to antihemostatics and immuno-
modulators, arthropods produce a number of other molecules with a wide range of 
biological activities, such as cardiotoxic factors and neutotoxins, various enzymes 
and enzyme inhibitors, protein homologues, and in addition, they also contain 
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factors that regulate would healing and angiogenssis and display cytotoxic and 
cytolytic activities. Novel arthropod-derived molecules may be useful for develop-
ment of pharmaceuticals for treatment of cancer. However, the isolation and 
identi fi cation of such molecules is often slow and dif fi cult. High-throughput 
genomic and proteomic approaches for cloning salivary and venom cDNA have 
resulted in the discovery of genes and proteins not previously reported in blood 
feeding and venomous arthropods. These allow not only the isolation of factors with 
known activities, but also the characterization of novel molecules, for which the 
biological function is unknown.      
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  Abstract   Apoptosis, one of the main types of programmed cell death, is a kind of 
defense mechanism that eliminates the cells that are abnormal or not needed and plays 
a critical role for the development and maintenance of tissue homeostasis. Apoptosis 
can be triggered by various physiological and pathological stimuli. Apoptotic path-
ways require activation of caspases, a group destructive cystein proteases responsible 
for the cleavage of the key cellular proteins. Recent studies indicate that are two 
main apoptotic pathways, including extrinsic or death receptor pathway and intrinsic 
or mitochondrial pathway. Many natural compounds induce apoptosis in various 
cancer cells by acting through these pathways. These compounds are either antioxidants 
or inducers of antioxidant defense mechanism. Polyphenols (alone or in combination) 
are major constituents of plant-derived antioxidants that induce apoptosis by variety 
of mechanisms in cancer cells and reduce the risk of cancer. This chapter is focused 
on the effects of polyphenols such as resveratrol, quercetin and tannic acid on apoptosis 
in various cancers such as breast, colon and prostate cancers.      

    8.1   Introduction 

 Apoptosis or programmed cell death plays a major role in the control of normal 
development in multicellular organisms and tissue homeostasis. Defects in the 
mechanism of apoptosis might lead to various abnormalities ranging from autoim-
mune diseases to cancer (Lorenzo and Susin  2004  ) . On the other hand, induction of 
apoptosis might act as a protective mechanism against cancer. This mechanism is 
responsible for the apoptosis-related degradation and death of cells and occurs via 
various activation signals (D’Archivio et al.  2008  ) . Apoptosis is mainly the result of 
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two pathways activated by intracellular and extracellular signals and is characterized 
with several morphological changes including cell shrinkage, nuclear DNA fragmen-
tation and membrane blebbing (Debatin  2004  ) . The cytoplasmic (extrinsic) pathway 
of apoptosis activated by extracellular signals occurs via the death receptors that 
belong to a subgroup of TNF receptor super family. Activation of these receptors located 
on the cell membrane of target cell by related ligands induces the apoptotic pathway 
(Sprick and Walczak  2004 ; Bradshaw and Edward Dennis  2003  ) . Mitochondrial 
(intrinsic) pathway of apoptosis activated by intracellular signals is triggered by release 
of cytochrome-c to cytoplasm from intermembrane area of mitochondria and activation 
of the apoptosome complex consisting of cytosolic factor Apaf-1, ATP and active 
caspase 9. Caspases and members of the Bcl-2 protein family are involved in both 
of these apoptotic pathways. Caspases are members of a cystein protease family and 
are synthesized in the form of inactive zymogens activated by proteolytic cleavage. 
Overall caspases act as initiator (caspase 2,8,9,10) and effectors (caspase 3,6,7) in the 
apoptotic process. Members of the Bcl-2 family consist of proteins that either trigger 
(proapoptotic) or prevent (antiapoptotic) apoptosis. Among this family, while proteins 
including Bcl-2, Bcl-X 

L
  and Mcl-1 prevent apoptosis, other proteins including Bax, 

Bad, Bid, Bak, Bcl-xs trigger apoptosis (Bradshaw and Edward Dennis  2003 ; Burlacu 
 2003 ; Twomey and McCarthy  2005  ) . In addition, there are several other proteins that 
are involved in the apoptotic cell death whose names and functions have been sum-
marized in Table  8.1 .  

 Many natural compounds including polyphenols induce apoptosis in various 
cancer cells by acting through these pathways. Polyphenols are major constituents 
of plant-derived antioxidants that induce apoptosis by a variety of mechanisms in 
cancer cells and reduce the risk of cancer. 

 Polyphenols in diet are extremely important for their favorable effects on health 
particularly due to their anti-cancer features (Ramos  2008  ) . These polyphenols are 
found in fruits, vegetables, seeds and beverages and are classi fi ed as stillbens (e.g. 
resveratrol),  fl avonoids (e.g. quercetin), tannins (e.g. tannic acid), phenolic acids and 
analogues, lignans and others according to their chemical structures (Ramos  2008 ; 
Huang et al.  2010  ) . 

 Most dietary polyphenolic compounds including resveratrol, quercetin and 
tannic acid have an inhibitory role on carcinogenesis with the induction of apoptosis 
by several different mechanisms. The present chapter will focus the molecular basis 
of chemopreventive activity of some polyphenols (resveratrol, quercetin and tannic 
acid), addressing their effects on the induction of apoptosis in cancer cells (Fig.  8.1 ). 
Abbreviations are listed in Table  8.2 .   

    8.1.1   Induction of Apoptosis by Resveratrol 

 Apoptotic effects of resveratrol (3,5,4 ¢  trihydroxystilbene), a member of the stilben 
family, has been investigated in cancer cell lines in several studies. Other effects of 
resveratrol are summarized in Table  8.3 .  
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    8.1.1.1   Breast Cancer Cells and Resveratrol 

 Resveratrol induces apoptotic process in several breast cancer cell lines by up- or 
down-regulating certain pro- and anti-apoptotic proteins, respectively, that have a 
role in the intrinsic pathway (e.g., Bcl-2, Bcl-XL, Bak and Bax). For instance 
resveratrol inhibits expression of Bcl-XL anti-apoptotic protein and increases levels 
of bak and bax proapoptotic proteins(Nakagawa et al.  2001 ; Kim et al.  2004 ; Pozo-
Guisado et al.  2005 ; Sakamoto et al.  2010  ) . Moreover, resveratrol induces apoptosis 
by increasing the activities of caspase 3 and 9 (Nakagawa et al.  2001 ; Kim et al. 
 2004 ; Alkhalaf et al.  2008 ; Sareen et al.  2007  ) . Analysis of the resveratrol-induced 
mechanisms in T47D breast cancer cells indicate that it induces apoptosis by 
activating death receptor pathway via FADD (CD95) in the extrinsic pathway 
(Clement et al.  1998  ) . 

 Alkhalaf et al.  (  2008  )  have shown that resveratrol induces PARP degradation 
with caspase 3 activation in MDA-MD-231 breast cancer cell line (Alkhalaf et al. 
 2008  ) . Furthermore, it has been reported that resveratrol induces apoptosis in T47D 

  Fig. 8.1    The effects of dietary polyphenolic compounds, including resveratrol, quercetin and tannic 
acid, in regulation of various molecules in intrinsic and extrinsic pathways of apoptosis. Apoptosis 
can be triggered in a cell through either the intrinsic or extrinsic pathways. Dietary polyphenols 
exert their effects by altering levels or activity of single or multiple apoptotic pathways depending 
on a cancer type or the structure of the compounds       
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   Table 8.2    Abbreviations   

 AIF  Apoptosis inducing factor 
 AMPK  5 ¢  adenosine monophosphate (AMP)-activated protein kinase 
 Apaf-1  Apoptosis protease activation factor-1 
 Bad  BCL2-antagonist of cell death 
 Bak  BCL2-antagonist/killer 
 Bax  BCL2-associated X protein 
 Bcl-2  B-cell leukemia/lymphoma 2 
 Bcl-X 

L
 /BCL2L1  BCL2-like 1 

 Bid  BH3 interacting domain death agonist 
 Caspase  Cysteine-aspartic-acid-protease 
 Cdc  Cell division cycle 
 Cdk  Cyclin-dependent kinase 
 CIP1  Cdk-interacting protein 1 
 DD  Death domain 
 DR  Death receptor 
 EGCG  Epigallocatechin gallate 
 EGFR  Epidermal growth factor 
 ERK  Extracellular signal regulated kinase 
 ER  Estrogen receptor 
 FADD  Fas-associated DD Kinase 
 FasR (CD95/APO-1)  Fas receptor 
 FLICE  FADD like interleukin-1  b  converting enzyme 
 FLIP  FLICE like inhibitory protein 
 HSP-70  Heat shock protein 70 
 Omi/HtrA2  High temperature requirement protein A2(Omi) 
 IAP  Inhibitor of apoptosis protein 
 I  B  Inhibitor of  K B 
 JNK  c-jun N-terminal kinase 
 MAP  Mitogen-activated protein 
 Mcl-1  Myeloid cell leukemia sequence 1 
 NF- B  Nuclear factor-  Kappa  B 
 NO  Nitric oxide 
 NOS  Nitric oxide synthase 
 Noxa  NADPH oxidase activator 1 
 P21 (Waf-1/Cip-1)  Cyclin-dependent kinase inhibitor (CDKI) 
 P27 (Kip-1)  Cyclin-dependent kinase inhibitor 1B 
 P38  Mitogen-activated protein kinase 
 P53  Tumor suppressor protein 
 PARP  Poly (ADP-ribose) polymerase 
 PI3K  Phosphoinositide 3-kinase 
 Stat 3  Signal transducer and activator of transcription 3 
 Akt  Related to protein kinase A and C (RAC), Protein kinase B (PKB) 
 pRb  Retinoblastoma protein 
 PUMA  p53 up-regulated modulator of apoptosis 
 ROS  Reactive oxygen species 
 Smac/Diablo  Second mitochondria-derived activator of caspase/Direct IAP 

binding protein 
(continued)
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breast cancer cells that is associated with activation of p53 (Alkhalaf  2007  ) . Pozo-
Guisado et al.  (  2002  )  showed that resveratrol induces CDK inhibitors, such as p27 
and p21 in MCF-7 breast cancer cells, suggesting that resveratrol also inhibits cell 
cycle progression (Pozo-Guisado et al.  2002  ) . 

 Furthermore, resveratrol has been shown to induce activity of JNKs and p38 of 
the MAP kinase family as well as inhibiting NF-kB, PI3K and Akt (Pozo-Guisado 
et al.  2005 ; Sakamoto et al.  2010 ; Filomeni et al.  2007 ; Li et al.  2006  ) . At higher 
doses, resveratrol is also capable of inhibiting the proliferation of breast cancer cells 
and reducing their growth and viability (Nakagawa et al.  2001 ; Pozo-Guisado et al. 
 2002 ; Schmitt et al.  2002 ; Mgbonyebi et al.  1998 ; Scarlatti et al.  2003  ) . Studies have 
reported that resveratrol-induced growth inhibition is associated with changes in 
cell cycle at several levels including sub-G1, sub G0/G1, G1/S and G2/M (Nakagawa 
et al.  2001 ; Kim et al.  2004 ; Sakamoto et al.  2010 ; Pozo-Guisado et al.  2002 ; Scarlatti 
et al.  2003 ; Wang et al.  2009a  ) . 

 Resveratrol can induce antiproliferative and apoptotic effects in highly metastatic 
and invasive breast cancer cell line, MDA-MB-231, by induction of ceramide, which 
is the mediator of various intracellular processes including proliferation, apoptosis, 
differentiation, and aging (Scarlatti et al.  2003  ) .  

    8.1.1.2   Colon Cancer Cells and Resveratrol 

 Several studies demonstrated that both the intrinsic and extrinsic apoptotic pathways 
contribute to cell death induced by resveratrol treatment (Kim et al.  2009 a; Cosan 
et al.  2009  ) . Studies in CaCo-2, HCT-116, SW620, and HT-29 colon cancer cells have 
demonstrated that resveratrol inhibits cell proliferation and commits cells to apoptosis 
(Szendel et al.  2000 ; Wolter et al.  2001 ; Juan et al.  2008 ; Zhang et al.  2009  ) . Delmas 
et al.  (  2003  )  have reported that resveratrol activates certain caspases in SW480 human 
colon cancer cells and might trigger apoptosis by inducing the redistribution of 
Fas receptor on cell membrane (Delmas et al.  2003  ) . Trincheri et al.  (  2007  )  have 
shown that resveratrol activates the intrinsic pathway in DLD1 and HT29 cell lines, 
whereas the study by Pohland et al.  (  2006  )  suggested that apoptosis occurred via the 
death receptor dependent pathway in HCT 116 cells with Bax and Bak de fi ciency 
(Trincheri et al.  2007 ; Pohland et al.  2006  ) . However, Mahyar et al.  (  2002  )  have shown 
that resveratrol triggers apoptosis through both Bax-dependent and independent 
mechanisms in HCT 116 cells (Mahyar-Roemer et al.  2002  ) . In study on HCT 116 cells, 

Table 8.2 (continued)

 AIF  Apoptosis inducing factor 
 TNF  Tumor necrosis factor 
 TNFR  TNF receptor 
 TRAIL  Tumor necrosis factor related apoptosis inducing ligand 
 TRAIL-R  TRAIL receptor 
 WAF1  Wild type p53 activated protein-1 
 XIAP  X-linked Inhibitor of apoptosis protein 
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Mahyar et al.  (  2001  ) , have reported that apoptosis induced through the mitochondrial 
pathway and that resveratrol up- regulated Bax independently of p53 (Mahyar-Roemer 
et al.  2001  ) . Studies on various colon cancer cell lines demonstrated that resveratrol 
induces the release of cytochrome c from mitochondria (Kim et al.  2009 a; Trincheri 
et al.  2007  ) . 

 The effects of resveratrol on caspases have been studied in colon cancer cells. 
Several studies have shown that resveratrol effects caspases 2, 3, 6, 8 and 9 (Kim et al. 
 2009 a; Wolter et al.  2001 ; Juan et al.  2008 ; Mahyar-Roemer et al.  2002 ; Lee et al. 
 2006 ; Mohan et al.  2006  ) . A study performed on DLD-1 and HT-29 colon cancer 
cells have shown the effects of resveratrol on cathepsin D, a lysosomal protease that 
emerges in the later stages of apoptosis. Thus, it might be suggested that lysosomes 
constitute one of the targets of resveratrol (Trincheri et al.  2007  ) . Resveratrol 
reduced mitotic activity by affecting cell cycle proteins in colon cancer cells. It has 
been reported that resveratrol inhibits the cell cycle. These effects of resveratrol on 
cell cycle have been shown to be associated with alterations in the expression of 
cyclins and CDKs (Wolter et al.  2001  ) . However, a study performed with CaCo-2 
cell line has demonstrated that although resveratrol causes inhibition of cell growth 
and accumulation of cells in S/G2 phase, it has no effects on cytotoxicity or apoptosis 
(Schneider et al.  2000  ) . Caspase 6 activation has been reported to be an important 
factor in apoptosis triggered by resveratrol in HCT116 colon cancer cells with or 
without p53 (Lee et al.  2009a  ) . Resveratrol also inhibits Wnt signaling markedly at 
low doses; an effect considered to be a consequence of regulation of intracellular 
beta-catenin localization (Hope et al.  2008  ) . Overall, studies suggest that resveratrol 
exerts its effects through multiple pathways leading to induction of apoptosis and 
inhibition of cell growth.  

    8.1.1.3   Prostate Cancer Cells and Resveratrol 

 Studies have shown that resveratrol induces apoptosis by up-regulating TRAILR1/
DR4 and TRAILR2/DR5 in the death receptor pathway in LNCaP prostate cancer 
cell line (Shankar et al.  2007a,   b  ) . Aziz et al.  (  2006  )  have shown that resveratrol can 
induce apoptotic molecules including Bax, Bak, Bid and Bad in the intrinsic pathway, 
and commit cells to apoptosis in LNCaP cell line (Aziz et al.  2006  ) . In study on 
LNCap, PC3 and DU145 prostate cancer cell line, resveratrol alters release of Smac/
Diablo, cytochrome c, AIF, Omi/HtrA2, PuMA and Noxa by causing loss of mito-
chondrial membrane potential (Shankar et al.  2007a ;  b  ) . Studies have shown that 
resveratrol activates caspases in prostate cancer cells. In androgen responsive LNCaP 
and androgen insensitive PC3 prostate cancer cells, resveratrol induces apoptosis 
by activating both caspase 9 and caspase 3 (Shankar et al.  2007b ; Benitez et al.  2007a  ) . 
Resveratrol increases expression of proapoptotic proteins in LNCaP cells, while 
down-regulating antiapoptotic molecules cIAP1-2, XIAP, Bcl-xl, survivin and 
Bcl-2 (Shankar et al.  2007b  ) . It also has antiproliferative effects on prostate cancer 
cells and decreases cell viability (Aziz et al.  2006 ; Benitez et al.  2007a,   b ; Hsieh 
and Wu  1999  ) . In a study performed with Du-145 prostate cancer cells, suppressive 
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effects of resveratrol on proliferation have been suggested to be mediated by HSPs70- 
(Cardile et al.  2003  ) . 

 Resveratrol might inhibit certain molecules in cell survival pathways including 
PI3K, Akt and NF- k B (Shankar et al.  2007b ; Aziz et al.  2006 ; Benitez et al.  2007b ; 
 2009  ) . Scarlatti et al. ( 2007 ) have shown that resveratrol induced cell cycle arrest 
and promoted apoptosis in prostate cancer cells (Benitez et al.  2009  ) . Kotha et al.  (  2006  )  
have reported that resveratrol inhibits the activity of Src tyrosine kinase in malign 
cells and thus blocks the activation of Stat 3 proteins. As a result of the treatment of 
malign cells expressing active-Stat3 with resveratrol, human breast (MDA-MB-231) 
and prostate carcinoma (DU145) cell lines were inhibited at G0-G1 phase of cell 
cycle. However, resveratrol inhibited S phase of the cell cycle in human breast cancer 
(MDA-MB-468) and induced cell death via apoptosis (Kotha et al.  2006  ) . 

 Narayanan et al.  (  2003  )  showed that resveratrol alters the cell cycle regulation 
including cyclins, cdks, p53 and cdk inhibitors and expression of genes associated 
with apoptosis (Narayanan et al.  2003  ) . Joe et al.  (  2002  )  reported that resveratrol 
induces marked growth inhibition in MCF7 and SW480 cell lines (Joe et al.  2002  ) . 
Hsieh  (  2009  )  has been demonstrated that resveratrol achieves its anti-cancer activity 
in prostate cancer cells by suppressing cell proliferation, inhibiting proceeding of 
cell cycle and thus inducing apoptosis in androgen responsive LNCaP and androgen 
resistant (or insensitive) DU145 and PC-3 CaP cells (Hsieh  2009  ) . 

 Antiproliferative and proapoptotic effects of resveratrol in breast cancer cells might 
be due to accumulation of ceramide. However, Sala et al.  (  2003  )  have demonstrated 
that resveratrol might exhibit antiproliferative/proapoptotic effects secondary to 
endogen ceramide accumulation in androgen receptor (AR) negative prostate cancer 
cell line PC3 (Sala et al.  2003  ) .   

    8.1.2   Induction of Apoptosis by Quercetin 

 Quercetin (3,5,7,3 ¢ ,4 ¢ -pentahidroksi fl avon) is a  fl avonoid commonly found in vegetables 
and fruits (Table  8.3 ). Its effects in the molecular mechanisms of apoptosis have been 
investigated in several cancer cell lines. 

    8.1.2.1   Breast Cancer Cells and Quercetin 

 Several studies indicate that quercetin induces apoptosis in breast cancer cells (Chou 
et al.  2010 ; Choi et al.  2001 ; Hatipoglu et al.  2010  ) . Quercetin, induces apoptosis 
through modulation of various pathways in a manner similar to other phenolic com-
pounds and causes reduction in Bcl-2, and elevation Bax and AIF levels in MCF-7, 
MDA-MB-231 and MDA-MB-453 breast cancer cells (Chou et al.  2010 ; Chien 
et al.  2009 ; Choi et al.  2008  ) . Chou et al.  (  2010  )  reported that quercetin decreased 
levels of Bcl-2 protein and increased the activation of caspase-6, -8 and −9 in MCF-7 cells 
(Chou et al.  2010  ) . Chien et al.  (  2009  )  showed that quercetin treatment promoted 
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activation of caspase-3, -8 and −9 in MDA-MB-231 cells (Chien et al.  2009  ) . Other 
studies showed that quercetin induces growth inhibition and decrease proliferation 
and cell viability in breast cancer cells (Chou et al.  2010 ; Choi et al.  2001 ; Hatipoglu 
et al.  2010 ; Chien et al.  2009 ; Choi et al.  2008 ; Jeong et al.  2009 ; Rodgers and Grant 
 1998 ; Lee et al.  2009b ; Hakimuddin et al.  2004  ) . Quercetin affects the cell cycle 
by increasing the levels of Cdk inhibitors including p53, p21 CIP1/waf1  and p27 Kip1  
(Chou et al.  2010 ; Choi et al.  2001 ; Jeong et al.  2009  ) . In MDA-MB-231 cells, 
quercetin was shown to increase levels of cytosolic calcium, which is known to trigger 
apoptosis. (Chien et al.  2009  ) . In addition, Costillo-pichardo et al.  (  2009  )  have demon-
strated that combination of various grape polyphenols induce apoptosis and are more 
effective than single use of resveratrol, quercetin, or catechin in inhibition of cell 
proliferation, cell cycle progression, and cell migration in the highly metastatic ER 
(−) MDA-MB-435 cell line (Castillo-Pichardo et al.  2009  ) .  

    8.1.2.2   Colon Cancer Cells and Quercetin 

 Studies have shown that quercetin induces TRAIL-mediated apoptosis in colon 
adenocarcinoma cells (Psahoulia et al.  2007  ) . Kim WK et al.  (  2005  )  have reported 
that Bcl-2 was reduced while Bax remained unchanged in HT9 and SW480 colon 
cancer cells after administration of quercetin (Kim et al.  2005  ) . Quercetin has been 
shown to decrease cell viability, increase differentiation, inhibit cell proliferation 
and induce apoptosis in colon cancer cells (Kim et al.  2005 ; Xavier et al.  2009 ; 
Wenzel et al.  2004 ; Kim et al.  2010 ; Van Erk et al.  2004 ; Shan et al.  2009  ) . Van Erk 
et al. ( 2005 ) showed that in CaCo-2 cell lines, quercetin down-regulates cell cycle 
genes (CDC6, CDK4, cyclin D1), reduces the number of cells in G1 phase, and 
increases the sub-G1 population (Van Erk et al.  2004  ) . Proapoptotic effector caspase 
3 and PARP cleavage increases with the effect of quercetin (Kim et al.  2005 ; Wenzel 
et al.  2004  ) . Kim et al.  (  2010  )  shown that quercetin causes upregulation of proteins 
including AMPK, p53 and p21 in HT-29 colon cancer cell line (Kim et al.  2010  ) . 
Shan et al.  (  2009  )  have been reported that quercetin down-regulates survivin genes 
in SW480 colon cancer cells (Shan et al.  2009  ) . Kim et al.  (  2005  )  have demonstrated 
that in CO115 cells quercetin decreased Akt phosphorylation, but did not alter that 
of phospho-ERK (Xavier et al.  2009  ) . Overall available data suggest that quercetin 
exerts its effects by multiple mechanism in cells and not only induces apoptosis but 
also inhibits survival pathways and cell cycle progression.  

    8.1.2.3   Prostate Cancer Cells and Quercetin 

 Studies in prostate cancer cell lines demonstrated that quercetin induces TRAIL-
mediated cytotoxicity in these cells (Kim et al.  2008 ; Jung et al.  2010  ) . However, one 
study has suggested that quercetin does not alter levels of TRAIL receptors including 
DR4, DR5, DcR2 in prostate adenocarcinoma cells (Kim and Lee  2007  ) . Another study 
has suggested that TRAIL-induced apoptosis was associated with the up-regulation 
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of DR5 receptor (Jung et al.  2010  ) . This discrepancy might be due to the utilization 
of different cell lines by different studies. It is also possible that the dose of the 
compounds, or the time of the treatment may cause different  fi ndings by different 
investigators. Kim et al.  (  2008  ) , quercetin leads to TRAIL induced apoptosis with 
the inhibition of survivin, an antiapoptotic protein, expression. Although, survivin 
is down-regulated with quercetin, the expressions of apoptosis inhibitor proteins, 
FLIP and IAP, are not altered in prostate cancer cell line (Kim et al.  2008  ) . On the 
other hand, quercetin has been shown to inhibit activity (phosphorylation) of PI3K/
Akt signaling pathway in DU-145, LNCaP, PC3 prostate cancer cell lines (Kim and 
Lee  2007 ; Senthilkumar et al.  2010 ; Lee et al.  2008  ) . Quercetin decreases levels of 
Bcl-2, Bcl-xl, while increases levels of Bax, Bad and caspases including 3, 8, 9, 10 
and PARP cleavage in several prostate cell lines (Kim et al.  2008 ; Jung et al.  2010 ; 
Kim and Lee  2007 ; Senthilkumar et al.  2010 ; Lee et al.  2008 ; Vijayababu et al. 
 2005 ; Vijayababu et al.  2006a,   b  ) . In addition, quercetin inhibits proliferation 
and cell viability and induces cell cycle arrest (Vijayababu et al.  2005 ; Aalinkeel 
et al.  2008  ) . It has been demonstrated that cdc2/cdk1, cyclin B1 and D1 expressions 
were decreased and G2/M transition was blocked with quercetin (Senthilkumar 
et al.  2010 ; Vijayababu et al.  2005  ) . Some studies suggested that quercetin exerts its 
effects independent of p53. Quercetin induces p21/Cip1 CDK-inhibitor expression, 
suggesting that it blocks cell cycle progression (Vijayababu et al.  2005,   2006a ;  b  ) . 
Quercetin induced apoptosis and inhibition of migration and invasion are synergistically 
enhanced when combined with EGCG (Tang et al.  2010  ) . Overeall, studies indicate 
that quercetin is highly effective in inducing apoptosis and inhibition of cell growth 
in different prostate cancer cells regardless of androgen receptor status. The other 
important feature of quercetin is that this compound also have multiple effects in 
prostate cancer cells, ranging from inhibition of cell proliferation, cell cycle to 
induction of apoptosis.   

    8.1.3   Induction of Apoptosis by Tannic Acid 

 Tannins are polyphenolic compounds with molecular weights between 500 and 
3000 Da. They are classi fi ed into two categories including hydrolyzed and condensed 
tannins. Hydrolyzed tannins are commonly termed as tannic acids and contain either 
gallotannin or ellagic tannin (Nam et al.  2001  )  (Table  8.3 ). 

    8.1.3.1   Breast Cancer Cells and Tannic Acid 

 Recent studies have shown that pomegranate extracts containing tannic acid inhibited 
the growth of breast, prostate, colon and lung cancer cells (Adhami et al.  2009  ) . 
In our study performed with MCF-7 breast cancer cell line, we demonstrated that 
treatment of cells with various doses of tannic acid induced apoptosis and increased 
the level of FADD and Bak proteins in extrinsic and intrinsic pathways, respectively 
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(data not published). In the study by Uchiumi et al, they examined the effects of 
biological activities of tannic acid on breast tumor, and found that tannic acid inhib-
its promoter of mouse mammary tumor virus (Uchiumi et al.  1998  ) . In another study 
of our group, we observed that tannic acid reduces the overall activity of NOS 
that is responsible for the synthesis of NO in colon adenocarcinoma cells (CaCo-2) 
and breast adenocarcinoma cells (MCF-7) (Cosan et al.  2010  ) . Sirivastava et al, 
have reported that tannic acid might be a potential inhibitor of NOS activity due to 
its antioxidant features (Srivastava et al.  2000  ) .  

    8.1.3.2   Colon Cancer Cells and Tannic Acid 

 Our laboratory has investigated the effects of tannic acid on apoptosis in CaCo-2 
colon cancer cell line, Bak in intrinsic pathway and FADD protein in extrinsic pathway 
by administration of tannic acid in various doses. We found that tannic acid led to 
an increased apoptotic index and dose and time independent increase in Bak and 
FADD proteins (Cosan et al.  2009  ) . In the study of Seeram et al.  (  2005  ) , antiproliferative 
effects of punicalagin, total pomegranate tannin and ellagic acid were demonstrated 
in human colon (HT-29, HCT116, SW480, SW620), oral (KB, CAL27) and prostate 
(RWPE-1, 22Rv1) cancer cells. In addition punicalagin, total pomegranate tannin 
and ellagic acid were reported to induce apoptosis in HT-29, HCT116 colon cancer 
cell lines (Seeram et al.  2005  ) . However, the mechanisms by which tannic acid induce 
apoptosis remains to be elucidated by further studies .   

    8.1.3.3   Prostate Cancer Cells and Tannic Acid 

 Various studies have been conducted in order to understand the effects and mecha-
nisms of polyphenols in prostate cancer. In one of these studies, Romero et al.  (  2002  ) , 
have found that tannic acid inhibits growth of LNCaPs prostate cancer cells and 
induces apoptosis (Romero et al.  2002  ) . Bawadi et al.  (  2005  )  have demonstrated the 
anti-angiogenic activity of water-soluble condense tannins isolated from black bean 
in HEL 299 normal human  fi broblast lung cells, Caco-2 colon, MCF-7 and Hs578T 
breast and DU 145 human prostate cancer cell lines. Furthermore, they found that 
the condense tannin at lower doses does not have an effect on growth of normal cells 
however induces death of cancer cells by means of apoptosis in a dose-dependent 
manner (Bawadi et al.  2005  ) . 

 Chemopreventive effects of tannic acid might be due to suppression the growth 
of cancer cells. Currently, there are only very few studies with tannic acid with 
regard to its role in cancer chemoprevention. However in vitro studies showed that 
tannic acid inhibits cell proliferation and induces apoptosis in several cancer cell 
lines. In one of the these studies, Devi et al.  (  1993  )  have demonstrated that tannic 
acid has the highest effect on proliferation in several natural plant polyphenols tested 
in normal and abnormal human lymphocytes (Devi and Das  1993  ) . Ramanathan 
et al.  (  1992  ) , has demonstrated that together with various  fl avonoids, tannic acid 
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inhibits growth of HeLa and Raji lymphoma cells (Ramanathan et al.  1992  ) . Pan 
et al.  (  1999  )  have shown that penta-O-galloyl-beta-D-glucose is structurally related 
to (−)-epigallocatechin gallate and is isolated from hydrolyzed tannin, induces 
apoptosis in HL-60 human acute leukemia (AML) cells by activation of caspase 3 
(Pan et al.  1999  ) . Wang et al.  (  2000  ) , have found that the anti tumor effect of Cuphiin 
D1 (CD1) which is a macrocyclic hydrolysable tannin induces apoptosis by inhibiting 
Bcl-2 expression in HL60 leukemia cells, and G1-arrest (accumulation of cells in 
G1 phase of cell cycle) and decreasing number of cells in G2/M phase (Wang et al. 
 2000  ) . Chen et al.  (  2009  )  have demonstrated tannic acid induced apoptotic death 
has been observed in HL-60 AML cells in a dose- and time-dependent manner and 
that this effects were associated with an increase in sub-G1 fraction, chromosome 
condensation, and DNA fragmentation. Furthermore, it has been stated that tannic 
acid leads to apoptosis by activation of caspase cascade and cleavage of PARP 
followed by the disruption of mitochondrial membrane potential, and release of 
cytochrome c (Chen et al.  2009  ) . Sakagami et al.  (  2000  ) , have indicated that hydro-
lyzable tannins lead to induction of apoptotic cell death in human oral squamous 
cell carcinoma and salivary gland tumor as indicated by the activation of caspases, 
cytokeratin 18 cleavage and DNA fragmentation (Sakagami et al.  2000  ) . Marienfeld 
et al.  (  2003  ) , have found out that tannic acid inhibits in vitro proliferation and cell 
cycle progression and increases expression of cyclin-dependent kinase inhibitor 
p27 KIP1  in malignant human cholangiocytes (Marienfeld et al.  2003  ) . 

 More interestingly, administration of tannic acid with a diet in C3H mice was 
shown to be highly effective in prevention of self developing liver tumors depending 
on dosage. These data clearly suggested that tannic acid can be used as a chemical 
prevention method against certain tumors (Nam et al.  2001  ) . However, more studies 
need to be performed to demonstrate the role of tannic acid as a chemopreventive 
agent in different carcinogenesis models. 

 Ubiquitin proteasome system plays a critical role in speci fi c degradation of cellular 
proteins. The most signi fi cant functions of proteasomes are to promote tumor cell 
proliferation and protect tumor cells against apoptosis. Tannic acids effective in the 
ubiquitin-proteasome system, which plays an important role in destruction of cell 
proteins. The ubiquitin-proteasome system can modulate levels of proteins such as 
p53, pRb, p21, p27 Kip1 , IKB- a  and Bax that are involved in regulation of cell prolif-
eration and cell death. Inhibition of proteasomes by tannic acid in Jurkat T cancer 
cells, stimulates apoptosis by accumulation of kinase inhibitor p27 Kip1 , proapoptotic 
protein Bax and suppression of cell cycle in G1 phase (Nam et al.  2001  ) .   

    8.1.4   Induction of Apoptosis by Other Polyphenols 

 Dietary polyphenols are the compounds found in fruits, vegetables and seeds. There 
are approximately 8.000 different polyphenols that are classi fi ed according to their 
chemical and structural features. The idea that these polyphenols might have a role 
in the prevention of cancer and can be used as chemical inhibitors of cancer justi fi ed 



200 D. Turgut Cosan and A. Soyocak
   Ta

bl
e 

8.
4  

  E
ff

ec
ts

 o
f 

ot
he

r 
di

et
ar

y 
po

ly
ph

en
ol

s 
on

 a
po

pt
ot

ic
 p

at
hw

ay
s 

in
 b

re
as

t, 
pr

os
ta

te
 a

nd
 c

ol
on

 c
an

ce
r 

ce
lls

   

 O
th

er
 d

ie
ta

ry
 

po
ly

ph
en

ol
s 

 So
ur

ce
s 

 C
an

ce
r 

ce
lls

 ty
pe

 
 A

po
pt

os
is

 e
ff

ec
ts

 

 A
pi

ge
ni

n 
 Pl

an
t s

ee
ds

 f
ru

its
 a

nd
 

ve
ge

ta
bl

es
 (

A
gg

ar
w

al
 

an
d 

Sh
is

ho
di

a 
 20

06
  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
D

A
-M

B
-

45
3,

SK
-B

R
-3

) 
(C

ho
i 

an
d 

K
im

  2
00

9a
,   b

  )  

 In
du

ce
d 

ap
op

to
si

s 
(C

ho
i a

nd
 K

im
  2

00
9a

,   b
 ; C

hu
ng

 e
t a

l. 
 20

07
 ; K

au
r 

et
 a

l. 
 20

08
  )  

 T
ri

gg
er

ed
 c

as
pa

se
 a

ct
iv

at
io

n 
(C

ho
i a

nd
 K

im
  2

00
9a

 ; S
hu

kl
a 

an
d 

G
up

ta
 

 20
08

  )  
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

T
29

-
A

PC
, H

T
29

-G
A

L
) 

(C
hu

ng
 e

t a
l. 

 20
07

  )  

 R
el

ea
se

d 
cy

to
ch

ro
m

e 
c 

(C
ho

i a
nd

 K
im

  2
00

9a
  )  

 E
xp

re
ss

io
n 

of
 B

ax
 (

C
ho

i a
nd

 K
im

  2
00

9b
 ; S

hu
kl

a 
an

d 
G

up
ta

  2
00

8  )
  

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
22

R
v1

, 
PC

-3
) 

(S
hu

kl
a 

an
d 

G
up

ta
  2

00
8 ;

 K
au

r 
et

 a
l. 

 20
08

  )  

 D
ec

re
as

ed
 le

ve
ls

 o
f 

B
cl

-X
L

,B
cl

-2
 (

Sh
uk

la
 a

nd
 G

up
ta

  2
00

8  )
  

 In
hi

bi
te

d 
ce

ll 
pr

ol
if

er
at

io
n 

(C
ho

i a
nd

 K
im

  2
00

9b
  )  

 In
du

ce
d 

ce
ll 

cy
cl

e 
ar

re
st

 (
C

ho
i a

nd
 K

im
  2

00
9b

 ; C
hu

ng
 e

t a
l. 

 20
07

  )  
 R

eg
ul

at
io

n 
of

 C
D

K
1 

an
d 

p2
1(

C
ip

1)
 (

C
ho

i a
nd

 K
im

  2
00

9b
  )  

 In
cr

ea
se

d 
ac

cu
m

ul
at

io
n 

of
 p

53
 (

C
ho

i a
nd

 K
im

  2
00

9b
  )  

 In
ac

tiv
at

io
n 

of
 A

kt
 (

K
au

r 
et

 a
l. 

 20
08

  )  

 C
ap

sa
ic

in
 

 R
ed

 p
ep

pe
rs

 
(C

ho
u 

et
 a

l. 
 20

09
  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
C

F-
7,

 
T

47
D

, B
T-

47
4,

 S
K

B
R

-3
, 

M
D

A
-M

B
23

1)
 (

C
ho

u 
et

 a
l.

  2
00

9 ;
 T

ho
en

ni
ss

en
 

et
 a

l. 
 20

10
  )  

 In
du

ce
d 

ap
op

to
si

s 
(T

ho
en

ni
ss

en
 e

t a
l. 

 20
10

 ; K
im

 e
t a

l. 
 20

09
 b;

 Y
an

g 
et

 a
l. 

 20
09

 ; K
im

 e
t a

l. 
 20

07
  )  

 In
du

ce
d 

ce
llu

la
r 

ap
op

to
si

s 
th

ro
ug

h 
a 

ca
sp

as
e 

in
de

pe
nd

en
t p

at
hw

ay
 

(C
ho

u 
et

 a
l. 

 20
09

  )  
 In

du
ce

d 
ap

op
to

si
s 

th
ro

ug
h 

m
ito

ch
on

dr
ia

l a
nd

 d
ea

th
 r

ec
ep

to
r 

pa
th

w
ay

s    
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

C
T

11
6,

 
C

ol
o3

20
D

M
, L

oV
o,

 H
T-

29
) 

(K
im

 e
t a

l. 
 20

07
,   2

00
9 b

; 
Y

an
g 

et
 a

l. 
 20

09
  )  

 In
du

ce
d 

ap
op

to
si

s 
vi

a 
R

O
S 

ge
ne

ra
tio

n 
(S

án
ch

ez
 e

t a
l. 

 20
07

  )  
 A

ct
iv

at
io

n 
of

 c
as

pa
se

 3
 (

Y
an

g 
et

 a
l. 

 20
09

  )  

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

(P
C

-3
) 

(S
án

ch
ez

 e
t a

l. 
 20

07
  )  

 In
hi

bi
te

d 
ce

ll 
gr

ow
th

 (
C

ho
u 

et
 a

l. 
 20

09
 ; T

ho
en

ni
ss

en
 e

t a
l. 

 20
10

 ; K
im

 
et

 a
l. 

 20
09

 b)
 

 D
ec

re
as

ed
 c

el
l v

ia
bi

lit
y 

(Y
an

g 
et

 a
l. 

 20
09

  )  
 In

du
ce

d 
ce

ll 
cy

cl
e 

ar
re

st
 (

T
ho

en
ni

ss
en

 e
t a

l. 
 20

10
  )  

 A
M

PK
 a

ct
iv

at
io

n 
(K

im
 e

t a
l. 

 20
07

  )  
 JN

K
 a

ct
iv

at
io

n 
(S

án
ch

ez
 e

t a
l. 

 20
07

  )  
 E

R
K

 a
ct

iv
at

io
n 

(S
án

ch
ez

 e
t a

l. 
 20

07
  )  



2018 Induction of Apoptosis by Polyphenolic Compounds in Cancer Cells
 O

th
er

 d
ie

ta
ry

 
po

ly
ph

en
ol

s 
 So

ur
ce

s 
 C

an
ce

r 
ce

lls
 ty

pe
 

 A
po

pt
os

is
 e

ff
ec

ts
 

 C
ur

cu
m

in
 

 C
ur

cu
m

a 
lo

ng
a 

(T
ei

te
n 

et
 a

l. 
 20

10
  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
D

A
-

M
B

-2
31

, B
T-

48
3,

M
C

F-
7)

 
(L

iu
 e

t a
l. 

 20
09

 ; C
hi

u 
an

d 
Su

  2
00

9 ;
 D

uv
oi

x 
et

 a
l. 

 20
05

  )  

 In
du

ce
d 

ap
op

to
si

s 
(C

hi
u 

an
d 

Su
  2

00
9 ;

 D
uv

oi
x 

et
 a

l. 
 20

05
 ; T

ei
te

n 
et

 a
l. 

 20
10

 ; L
ee

 e
t a

l. 
 20

09
c ;

 W
at

so
n 

et
 a

l. 
 20

08
 ; H

ilc
hi

e 
et

 a
l. 

 20
10

 ; 
Sr

iv
as

ta
va

 e
t a

l. 
 20

07
  )  

 In
hi

bi
te

d 
ex

pr
es

si
on

s 
of

 B
cl

-2
, B

cl
-X

L
, s

ur
vi

vi
n 

an
d 

X
IA

P 
(S

ha
nk

ar
 

et
 a

l. 
 20

07
c  )

  
 In

du
ce

d 
ex

pr
es

si
on

s 
of

 B
ax

, B
ak

, P
U

M
A

, B
im

, a
nd

 N
ox

a 
an

d 
de

at
h 

R
ec

ep
to

rs
 (

T
R

A
IL

 R
1/

D
R

4 
an

d 
T

R
A

IL
-R

2/
D

R
5)

 (
Sh

an
ka

r 
et

 a
l. 

 20
07

c  )
  

 D
ow

n-
re

gu
la

tio
n 

of
 N

Fk
ap

pa
B

 in
du

ci
ng

ge
ne

s 
(L

iu
 e

t a
l. 

 20
09

  )  
 A

ct
iv

at
io

n 
of

 c
as

pa
se

-3
, -

8,
-9

 (
Sh

an
ka

r 
et

 a
l. 

 20
07

         )  
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

T-
29

, 
H

C
T-

11
6)

 (
L

ee
 e

t a
l. 

 20
09

c ;
 

W
at

so
n 

et
 a

l. 
 20

08
  )  

 D
ec

re
as

ed
 p

ro
te

in
 e

xp
re

ss
io

n 
of

 p
53

 a
nd

 B
cl

-2
 (

C
hi

u 
an

d 
Su

  2
00

9  )
  

 A
ct

iv
at

io
n 

of
 p

38
 m

ito
ge

n-
ac

tiv
at

ed
 p

ro
te

in
 k

in
as

e 
(M

A
PK

) 
(H

ilc
hi

e 
et

 a
l. 

 20
10

  )  
 A

ct
iv

at
io

n 
of

 c
-j

un
 N

-t
er

m
in

al
 k

in
as

e 
(J

N
K

) 
(H

ilc
hi

e 
et

 a
l. 

 20
10

  )  
 Pr

os
ta

te
 c

an
ce

r 
ce

lls
 (

PC
3,

 
L

N
C

aP
) 

(T
ei

te
n 

et
 a

l.
  2

01
0 ;

 H
ilc

hi
e 

et
 a

l. 
 20

10
 ; 

Sr
iv

as
ta

va
 e

t a
l. 

 20
07

 ; 
Sh

an
ka

r 
et

 a
l. 

 20
07

c  )
  

 In
hi

bi
te

d 
ce

ll 
pr

ol
if

er
at

io
n 

(L
iu

 e
t a

l. 
 20

09
 ; C

hi
u 

an
d 

Su
  2

00
9  )

  
 In

du
ce

d 
ce

ll 
cy

cl
e 

ar
re

st
 (

L
iu

 e
t a

l. 
 20

09
 ; C

hi
u 

an
d 

Su
  2

00
9 ;

 S
ri

va
st

av
a 

et
 a

l. 
 20

07
  )  

 In
du

ce
d 

ex
pr

es
si

on
 o

f 
cy

cl
in

-d
ep

en
de

nt
 k

in
as

e 
(C

D
K

) 
in

hi
bi

to
rs

 p
16

(/
IN

K
4a

),
 p

21
(/

W
A

F1
/C

IP
1)

 a
nd

 p
27

(/
K

IP
1)

 (
Sr

iv
as

ta
va

 e
t a

l. 
 20

07
  )  

 In
hi

bi
te

d 
ex

pr
es

si
on

 o
f 

cy
cl

in
 E

 a
nd

 c
yc

lin
 D

1 
(S

ri
va

st
av

a 
et

 a
l. 

 20
07

  )  
 D

ec
re

as
ed

 p
A

kt
 a

nd
 C

O
X

-2
 (

L
ee

 e
t a

l. 
 20

09
c  )

  
 In

cr
ea

se
d 

p-
A

M
PK

 (
L

ee
 e

t a
l. 

 20
09

c  )
  

 A
ct

iv
at

io
n 

of
 p

38
 m

ito
ge

n-
ac

tiv
at

ed
 p

ro
te

in
 k

in
as

e 
(M

A
PK

) 
(H

ilc
hi

e 
et

 a
l. 

 20
10

  )  

(c
on

tin
ue

d)



202 D. Turgut Cosan and A. Soyocak

 O
th

er
 d

ie
ta

ry
 

po
ly

ph
en

ol
s 

 So
ur

ce
s 

 C
an

ce
r 

ce
lls

 ty
pe

 
 A

po
pt

os
is

 e
ff

ec
ts

 

 D
ai

dz
ei

n 
 So

yb
ea

n 
(H

su
 e

t a
l. 

 20
10

  )  
 B

re
as

t c
an

ce
r 

ce
lls

 (
M

C
F-

7,
 

M
D

A
-M

B
-4

53
) 

(J
in

 e
t a

l. 
 20

10
 ; 

C
ho

i a
nd

 K
im

  2
00

8  )
  

 In
du

ce
d 

ap
op

to
si

s 
(J

in
 e

t a
l. 

 20
10

 ; H
su

 e
t a

l. 
 20

10
  )  

 A
ct

iv
at

io
n 

of
 c

as
pa

se
-3

,-
9,

-7
 (

Ji
n 

et
 a

l. 
 20

10
 ; C

ho
i a

nd
 K

im
  2

00
8 ;

 G
uo

 
et

 a
l. 

 20
04

  )  
 D

ow
n-

re
gu

la
tio

n 
of

 b
cl

-2
 (

Ji
n 

et
 a

l. 
 20

10
  )  

 U
p-

re
gu

la
tio

n 
of

 b
ax

 (
Ji

n 
et

 a
l. 

 20
10

 ; H
su

 e
t a

l. 
 20

10
  )  

 C
ol

on
 c

an
ce

r 
ce

lls
 (

L
oV

o)
 (

G
uo

 e
t a

l. 
 20

04
  )  

 R
el

ea
se

d 
cy

to
ch

ro
m

e 
c 

(J
in

 e
t a

l. 
 20

10
  )  

 In
hi

bi
te

d 
ce

ll 
pr

ol
if

er
at

io
n 

(J
in

 e
t a

l. 
 20

10
 ; C

ho
i a

nd
 K

im
  2

00
8  )

  
 Pr

os
ta

te
 c

an
ce

r 
ce

lls
 (

L
nC

ap
, P

C
3)

 
(H

su
 e

t a
l. 

 20
10

 ; W
an

g 
et

 a
l. 

 20
09

b  )
  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

(C
ho

i a
nd

 K
im

  2
00

8 ;
 G

uo
 e

t a
l. 

 20
04

  )  
 In

cr
ea

se
d 

ex
pr

es
si

on
 o

f 
th

e 
C

D
K

 in
hi

bi
to

rs
 p

21
(C

ip
1)

, p
57

(K
ip

2)
 (

C
ho

i 
an

d 
K

im
  2

00
8  )

  
 D

N
A

 f
ra

gm
en

ta
tio

n 
(G

uo
 e

t a
l. 

 20
04

  )  
 In

cr
ea

se
d 

p5
3 

pr
ot

ei
n 

ex
pr

es
si

on
 (

W
an

g 
et

 a
l. 

 20
09

b  )
  

 D
el

ph
in

id
in

 
 Pi

gm
en

te
d 

fr
ui

ts
 a

nd
 

ve
ge

ta
bl

es
 (

be
rr

ie
s,

 
po

m
en

gr
an

at
es

 e
tc

.)
 

(A
fa

q 
et

 a
l. 

 20
08

 ; Y
un

 
et

 a
l. 

 20
09

  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

A
U

-5
65

, 
M

C
F-

10
A

) 
(A

fa
q 

et
 a

l. 
 20

08
  )  

 In
du

ce
d 

ap
op

to
si

s 
(A

fa
q 

et
 a

l. 
 20

08
 ; Y

un
 e

t a
l. 

 20
09

 ; B
in

 H
af

ee
z 

et
 a

l. 
 20

08
  )  

 A
ct

iv
at

io
n 

of
 c

as
pa

se
-3

,-
8,

-9
 (

A
fa

q 
et

 a
l. 

 20
08

 ; Y
un

 e
t a

l. 
 20

09
  

 In
cr

ea
se

d 
B

ax
 (

A
fa

q 
et

 a
l. 

 20
08

 ; Y
un

 e
t a

l. 
 20

09
  )  

 D
ec

re
as

ed
 B

cl
-2

 p
ro

te
in

 (
A

fa
q 

et
 a

l. 
 20

08
 ; Y

un
 e

t a
l. 

 20
09

 ; B
in

 H
af

ee
z 

et
 a

l. 
 20

08
  )  

 C
ol

on
 c

an
ce

r 
ce

lls
 (

H
C

T
11

6)
 (

Y
un

 
et

 a
l. 

 20
09

  )  
 C

le
av

ag
e 

of
 P

A
R

P 
pr

ot
ei

n 
(A

fa
q 

et
 a

l. 
 20

08
 ; Y

un
 e

t a
l. 

 20
09

  )  
 Su

pp
re

ss
ed

 N
F-

B
 p

at
hw

ay
 (

Y
un

 e
t a

l. 
 20

09
  )  

 D
ec

re
as

ed
 c

el
l v

ia
bi

lit
y 

(Y
un

 e
t a

l. 
 20

09
  )  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

in
 th

e 
G

2/
M

 p
ha

se
 (

Y
un

 e
t a

l. 
 20

09
  )  

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
PC

3,
 L

N
C

aP
, 

C
4-

2,
 2

2R
nu

1)
 (

B
in

 H
af

ee
z 

et
 a

l. 
 20

08
 ; H

af
ee

z 
et

 a
l. 

 20
08

  )  

 A
ct

iv
at

io
n 

of
 P

I3
K

 (
A

fa
q 

et
 a

l. 
 20

08
  )  

 In
hi

bi
te

d 
E

G
F-

in
du

ce
d 

au
to

ph
os

ph
or

yl
at

io
n 

of
 E

G
FR

, A
K

T
 a

nd
 M

A
PK

 
(A

fa
q 

et
 a

l. 
 20

08
  )  

 In
hi

bi
tio

n 
of

 N
Fk

ap
pa

B
 s

ig
na

lin
g 

(Y
un

 e
t a

l. 
 20

09
 ; B

in
 H

af
ee

z 
et

 a
l. 

 20
08

  )  
 D

ec
re

as
ed

 e
xp

re
ss

io
n 

of
 N

Fk
ap

pa
B

/p
65

 a
nd

 P
C

N
A

 (
H

af
ee

z 
et

 a
l. 

 20
08

  )  

Ta
bl

e 
8.

4  
(c

on
tin

ue
d)



2038 Induction of Apoptosis by Polyphenolic Compounds in Cancer Cells
 O

th
er

 d
ie

ta
ry

 
po

ly
ph

en
ol

s 
 So

ur
ce

s 
 C

an
ce

r 
ce

lls
 ty

pe
 

 A
po

pt
os

is
 e

ff
ec

ts
 

 D
ia

lly
lp

ol
ys

ul
 fi d

es
 

 G
ar

lic
 (

B
us

ch
 e

t a
l. 

 20
10

  )  
 H

C
T

11
6 

hu
m

an
 c

ol
on

 c
an

ce
r 

ce
lls

 
(B

us
ch

 e
t a

l. 
 20

10
  )  

 In
du

ce
d 

ap
op

to
si

s 
(B

us
ch

 e
t a

l. 
 20

10
  )  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

(B
us

ch
 e

t a
l. 

 20
10

  )  
 D

ec
re

as
ed

 c
el

l v
ia

bi
lit

y 
(B

us
ch

 e
t a

l. 
 20

10
  )  

 E
lla

gi
c 

ac
id

 
 A

va
ca

do
 

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
C

F-
7,

 H
s5

78
T,

 
W

A
-4

) 
(L

os
so

 e
t a

l. 
 20

04
 ; D

ai
 

et
 a

l. 
 20

10
  )  

 In
du

ce
d 

ap
op

to
si

s 
(L

os
so

 e
t a

l. 
 20

04
  )  

 R
ed

 b
er

ri
es

 
 D

ec
re

as
ed

 A
T

P 
pr

od
uc

tio
n 

(L
os

so
 e

t a
l. 

 20
04

  )  

 G
ra

pe
s 

 C
ol

on
 c

an
ce

r 
ce

lls
 (

C
aC

o-
2)

 (
L

os
so

 
et

 a
l. 

 20
04

  )  
 A

rr
es

te
d 

ce
ll 

cy
cl

e 
pr

og
re

ss
io

n 
in

 th
e 

G
0/

G
1 

ph
as

e 
(D

ai
 e

t a
l. 

 20
10

  )  
 St

ra
w

be
rr

ie
s 

 D
ec

re
as

ed
 le

ve
ls

 o
f 

pr
o-

M
M

P-
2,

-9
 (

L
os

so
 e

t a
l. 

 20
04

  )  
 R

as
pb

er
ri

es
 

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
D

u-
14

5)
 (

L
os

so
 

et
 a

l. 
 20

04
  )  

 D
ec

re
as

ed
 le

ve
ls

 o
f 

V
E

G
F 

(L
os

so
 e

t a
l. 

 20
04

  )  
 N

ut
s 

(A
gg

ar
w

al
 a

nd
 

Sh
is

ho
di

a 
 20

06
 ; L

os
so

 
et

 a
l. 

 20
04

  )  

 E
pi

ga
llo

ca
te

ch
in

 
G

al
la

te
 

(E
G

C
G

) 

 G
re

en
 te

a 
(T

ha
ng

ap
az

ha
m

 
et

 a
l. 

 20
07

 ; H
as

ta
k 

et
 a

l. 
 20

05
  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
D

A
-M

B
-2

31
, 

M
C

F-
7)

 (
T

ha
ng

ap
az

ha
m

 e
t a

l. 
 20

07
 ; T

an
g 

et
 a

l. 
 20

07
  )  

 In
du

ce
d 

ap
op

to
si

s 
(T

ha
ng

ap
az

ha
m

 e
t a

l. 
 20

07
 ; H

as
ta

k 
et

 a
l. 

 20
05

  )  
 In

cr
ea

se
d 

ca
sp

as
e-

9 
ac

tiv
ity

 (
Ta

ng
 e

t a
l. 

 20
07

  )  
 In

cr
ea

se
d 

B
ax

 (
T

ha
ng

ap
az

ha
m

 e
t a

l. 
 20

07
  )  

 R
ed

uc
ed

 B
cl

-2
 (

T
ha

ng
ap

az
ha

m
 e

t a
l. 

 20
07

  )  
 C

ol
on

 C
an

ce
r 

C
el

ls
 (

H
C

T
11

6,
 H

T-
29

) 
(T

ha
ku

r 
et

 a
l. 

 20
10

 ; H
w

an
g 

et
 a

l. 
 20

07
  )  

 In
cr

ea
se

d 
le

ve
ls

 o
f 

B
ax

 (
H

as
ta

k 
et

 a
l. 

 20
05

  )  
 PA

R
P 

cl
ea

va
ge

 (
T

ha
ng

ap
az

ha
m

 e
t a

l. 
 20

07
  )  

 A
rr

es
te

d 
ce

ll 
gr

ow
th

 (
H

as
ta

k 
et

 a
l. 

 20
05

  )  
 Pr

os
ta

te
 c

an
ce

r 
ce

lls
 (

L
nC

aP
) 

(H
as

ta
k 

et
 a

l. 
 20

05
  )  

 In
hi

bi
te

d 
ce

ll 
pr

ol
if

er
at

io
n 

(T
ha

ng
ap

az
ha

m
 e

t a
l. 

 20
07

 ; T
an

g 
et

 a
l. 

 20
07

  )  
 A

rr
es

te
d 

ce
ll 

cy
cl

e 
in

 th
e 

G
1 

ph
as

e 
(H

as
ta

k 
et

 a
l. 

 20
05

  )  
 In

du
ce

d 
p5

3,
 p

21
 a

nd
 P

U
M

A
 (

T
ha

ku
r 

et
 a

l. 
 20

10
 ; H

as
ta

k 
et

 a
l. 

 20
05

  )  
 D

ec
re

as
ed

 A
K

T
 p

ho
sp

ho
ry

la
tio

n 
(T

ha
ng

ap
az

ha
m

 e
t a

l. 
 20

07
 ; T

an
g 

et
 a

l. 
 20

07
  )  

 Su
pp

re
ss

io
n 

of
 s

ur
vi

vi
n 

(T
an

g 
et

 a
l. 

 20
07

  )  
 D

ec
re

as
ed

 C
O

X
-2

 e
xp

re
ss

io
n 

(H
w

an
g 

et
 a

l. 
 20

07
  )  

 A
ct

iv
at

io
n 

of
 A

M
PK

 (
H

w
an

g 
et

 a
l. 

 20
07

  )  

(c
on

tin
ue

d)



204 D. Turgut Cosan and A. Soyocak

 O
th

er
 d

ie
ta

ry
 

po
ly

ph
en

ol
s 

 So
ur

ce
s 

 C
an

ce
r 

ce
lls

 ty
pe

 
 A

po
pt

os
is

 e
ff

ec
ts

 

 G
en

is
te

in
 

 So
y 

be
an

s 
 B

re
as

t c
an

ce
r 

ce
lls

 (
M

D
A

-M
B

-2
31

, 
M

C
F-

7)
 (

Fe
re

nc
 e

t a
l. 

 20
10

 ; L
i 

et
 a

l. 
 20

08
 ; T

op
hk

ha
ne

 e
t a

l. 
 20

07
  )  

 In
du

ce
d 

ap
op

to
si

s 
(H

su
 e

t a
l. 

 20
10

 ; L
i e

t a
l. 

 20
08

 ; F
an

 e
t a

l. 
 20

10
 ; L

u 
an

d 
Y

u 
 20

05
  )  

 In
du

ce
d 

ca
sp

as
e-

3 
ac

tiv
ity

 (
L

i e
t a

l. 
 20

08
  )  

 D
ow

n-
re

gu
la

tio
n 

of
 B

cl
-2

 (
Fe

re
nc

 e
t a

l. 
 20

10
 ; L

i e
t a

l. 
 20

08
  )  

 U
p-

re
gu

la
tio

n 
of

 B
ax

 (
Fe

re
nc

 e
t a

l. 
 20

10
 ; L

i e
t a

l. 
 20

08
 ; F

an
 e

t a
l. 

 20
10

 ; 
L

u 
an

d 
Y

u 
 20

05
  )  

 C
hi

ck
pe

a 
 C

ol
on

 c
an

ce
r 

ce
lls

 (
SW

48
0,

H
T-

29
) 

(F
an

 e
t a

l. 
 20

10
 ; L

u 
an

d 
Y

u 
 20

05
  )  

 In
cr

ea
se

d 
cy

to
ch

ro
m

e 
c 

re
le

as
e 

(T
op

hk
ha

ne
 e

t a
l. 

 20
07

  )  
 In

hi
bi

te
d 

ce
ll 

gr
ow

th
 (

L
i e

t a
l. 

 20
08

 ; F
an

 e
t a

l. 
 20

10
  )  

 In
hi

bi
te

d 
pr

ol
if

er
at

io
n 

(L
u 

an
d 

Y
u 

 20
05

  )  
 Pr

os
ta

te
 c

an
ce

r 
ce

lls
 (

L
nC

ap
, P

C
3)

 
(H

su
 e

t a
l. 

 20
10

 ; W
an

g 
et

 a
l. 

 20
09

b  )
  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

(H
su

 e
t a

l. 
 20

10
 ; W

an
g 

et
 a

l. 
 20

09
b ;

 T
op

hk
ha

ne
 e

t a
l. 

 20
07

 ; F
an

 e
t a

l. 
 20

10
 ; L

u 
an

d 
Y

u 
 20

05
  )  

 K
ud

zu
 r

oo
t (

A
gg

ar
w

al
 a

nd
 

Sh
is

ho
di

a 
 20

06
 ; L

i 
et

 a
l. 

 20
08

  )  

 In
hi

bi
te

d 
N

F-
ka

pp
aB

 a
ct

iv
ity

 v
ia

 th
e 

M
E

K
5/

E
R

K
5 

pa
th

w
ay

 (
L

i e
t a

l. 
 20

08
  )  

 D
ow

n-
re

gu
la

tio
n 

of
 e

xp
re

ss
io

n 
of

 V
E

G
Fa

nd
 P

C
N

A
 (

Fa
n 

et
 a

l. 
 20

10
 ; L

u 
an

d 
Y

u 
 20

05
  )  

 U
p-

re
gu

la
tio

n 
of

 e
xp

re
ss

io
n 

of
 p

21
 (

Fa
n 

et
 a

l. 
 20

10
  )  

 L
ut

eo
lin

 
 Te

a 
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

T-
29

, C
O

L
O

20
5,

 
H

C
T

11
6)

 (
do

 L
im

 e
t a

l. 
 20

07
 ; S

hi
 

et
 a

l. 
 20

04
  )  

 In
du

ce
d 

ap
op

to
si

s 
(d

o 
L

im
 e

t a
l. 

 20
07

 ; C
hi

u 
an

d 
L

in
  2

00
8  )

  
 Fr

ui
ts

 
 R

ep
re

ss
ed

 c
el

l p
ro

lif
er

at
io

n 
(C

hi
u 

an
d 

L
in

  2
00

8  )
  

 V
eg

et
ab

le
s 

 In
hi

bi
te

d 
ce

ll 
gr

ow
th

 (
C

hi
u 

an
d 

L
in

  2
00

8  )
  

 C
el

er
y 

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
L

N
C

aP
, D

U
14

5,
 

PC
-3

) 
(C

hi
u 

an
d 

L
in

  2
00

8  )
  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

(d
o 

L
im

 e
t a

l. 
 20

07
  )  

 G
re

en
 p

ep
pe

r 
pe

ri
lla

 le
af

 
(A

gg
ar

w
al

 a
nd

 
Sh

is
ho

di
a 

 20
06

 ; d
o 

L
im

 e
t a

l. 
 20

07
  )  

 Su
pp

re
ss

ed
 e

xp
re

ss
io

n 
of

 N
F-

ka
pp

aB
 (

Sh
i e

t a
l. 

 20
04

  )  

Ta
bl

e 
8.

4 
(c

on
tin

ue
d)



2058 Induction of Apoptosis by Polyphenolic Compounds in Cancer Cells
 O

th
er

 d
ie

ta
ry

 
po

ly
ph

en
ol

s 
 So

ur
ce

s 
 C

an
ce

r 
ce

lls
 ty

pe
 

 A
po

pt
os

is
 e

ff
ec

ts
 

 Ly
co

pe
ne

 
 To

m
at

o 
(A

gg
ar

w
al

 a
nd

 
Sh

is
ho

di
a 

 20
06

  )  
 B

re
as

t c
an

ce
r 

ce
lls

 (
M

C
F-

7 
an

d 
M

D
A

-M
B

-2
31

) 
(W

an
g 

an
d 

Z
ha

ng
 

 20
07

a ;
 C

ha
la

bi
 e

t a
l. 

 20
06

  )  

 In
du

ce
d 

ap
op

to
si

s 
(W

an
g 

an
d 

Z
ha

ng
  2

00
7a

 ; C
ha

la
bi

 e
t a

l. 
 20

06
 ; P

al
oz

za
 

et
 a

l. 
 20

10
 ; W

an
g 

an
d 

Z
ha

ng
  2

00
7b

  )  
 D

ow
n-

re
gu

la
tio

n 
of

 b
cl

-2
 (

W
an

g 
an

d 
Z

ha
ng

  2
00

7b
  )  

 U
p-

re
gu

la
tio

n 
of

 b
ax

 (
W

an
g 

an
d 

Z
ha

ng
  2

00
7b

  )  
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

uC
C

) 
(S

al
m

an
 

et
 a

l. 
 20

07
  )  

 In
hi

bi
te

d 
ce

ll 
gr

ow
th

 (
W

an
g 

an
d 

Z
ha

ng
  2

00
7a

  )  
 A

nt
ip

ro
lif

er
at

iv
e 

ef
fe

ct
 (

Sa
lm

an
 e

t a
l. 

 20
07

 ; W
an

g 
an

d 
Z

ha
ng

  2
00

7b
  )  

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
L

N
C

aP
, P

C
3)

 
(P

al
oz

za
 e

t a
l. 

 20
10

 ; W
an

g 
an

d 
Z

ha
ng

  2
00

7b
  )  

 A
rr

es
te

d 
ce

ll 
cy

cl
e 

pr
og

re
ss

io
n 

(W
an

g 
an

d 
Z

ha
ng

  2
00

7a
 ; C

ha
la

bi
 e

t a
l. 

 20
06

 ; P
al

oz
za

 e
t a

l. 
 20

10
 ; W

an
g 

an
d 

Z
ha

ng
  2

00
7b

  )  
 D

ec
re

as
ed

 c
yc

lin
 D

1 
an

d 
ph

os
ph

o-
A

K
T

 le
ve

ls
 (

Pa
lo

zz
a 

et
 a

l. 
 20

10
  )  

 In
cr

ea
se

d 
p2

1,
 p

27
 a

nd
 p

53
 le

ve
ls

 (
Pa

lo
zz

a 
et

 a
l. 

 20
10

  )  
 Si

lib
in

in
 

(S
ily

m
ar

in
e)

 
 Si

ly
bu

m
 m

ar
ia

nu
m

 L
. 

(A
gg

ar
w

al
 a

nd
 

Sh
is

ho
di

a 
 20

06
  )  

 B
re

as
t c

an
ce

r 
ce

lls
 (

M
C

F-
7)

 (
W

an
g 

et
 a

l. 
 20

08
  )  

 In
du

ce
d 

ap
op

to
si

s 
(W

an
g 

et
 a

l. 
 20

08
 ; A

ga
rw

al
 e

t a
l. 

 20
07

  )  
 U

p-
re

gu
la

tio
n 

of
 F

A
D

D
 (

W
an

g 
et

 a
l. 

 20
08

  )  
 C

ol
on

 c
an

ce
r 

ce
lls

 (
H

T-
29

) 
(A

ga
rw

al
 

et
 a

l. 
 20

03
  )  

 A
ct

iv
at

ed
 m

ito
ch

on
dr

ia
l d

ea
th

 p
at

hw
ay

 (
W

an
g 

et
 a

l. 
 20

08
  )  

 A
ct

iv
at

io
n 

of
 c

as
pa

se
 (

A
ga

rw
al

 e
t a

l. 
 20

07
  )  

 Pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
D

U
14

5)
 

(A
ga

rw
al

 e
t a

l. 
 20

07
  )  

 A
rr

es
te

d 
cy

cl
e 

ce
ll 

(A
ga

rw
al

 e
t a

l. 
 20

03
  )  

 In
hi

bi
te

d 
ce

ll 
gr

ow
th

 (
A

ga
rw

al
 e

t a
l. 

 20
03

  )  



206 D. Turgut Cosan and A. Soyocak

the need to investigate their mechanisms (Saunders and Wallace  2010 ; Han et al. 
 2007 ; Ramos  2007  ) . Other polyphenols, their effects and the mechanisms by which 
they induce apoptosis in breast, colon and prostate cancer cell line are summarized 
in Table  8.4 .    

    8.2   Conclusions and Future Directions 

 In this chapter, we summarized the  fi ndings of recent studies and the effects of resveratrol, 
quercetin and tannic acid on apoptosis in cancer cells. Experimental data obtained 
from recent studies have indicated that polyphenols have antiproliferative effects 
through different mechanisms, including inhibition of cell signaling and survival 
pathways in addition to their effects on different apoptotic pathways. However, the 
exact mechanisms by which these compounds exert their effects have not been well 
understood. Considering their bene fi cial effects in prevention of cancer or as novel 
potential therapeutic agents more research are needed to determine their mechanism 
of action in normal and cancer cells. Furthermore, more in vivo studies are also 
required to evaluate the ef fi cacy of these polyphenols alone and in combination with 
standard therapies in various human tumor models. It is also critical to elucidate 
mechanisms of induction of apoptosis and antiproliferative effects as well as deter-
mining the in vivo effective doses and administration schedules of these compound 
for using them as potential chemopreventive and novel potential anticancer agents.      
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  Abstract   The chapter summarizes approaches to encase natural polyphenols with 
previously demonstrated anti-cancer potential, curcumin, (-)-epigallocatechin gallate, 
tannic acid, thea fl avin, thearubigin, curcumin, etc. in polyelectrolyte microcapsules 
and nano/microparticles in order to modulate their biological activity, bioavailability 
and stability as an alternative to usage of free compounds. Taking into account the 
matrix-encapsulate interaction, the emphasis is made to the techniques based on 
reversible complex electrostatic interaction and hydrogen bonding of polyphenols 
with polymeric matrixes, stability and properties of the obtained microstructures as 
delivery vehicles, characteristics of polyphenol loading, and factors affecting their 
release from the nanocapsules. The controversies in manifesting biological and antioxi-
dant activity by polyphenols encased in the aforementioned structures are discussed.  

  Keywords   Encapsulation  •  Polyphenol  •  Polyelectrolyte  •  Microcapsules  •  Nano-
particles  •  Bioavailability  •  Antioxidant activity  •  ABTS cation-radical  •  Layer-by-
layer assembly  •  Thin  fi lms  •  Delivery vehicles      
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    9.1   Introduction 

 Nanoparticulated compositions of polyphenolic compounds originated from plants 
are of great interest due to bene fi ts of their usage in food, nutraceutical and pharma-
ceutical industries and high health implication. High antioxidant, antibacterial, 
antiviral, and other activities have been proven for a wide range of plant extracts 
and polymeric tannins including their isolated individual compounds (procyanidin B, 
(−)-epigallocatechin gallate (EGCG), tannic acid (TA), thea fl avin, thearubigin, etc.) 
(Haslam  1996 ; Manach et al.  2004 ; Williamson and Manach  2005 ; Quideau and 
Feldman  1996 ; Bennick  2002  ) . Green tea polyphenol complex has been recently 
demonstrated to be effective cancer chemopreventive agents in animal studies, and 
can slow the progression of prostate cancer or lower biological activities of proteins 
promoting cancer progression (Adhami and Mukhtar  2007 ; Bettuzzi et al.  2006  ) . 
Other polyphenols such as curcumin, luteolin, resveratrol, and several others are under 
intensive investigation as possible anticancer agents (Ruby et al.  1995 ; Surh  2003 ; 
Lambert and Yang  2003  ) . A large body of preclinical research and epidemiological 
data supports the hypothesis that plant phytochemicals can act as chemopreventive 
and anti-cancer agents in humans. Unfortunately, concentrations that appear effective 
in blocking tumor cell proliferation or inducing apoptosis  in vitro  are often an order 
of magnitude higher than levels measured  in vivo  (Manach et al.  2004 ; Williamson 
and Manach  2005  ) . Polyphenol-loaded nanoparticles and sustained release compo-
sitions are alternatives to free compounds, which can optimally maintain circulating 
levels of the substances in the body at a certain threshold level over an extended 
time period or at target sites in the body, overcome the defense mechanisms of 
the gut and the liver, increase potentially low bioavailability and short half-life of 
polyphenols, in fl uence their stability and bioactivity (Ravi Kumar et al.  2004 ; Vinogradov 
 2006 ; Al-Tahami and Singh  2007 ; Mozafari  2006 ; Zhang et al.  2010 ; Torchilin 
 2007 ; Scheepens et al.  2010  ) . However, widely varying structures of natural poly-
phenols, their moderate solubility, and fast oxidation under basic conditions (Haslam 
 1996 ; Manach et al.  2004 ; Williamson and Manach  2005 ; Quideau and Feldman  1996 ; 
Bennick  2002 ; Calderon et al.  1968 ; Gámiz-Gracia and Luque de Castro  1997 ; Osawa 
and Walsho  1993 ; Barik et al.  2003 ; Yi et al.  2006  )  create additional challenges 
for encapsulation including choice of appropriate matrix material and encapsulation 
techniques. 

 In the last decade, evidences on biological affects caused by polymeric and 
metallic, oxide ultra fi ne and nanoparticles, carbon nanotubes, polymer nanostruc-
tured  fi lms, nanocomposite and dendrite structures have became available. Such 
effects as biocompatibility and biodegradability of encapsulating materials, cyto-
toxicity, genotoxicity and oxidative stress caused by matrix itself, as well as various 
type in fl uence of matrix material on biological systems, etc. are often the reasons 
of observed controversies in manifesting biological properties of encapsulates (Ravi 
Kumar et al.  2004 ; Vinogradov  2006 ; Al-Tahami and Singh  2007 ; Mozafari  2006 ; 
Zhang et al.  2010 ; Torchilin  2007 ; Scheepens et al.  2010 ; Kreyling et al.  2006 ; Warheit 
et al.  2008 ; Kabanov  2006  ) . 
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 Despite steadily increasing interest to micro and nanoparticulated compositions 
containing polyphenols, there are limited number of publications devoted to different 
techniques of polyphenol encapsulation and summarizing the progress in the area 
(Fang and Bhandari  2010 ; Huang et al.  2010  ) . 

 Taking into account the matrix-encapsulate interaction, numerous experimental 
methods of polyphenol-encased system preparation can be divided into few major 
groups. Among them, (1) systems comprising of polymeric nanoparticulated carrier 
with the release of active ingredient triggered by matrix degradation or physical 
diffusion out the inert core, (2) microemulsions, liposomes, nanosomes, as well as 
solid lipid micro/nanoparticles, (3) systems based on environmentally sensitive 
coacervation/complexation between functionalized, proteinaceous or polysaccharide, 
template and active ingredient, and (4) solid poorly soluble core comprising of the 
polyphenol to be encapsulated coated with layer-by-layer (LbL) shell of biocom-
patible, biodegradable polyelectrolytes.  

    9.2   Polymeric Nanoparticulated Carrier/Polyphenol Systems 

 Loading a substance with pharmaceutical, nutraceutical, or cosmetic activity into an 
inert matrix seems to be the most general encapsulation technique, widely used and 
applicable to high number of polyphenols (Fang and Bhandari  2010 ; Huang et al. 
 2010 ; Henry  1996  ) . The size and form of the resulted encapsulated material is typi-
cally driven by step-by-step preparation sequences suitable for a given matrix. Such 
techniques can be expended over different substances providing their sustained 
delivery in the media of interest and allowing for tuning their cancer chemopreven-
tive and therapeutic properties (Ravi Kumar et al.  2004 ; Vinogradov  2006 ; Al-Tahami 
and Singh  2007 ; Mozafari  2006 ; Zhang et al.  2010 ; Torchilin  2007 ; Scheepens et al. 
 2010 ; Kreyling et al.  2006 ; Warheit et al.  2008 ; Kabanov  2006 ; Fang and Bhandari 
 2010 ; Huang et al.  2010  ) . At the present time, only relatively small number of polymeric 
materials are approved for administration in the human body (Kabanov  2006  ) . Several 
considered as safe synthetic polymers when combined with the biological agents 
(low molecular weight drugs, DNA, and antigens) can alter genetically controlled cellular 
responses to these agents (Scheepens et al.  2010 ; Kabanov  2006  ) . 

 Curcumin seems to be the most promising natural substance with anticancerogenic 
activity, but its extremely low solubility in different solvents limits the application 
(Henry  1996  ) . Water-dispersible polymeric nanoparticle encapsulated formulation 
of curcumin utilizing the micellar aggregates of cross-linked and random copolymers 
of N-isopropylacrylamide (NIPAAM) with N-vinyl-2-pyrrolidone and poly(ethylene 
glycol)monoacrylate with a narrow size distribution in the 50 nm range has been 
reported (Bisht et al.  2007  ) . These nanoparticles demonstrate comparable to free 
curcumin  in vitro  therapeutic ef fi cacy against a panel of human pancreatic cancer 
cell lines; the mechanisms of the nanoparticles action mirror that of free curcumin 
(Ruby et al.  1995  ) . Polymeric nanoparticle encapsulated curcumin formulation 
shows remarkably higher systemic bioavailability in plasma and tissues compared 
with free curcumin upon parenteral administration (Bisht et al.  2010  ) . 
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 (−)-Epigallocatechin-3-gallate in polylactic acid-polyethylene glycol copolymer 
nanoparticles retains its biological effectiveness with over tenfold dose advantage 
for exerting its proapoptotic and angiogenesis inhibitory effects in both  in vitro  and 
 in vivo  systems (Siddiqui et al.  2009  ) . 

 In another research (Shao et al.  2009a  ) , resveratrol-loaded methoxy polyethylene 
glycol and poly(ε-caprolactone) (mPEG-PC) diblock copolymer based nanoparti-
cles at lower concentrations led to signi fi cantly higher cell death as compared with 
equivalent doses of free resveratrol and this difference of cytotoxicity was not 
quenched by a strong antioxidant. The effect was associated with signi fi cantly higher 
intracellular reactive oxygen species (ROS) level induced by resveratrol-loaded 
nanoparticles, as compared to free resveratrol (Shao et al.  2009a  ) , probably due to 
matrix material induced cytotoxicity (Vinogradov  2006 ; Al-Tahami and Singh  2007 ; 
Mozafari  2006 ; Zhang et al.  2010 ; Torchilin  2007 ; Scheepens et al.  2010 ; Kreyling 
et al.  2006 ; Warheit et al.  2008 ; Kabanov  2006  ) . 

 Biocompatible, biodegradable, and relatively inert substances such as poly
(lactide) (PLA) or poly(lactide-co-glycolide) (PLGA) microspheres containing 
active agents to be administered are commonly utilized as sustained-release devices 
(Chasin  1995 ; Tamber et al.  2005  ) . The PLGA nanoparticles embedded with cur-
cumin with a size less than 300 nm have been reported (Nam et al.  2007 ; Shahani 
et al.  2010 ; Cartiera et al.  2010  ) . 

 According to (Mulik et al.  2010  ) , when injected subcut in mice, a single dose of 
PLGA microparticles sustained curcumin levels in the blood and other tissues for 
nearly a month. Curcumin levels in the lungs and brain, frequent sites of breast cancer 
metastases, were up to 30-fold higher than that in the blood. Curcumin microparticles 
also showed marked anticancer ef fi cacy in nude mice bearing MDA-MB-231 xenografts 
compared with other controls, while repeated systemic injections of curcumin are 
not effective in inhibiting tumor growth (Shahani et al.  2010  ) . Photostability, antioxi-
dant, and antiamyloidogenic activities of curcumin were enhanced by loading into 
poly(butyl)cyanoacrylate nanoparticles coated with apolipoprotein E3 as compared 
to plain curcumin solution suggesting enhanced cell uptake due to the speci fi c protein 
surface layer and a sustained drug release effect (Mulik et al.  2010  ) . 

 Coating of drug eluting stents (DES) with PLGA nanoparticles containing curcumin 
(Nam et al.  2007  )  or polyisobutylene-polystyrene polymer nanoparticles with resvera-
trol and quercetin (Kleinedler et al.  2009  )  as antiproliferative agents has been proposed. 
The coatings release polyphenols within a therapeutic range and provide an extended 
release pro fi le to inhibit cascades responsible for restenosis and thrombosis to prevent 
restenosis after angioplasty and stenting (Kleinedler et al.  2009  ) . 

 Polymers of natural origin are often used as encapsulating matrixes because their 
biodegradability and biocompatibility. Chitosan appears to be the most popular for 
preparation of particulated systems polymer matrix (Ravi Kumar et al.  2004  ) , clinically 
validated as safe for systemic administration in the body (Kabanov  2006  ) . Chitosan-
based micro (Kumar et al.  2002 ; Sowasod et al.  2005 ; Bao et al.  2009 ; Liang et al. 
 2011 ; Zhang and Kosaraju  2007  )  and nanoparticles (Das et al.  2010  )  containing 
curcumin (Kumar et al.  2002 ; Sowasod et al.  2005 ; Das et al.  2010  ) , catechin (Zhang 
and Kosaraju  2007  ) , tea polyphenol complex (Bao et al.  2009  )  have been obtained 
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by various methods. Among them, glutaraldehyde (Kumar et al.  2002 ; Sowasod et al. 
 2005  )  and sodium tripolyphosphate (Zhang and Kosaraju  2007  )  crosslinking 
techniques coupled with emulsion-solvent evaporation methods and ionic gelation 
method using carboxymethyl chitosan and chitosan hydrochloride (Liang et al. 
 2011  ) . More complicated systems, for example, curcumin-containing nanoparticles 
with an average size of 100 nm prepared from three biocompatible polymers, 
alginate, chitosan, and pluronic (for increase of curcumin contents), by ionotropic 
pre-gelation followed by polycationic cross-linking have been described (Kleinedler 
et al.  2009  ) . These nanoparticles are readily internalized by HeLa cells being nontoxic 
to them in small concentrations (Das et al.  2010  ) . 

 The entrapment ef fi cacy of chitosan-based particulated systems ranges between 
10% and 87% depending on the preparation conditions and polyphenols used, while 
different physical methods indicate minor structural interactions between polyphenol 
and chitosan matrix (Kumar et al.  2002 ; Sowasod et al.  2005 ; Bao et al.  2009 ; Liang 
et al.  2011 ; Zhang and Kosaraju  2007  ) . Chitosan-based formulations show a sustain 
release of encapsulated polyphenols in aqueous buffers (Liang et al.  2011  ) , oils 
(Bao et al.  2009  ) , and enzyme-free simulated gastric and intestinal  fl uids (Zhang 
and Kosaraju  2007  ) . Being affected by matrix nature and degree of its crosslinking, 
the release pro fi le frequently shows a complex biphasic behaviour with an initial 
burst of loaded compound followed by a long-time slow period (Kumar et al.  2002  ) . 
Being incorporated in chitosan nanoparticles, polyphenols signi fi cantly retain their 
antioxidant (Bao et al.  2009  ) , as well as antitumor and anti fl ammatory activities, as 
shown in cell models (Kumar et al.  2002 ; Liang et al.  2011 ; Das et al.  2010  ) . 

 Other potentially useful applications of particulated polyphenol-containing 
materials include colorants for cosmetic application (Sowasod et al.  2005  )  and edible 
systems suitable for preventing oxidation of food products (Bao et al.  2009  ) .  

    9.3   Lipid-Based Systems 

 Lipid-based systems (microemulsions, liposomes, micelles, nanosomes, solid lipid 
micro/nanoparticles) have been identi fi ed as potential delivery preparations for 
lipophilic agents due to their transparent or translucent appearance, long time stability, 
large solubility capacity and simplicity of preparation (Mozafari  2006 ; Zhang et al. 
 2010 ; Torchilin  2007 ; Huang et al.  2010  ) . They are highly promising for poorly 
water-soluble polyphenols, such as curcumin and resveratrol. Several microemulsion 
systems containing the polyphenols were prepared using natural oils, such as pep-
permint oil alone or mixed with common edible oils (soybean, peanut or rapeseed 
oil), different surfactants, such as lecithin, monoolein or Tween 20, and aqueous 
solutions (water or 20% solution of NaCl, sucrose, or citric acid) without or with 
ethanol as cosurfactant (Abd-El-Galeel  2002  ) . Based on the mixtures of ethyl oleate 
with Tween 80 and lecithin surfactants (Lin et al.  2003  )  or palmitic acid, stearic 
acid and soya lecithin, with an optimized percentage of poloxamer 188 (Yadav 
et al.  2009  ) , solid lipid nanoparticles containing polyphenols have been reported. 
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Lower degradation of curcumin (Abd-El-Galeel  2002  )  and ascorbic acid (Gallarate 
et al.  1999  )  in lipid-based systems than that in aqueous solutions was observed. 

 Ultrasound can be successfully employed to control the release of curcumin 
entrapped in micelles (Lin et al.  2003  ) . According to (Lin et al.  2003  ) , the initial 
curcumin release rate from Tween 80/lecithin micelles is also affected by pH, being 
low at acidic pH and increasing in a PBS buffer. Among newly developed techniques 
of liposomal target delivery of pharmaceutics is gold nanoparticles-assisted optically 
guided release with tunable plasmonic nanobubbles (Anderson et al.  2010  ) . 

 Application of lipid-based nanoparticle delivery systems drastically increases 
solubility, stability and bioavailability of polyphenols (Manach et al.  2004 ; Williamson 
and Manach  2005 ; Huang et al.  2010 ; Yadav et al.  2009 ; Oganesyan et al.  2001 ; Teskac 
and Kristl  2010 ; Anand et al.  2007  )  and allows to achieve a site-speci fi c delivery 
approach (Yadav et al.  2009  ) . After oral administration of unmodi fi ed resveratrol to 
mice, only 19% of the dose was taken up into the blood, while the use of nanosomal 
resveratrol formulations based on Eudragit®RL and lecithin/chitosan with a resveratrol 
contents of 15–20% in lyophilized powder increased bioavailability to 39% and 61% 
respectively (Oganesyan et al.  2001  ) . Increases in the peak plasma resveratrol 
concentration by factors of 4–5 were also seen in mice given nanoparticles (Oganesyan 
et al.  2001  ) . Lecithin liposome encapsulation of curcumin enhances its gastrointes-
tinal absorption in rat models (Yadav et al.  2009 ; Oganesyan et al.  2001 ; Takahashi 
et al.  2009  ) . Orally given liposomes produce higher plasma antioxidant activity, 
higher  C  

max
 , and shorter  T  

max
  values, as well as a higher value for the area under the 

blood concentration-time curve, at all time points, as compared with free curcumin 
and its physical mixture with lecithin (Takahashi et al.  2009  ) . 

 Loading resveratrol into solid lipid nanoparticles, which preserve cell morphology, 
overcame light cytotoxicity observed for the free substance in solution (Teskac and 
Kristl  2010  )  and polymeric nanoparticles containing resveratrol (Shao et al.  2009a  ) . 
Solid lipid nanoparticles containing resveratrol with a size below 180 nm moved 
promptly through the cell membrane, distributed throughout the cytosol, moved 
successively among different cellular levels and localize in the perinuclear region 
without inducing cytotoxicity. The cytostatic effect of solid lipid nanoparticles 
containing resveratrol was much more expressed than that of resveratrol in solution 
(Teskac and Kristl  2010  ) . 

 Recent studies show that exosomes (50–100 nm vesicles secreted by cells), but 
not lipid alone, are required for the enhanced activity of polyphenols and selected 
anticancer drugs  in vivo  (Andre et al.  2004 ; Iero et al.  2008  ) . Exosomes provide a 
means for target delivery of anti-in fl ammatory agents, such as curcumin, to activated 
myeloid cells that play vital roles in in fl ammation-related autoimmune/in fl ammatory 
diseases and cancers and overcome unwanted off-target, toxic effects (Sun et al.  2010  ) . 
Therapeutic relevance of this technique has been validated in a lipopolysaccharide 
induced septic shock mouse model. Curcumin delivered by exosomes is more 
stable and highly concentrated in the blood. Curcumin has been shown to reduce 
exosome immunosuppressive functions when administered to breast carcinoma 
cells (Zhang et al.  2007  ) . The proposed mechanism includes modi fi cation of 
ubiquitinated proteins that help modulate exosome protein composition and thus its 
biological activity (Andre et al.  2004 ; Zhang et al.  2007  ) . 
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 Surfactant/polyelectrolyte aggregates (Thunemann  2002 ; Rinaudo et al.  2008 ; 
Buchhammer et al.  2000  )  is one more perspective, but narrowly used drug delivery 
system for phenols (Baumgart et al.  2005 ; Bai et al.  2010 ; Lee et al.  1991  ) .  

    9.4   Polyphenol Containing System Based on Complexation 

 The systems based on complexation between matrix substances of high molecular 
weight and polyphenols to be delivered are of great interest because a higher solubility 
enhancement, better control over target substance release pro fi le can be achieved 
(Baglole et al.  2005 ; Lumsden et al.  2001 ; Kalogeropoulos et al.  2010 ; Todd and 
Paul  1991 ; Paradkar et al.  2004 ; Xu et al.  2006 ; Zhang et al.  2005 ; Schranz  1983 ; 
Petyaev  2008 ; Sneharani et al.  2010 ; Morre et al.  2002 ; Robert et al.  2010  ) . These 
routes mimic the dietary intake of polyphenols as a part of everyday consumed 
meals (Manach et al.  2004  )  or designed functional food (Williamson and Manach 
 2005  )  along with polysaccharide and/or protein-rich matrixes. Some of them, for 
example grapefruit juice, due to synergetic effect on the metabolic pathways can 
alter drug bioavailability (Scheepens et al.  2010  )  or cause unexpected cell response 
to the treatment (Kabanov  2006  ) . 

    9.4.1   Water-Soluble Carriers 

 Cyclodextrins are widely used as water-soluble carriers for improving polyphenols 
bioavailability and dissolution rate. These cyclic polysaccharides form strong host/
guest inclusion complexes with curcumin and some other polyphenols (Baglole 
et al.  2005 ; Lumsden et al.  2001 ; Kalogeropoulos et al.  2010 ; Todd and Paul  1991  )  
releasing the encapsulated substance upon pH change, heating or enzymatic cleavage 
of the matrix. Up to a-500 fold increase in curcumin solubility with cyclodexrin as 
compared to free substance has been observed (Baglole et al.  2005  ) . Enhancement 
of oral bioavailability and gastroprotective effects of curcumin and silybin delivered 
as water-soluble solid dispersions formulated with high molecular weight polyvi-
nylpyrrolidones (PVP) has been reported (Paradkar et al.  2004 ; Xu et al.  2006 ; 
Zhang et al.  2005  ) . 

 Among other substrates useful in water-dispersible preparations, which will not 
precipitate upon standing in water, are water-soluble or water-dispersible proline-rich 
proteins and peptides, such as albumines (Barik et al.  2003 ; Schranz  1983  ) , gelatins 
(Schranz  1983  ) , or lactoglobulins (Petyaev  2008 ; Sneharani et al.  2010  ) . The formula-
tions are prepared by contacting the substrate and polyphenol in an aqueous 
solution at a pH, at which the polyphenol is present in its water-soluble alkaline 
form, and then acidifying to drop the pH, thereby complexing the substance in its 
neutral form with the substrate (Todd and Paul  1991 ; Schranz  1983  ) . An alternative 
way is to admix small aliquots of polyphenol solution in ethanol or another water-
missible solvent with a water-soluble carrier (Petyaev  2008 ; Sneharani et al.  2010  ) . 
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The preparation proposed for curcumin (Schranz  1983  )  comprises up to about 15% 
curcumin by weight. The stability of curcumin bound to beta-lactoglobulin in solution 
was enhanced 6.7 times, in comparison to curcumin alone (Sneharani et al.  2010  ) . 
United States Patent Application 20080153921 (Petyaev  2008  )  discloses water-soluble 
lycopene formulations for the treatment of atherosclerotic conditions based on complex 
of lycopene with a solubilising agent, such as beta-lactoglobulin, alpha-lactalbumin, 
serum albumin, and whey protein. Lactolycopene preparations showed marked inhibi-
tion activity towards lipid oxidizing abzymes, or AtheroAbzyme™,  in vitro  and in a 
clinical trial, while free lycopene and other preparations did not. 

 US Patent 6410052 (Morre et al.  2002  )  discloses sustained release formulations 
of tea catechins as cancer speci fi c proliferation inhibitors delivered as admixture to 
a slowly soluble pharmaceutically acceptable polymer (microcrystalline cellulose, 
maltodextrin, ethylcellulose, etc). Prepared by spray drying, maltodextrin matrix 
has enhanced encapsulating ef fi ciency for anthocyanins extracted from Pomegranate 
( Punica granatum ) and signi fi cant greater protective effect for all bioactive compounds, 
than soybean protein isolates (Robert et al.  2010  ) .  

    9.4.2   Polyphenol/Polymer and Polyphenol/Protein Coacervates 

 Nano and microsized self-assembled complexes of gelatin/tannic acid, albumin/tannin, 
and casein/(−)-epigallocatechin gallate formed upon direct binding of protein and 
an excessive amount of the polyphenols have been previously reported (Yi et al.  2006 ; 
Jöbstl et al.  2004,   2006  ) . Polyphenol/protein binding is a multistage reversible 
process, which is highly sensitive to pH, temperature, and reagent concentrations 
(Haslam  1996 ; Bennick  2002 ; Calderon et al.  1968 ; Gámiz-Gracia and Luque de 
Castro  1997 ; Osawa and Walsho  1993 ; Barik et al.  2003 ; Yi et al.  2006  ) . The main 
advantages of such an approach are a high polyphenol holding capacity of the 
particulated material and sustained environmentally controlled release of the com-
ponents; that, along with simple preparation techniques, compensates variable size 
and high aggregation of the particle in  fi nal suspensions. 

 Application of polyphenol/protein and polyphenol/polyelectrolyte composites 
for delivery both target proteins and polyphenols is highly patented (Goldenberg 
and Gu  2008 ; Levy and Andry  1998 ; Lerner et al.  1999  ) . Thus, pharmaceutical 
compositions comprising a stable sustained release complex composed of a protein 
and/or peptide and a gallic acid ester or its salt that allow for sustained delivery 
of the protein or peptide  in vivo  upon administration of the complex, are disclosed 
in US Patent 7323169 (Goldenberg and Gu  2008  ) . US Patent 5780060 (Levy and 
Andry  1998  )  covers microcapsules based on crosslinked plant polyphenols prepared 
by emulsi fi cation of an aqueous solution containing from 1% to 40% by weight of 
plant polyphenols of different structure, their mixtures, polyphenol-containing plant 
extracts, juices, and pharmaceutics of the polyphenol family in oil, followed by 
interfacial crosslinking with protein, polysaccharide, polyethylene glycol or their 
mixtures. International patent WO/1999/004764 (Lerner et al.  1999  )  reports application 
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of complexes of tannic acid with cellulosic or proteinaceous polymer, for control 
release of pharmaceutical agents different from the polyphenol and polymer 
used, particularly in the oral cavity. Such poorly soluble in water complexes can be 
administered to a subject as a stable liquid suspension or semi-solid dispersion 
(Morre et al.  2002  ) , in chewing gum, slow-release patches, sponges for release of 
pharmaceuticals, etc. (Lerner et al.  1999  ) . 

 Self-assembled nanocomplexes of tannic acid with chitosan, a natural polycationic 
polysaccharide, possess better thermal stability, higher polyphenol content, and 
smaller nanoparticle size as compared with triple chitosan/Na-alginate/tannic acid 
and chitosan/carboxymethylcellulose/tannic acid coacervates (Aelenei et al.  2009  ) . 
The  in vitro  release studies revealed two distinct periods in tannic acid delivery 
process from such complexes: an initial short period characterized by a high release 
rate with a delivered tannic acid amount of approximately 80% of the incorporated 
polyphenol and a second period when the release process takes place with a low and 
constant rate.  

    9.4.3   Polyphenol Encasing into Preformed 
Nano and Microparticles 

 Taking advantages of increased bioavailability, high loading capacity and environ-
mentally triggered release of polyphenols from the complexed coacervates, adsorption 
of polyphenols into pre-formed protein and polysaccharide micro and nanoparticles 
allows to achieve better control over size distribution of particulated material in the 
nanometer region, increase colloidal stability of the obtained nanoparticles, and 
design surface-modi fi ed nanoparticles. Among techniques useful for bulk batch 
oil-free nanoparticle synthesis, there are desolvation of gelatin, albumin, or lactoglobu-
lin with acetone or ethanol (Zwiorek et al.  2004 ; Zillies et al.  2007 ; Kommareddy 
and Amiji  2005 ; Das et al.  2005  ) , pH (Takeoka et al.  2000 ; Zhang et al.  2004a  )  or 
sulphate salt (Shao et al.  2009b ; Lu et al.  2004  )  driven precipitation of proteins and 
polysaccharides, thermally assisted denaturation of proteins (Sneharani et al.  2010 ; 
Livney  2010 ; Shpigelman et al.  2010 ; Liang et al.  2008 ; Woiszwillo et al.  1999  ) , and 
polyelectrolyte/polyelectrolyte or polyelectrolyte/protein complexation (Aelenei 
et al.  2009 ; Muller et al.  2005 ; Yu et al.  2006  ) . Biopolymer-based nanoparticles 
have been proven to be relatively safe and effective delivery vehicles with a prolonged 
 in vivo  circulation time and high accumulation at the tumor side (Ravi Kumar et al. 
 2004 ; Livney  2010 ; Kommareddy and Amiji  2007a,   b ; Kaul and Amiji  2005  ) . 

 There are only few examples of polyphenol adsorption into nanoparticles of 
pre-determined size because the template material is supposed to possess a high 
af fi nity for polyphenols (Haslam  1996 ; Bennick  2002  ) . 

 The preparation of highly porous 5–6  m m particles of ka fi rin, the sorghum grain 
prolamin storage protein, prepared by water desolvation of ethanol solution of the 
protein has been reported (Taylor et al.  2009  ) . The microparticles were used for encap-
sulation of two bioactive polyphenols, catechin and sorghum condensed tannins. 
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Over a period of 4 h under simulated gastric conditions, the microparticles showed 
virtually no protein digestion but released approximately 70% and 50%, respectively, 
of total antioxidant activity. 

 Beta-lactoglobulin based nanoparticles of a 50 nm size were used for encapsula-
tion of natural polyphenols, such as curcumin, (−)-epigallocatechin gallate, and 
resveratrol (Sneharani et al.  2010 ; Livney  2010 ; Shpigelman et al.  2010 ; Liang 
et al.  2008  ) . The nanoparticles are found to encapsulate curcumin with more than 
96% ef fi ciency, signi fi cantly enhancing its bulk concentration in comparison with 
free curcumin aqueous solubility (625  m M vs. 30 nM) (Sneharani et al.  2010  ) . The 
interaction of curcumin with beta-lactoglobulin occurs through the central calyx of 
the protein and does not affect its conformation or state of association (Sneharani 
et al.  2010  ) . At the same time, binding mostly to the surface of beta-lactoglobulin 
globules was assumed for resveratrol taking into account partially disrupted tertiary 
structure of the protein (Liang et al.  2008  ) . Livney (Shpigelman et al.  2010  )  reports 
that the initial degradation rate of (−)-epigallocatechin gallate complexed with 
50 nm beta-lactoglobulin nanoparticles was 33-fold lower than that of unprotected 
polyphenol. Over the course of 8 days, the degradation rate was 3.2-fold slower. 
Complexing with beta-lactoglobulin provides slight increase in the photostability 
of resveratrol in addition to a signi fi cant increase in its hydrosolubility (Liang 
et al.  2008  ) . 

 Modi fi cation of nanoparticle surfaces with polyelectrolyte layer-by-layer (LbL) 
shells (McShane and Lvov  2004 ; De Geest et al.  2007 ; Ai et al.  2003  )  allows for 
modulating nanoparticle cell uptake rate and ratio, providing a template for their 
modi fi cation with tumor-targeting agents, increasing nanoparticle colloidal stability, 
and controlling loading/release characteristics (Ai et al.  2003,   2005 ; Zahr and Pishko 
 2007 ; Zhou et al.  2009 ; Qiu et al.  2001  ) . Gelatin-based 200 nm nanoparticles 
consisting of a soft gel-like interior with or without a surrounding LbL shell of 
polyelectrolytes (poly(styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH), 
polyglutamic acid/poly-L-lysine, dextran sulfate/protamine sulfate, carboxymethyl 
cellulose/gelatin) assembled using the layer-by-layer technique (Shutava et al.  2009  )  
have recently been proposed to produce nanoparticles containing a wide range of 
polyphenols with previously demonstrated anticancer potential (curcumin, EGCG, 
tannic acid, tea fl avins). Loading of polyphenols with higher molecular weights and 
a larger number of phenolic -OH groups in the nanoparticles was found to be higher, 
reaching for thea fl avin, the polyphenol with the highest molecular weight among 
those investigated, 70% of the mass of nanoparticulated solid material. The degree 
of tannic acid and EGCG encapsulation was lower, while it was almost negligible 
for curcumin. These regularities of polyphenol adsorption correspond to general 
features of polyphenol/protein interaction and binding (Haslam  1996 ; Bennick 
 2002 ; Calderon et al.  1968 ; Gámiz-Gracia and Luque de Castro  1997 ; Osawa and 
Walsho  1993 ; Barik et al.  2003 ; Yi et al.  2006  ) . For EGCG, the initial rate of the 
polyphenol release from the nanoparticuled material, but not nanoparticle loading 
capacity was slightly decreased by selected polyelectrolyte coatings. All encapsulated 
polyphenols retained their antioxidant properties as proved with the ABTS cation-
radical assay. After prolong exposure, nanoparticulated EGCG retained its biological 
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activity and blocked hepatocyte growth factor (HGF)-induced intracellular signaling 
in the breast cancer cell line MBA-MD-231 as potently as free EGCG (Bigelow 
and Cardelli  2006  ) . 

 Two examples of curcumin loading into the layer-by-layer assembled poly(styrene 
sulfonate)/poly(diallyldimethylammonium chloride)  fi lm (Kittitheeranun et al. 
 2010  )  or poly(styrene sulfonate)/polyethyleneimine shells (Manju and Sreenivasan 
 2011  )  through a partitioning mechanism probably due to speci fi c inner polarity 
and high hydrophobicity of the polyelectrolyte  fi lm materials (Tedeschi et al.  2001  )  
have been reported, with the curcumin level reaching 8  m g/cm 2  for a 20-layer  fi lm.  

    9.4.4   Polyphenol Based Layer-by-Layer Films and Microcapsules 

 Polyphenols adsorption in alternation with macromolecules (neutral and positively 
charged polymers, proteins and polysaccharides) via the layer-by-layer assembly 
technique that uses the macromolecules as structural blocks to build  fi lms on planar 
supports or shells around sacri fi cial cores is a promising way for polyphenol immobi-
lization because a spatially localized network with a thickness of several nanometers 
and a high (up to 50–60 w %) content of target substance can be created (Wang et al. 
 2007 ; Liu et al.  2006 ; Chitpan et al.  2007 ; Shutava et al.  2005,   2008 ; Erel-Unal and 
Sukhishvili  2008 ; Shutava and Lvov  2006 ; Shutava and Agabekov  2008  ) . 

 Quantitative parameters of (−)-epigallocatechin gallate, tannic acid, and black 
tea pigment thearubigin single layer adsorption on immobilized layer of bovine 
serum albumin (BSA) have been recently evaluated by quartz crystal microbalance 
technique with dissipation monitoring (QCM-D). From the analysis of the adsorp-
tion isotherms and data of other methods, a non-speci fi c hydrophobic interaction 
was suggested for (−)-epigallocatechin gallate on albumin  fi lms, while for thearubigin, 
both electrostatic forces and hydrogen bonding were assumed (Wang et al.  2007 ; Liu 
et al.  2006 ; Chitpan et al.  2007  ) . The thickness of a polyphenol layer formed upon 
a single adsorption step exceeds linear dimensions of corresponding molecules, 
indicating that hydrogen-bonded associates of polyphenol molecules are adsorbed 
(Shutava et al.  2005 ; Erel-Unal and Sukhishvili  2008 ; Shutava and Lvov  2006  ) . 
Moreover, the thicknesses of polyphenol/polycation, polyphenol/proteins bilayers 
are somewhat higher than those of common polycation/polyanion LbL bilayers 
(Taylor et al.  2009 ; McShane and Lvov  2004 ; De Geest et al.  2007 ; Ai et al.  2003, 
  2005 ; Zahr and Pishko  2007 ; Zhou et al.  2009 ; Qiu et al.  2001  ) . For polyphenol/
protein assemblies, the buildup of multilayers displays an exponential growth probably 
related to multiple reversible binding of the components (Haslam  1996 ; Bennick 
 2002 ; Calderon et al.  1968 ; Gámiz-Gracia and Luque de Castro  1997 ; Osawa and 
Walsho  1993 ; Barik et al.  2003 ; Yi et al.  2006  ) . 

 All the experimental data obtained allow to formulate main regularities in multi-
layer formation on the basis of polyphenols. Natural polyphenol compounds form 
multilayers with polymers bearing amine groups (Shutava et al.  2005 ; Erel-Unal and 
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Sukhishvili  2008  ) , polysaccharides (Shutava and Lvov  2006  )  and proteins (Shutava 
et al.  2008 ; Shutava and Agabekov  2008  ) . The complex interaction in the assemblies 
includes electrostatic and hydrophobic forces between polyphenols and polymeric 
components of the  fi lms. Upon complexation with strong polycation PDDA, tannic 
acid behaves as a typical polyanion with pK 

a
  = 2.3–3.2 (Shutava et al.  2005  ) , while 

properties of the multilayers formed on the basis of poly(allylamine hydrochloride) 
and chitosan indicate that both electrostatic interaction and hydrogen bonding 
contribute in the assembly process (Shutava et al.  2005 ; Shutava and Lvov  2006  ) . 
In the LbL assembled multilayers of hydrophobic EGCG (apparent pK 

a
  = 3–4 (Fang 

et al.  2006  ) ) and thearubigin with gelatins, electrostatic interaction was minor 
(Shutava et al.  2008 ; Shutava and Agabekov  2008  ) . The buildup of poly(4-vinylpyri-
dine)/poly(4-vinylphenol) (PVPy/PVPh) multilayer  fi lm from ethanol/dimethylfor-
mamide solvents was completely identi fi ed as a hydrogen bonding directed (Zhang 
et al.  2004b  ) . In general, it is impossible to associate the polyphenol/macromolecule 
interaction in the  fi lms with a speci fi c structure because of multiplicity of reacting 
sites; however, for several neutral polymers and TA, simpli fi ed models taking into 
account a single type polyphenol/polymer interaction have been proposed (Erel-Unal 
and Sukhishvili  2008  ) . 

 Possible application of multilayers formed by layer-by-layer assembly of tannic 
acid and typical polymeric electrolytes, such as poly(allylamine hydrochloride), 
poly(diallyldimethylammonium chloride) (Shutava et al.  2005  ) , poly(N-vinylpiridine) 
(Erel-Unal and Sukhishvili  2008  ) , chitosan (Shutava and Lvov  2006  ) , and several 
neutral polymers, such as poly(N-vinylcaprolactam), poly(vinylpyrrolydone), 
poly(ethyleneoxide), poly(N-isopropylacrylamide) (Erel-Unal and Sukhishvili 
 2008  ) , as potential materials with pH controlled solubility useful for prolonged 
release preparations has been shown. Moreover, similar  fi lms based on gelatins and 
EGCG (Shutava et al.  2008  )  or thearubigin (Shutava and Agabekov  2008  )  have been 
reported. The dissolution rate of the multilayers on the basis of natural polyphenols 
depends on pH of the medium and polyelectrolyte nature and directed by the 
balance of positive and negative charges of the components in the assemblies 
(Shutava et al.  2005 ; Erel-Unal and Sukhishvili  2008 ; Shutava and Lvov  2006  ) . 
The minimum solubility of TA/polycation complexes was observed in the range of 
neutral pH (Shutava et al.  2005 ; Shutava and Lvov  2006  ) , while  fi lms of TA with 
neutral polymers dissolved only in basic solutions after pH reaches a threshold 
value (Erel-Unal and Sukhishvili  2008  ) . 

 By adsorbing polyphenols in alternation with positively charged polymers or 
proteins on the surface of sacri fi cial cores, microcapsules with a core-mimicking 
diameter and a 20–30 nm wall thickness have been obtained. Free-standing 
polyphenol/protein microcapsules retain their stability and wall integrity in aqueous 
solutions only if contribution of electrostatic attraction into the interaction between 
layered components is essential (Shutava et al.  2008  ) . At the same time, the layers 
of polyphenols with proteins can be obtained on the surface of solid templates at 
pH values both below and above proteins’ pI. 

 The permeability of polyphenol-based microcapsule walls selectively depends 
on pH and molecular weight of the permeating macromolecules that allow for using 
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the capsules for encapsulation of polyelectrolytes, proteins, drug nanoparticles 
and their controllable release upon delivery (Shutava et al.  2005,   2008 ; Shutava and 
Lvov  2006  ) .   

    9.5   LbL Coated Nanoparticles of Solid Poorly 
Soluble Polyphenols 

 A new method to prepare stable aqueous nanocolloids of poorly soluble materials 
having particle diameters in the range of 150–250 nm and very high holding capacity 
has emerged recently (Agarwal et al.  2008 ; Lvov et al.  2008 ; Zheng et al.  2010  ) . This 
approach is based on the powerful sonication of powders of low soluble materials, 
curcumin and resveratrol are among them, in the presence of a polyelectrolyte which 
is adsorbing charging particles and preventing them from reaggregation. Multilayer 
polyelectrolyte shells of sophisticated architecture build on the surface of such 
nanoparticles provides a template for their further modi fi cation with speci fi c targeting 
agents. The rate of nanocore dissolution under bath conditions increases in comparison 
with parent microcrystals and takes 4–10 h.  

    9.6   Controversies in Antioxidant Properties of Polyphenol 
Multilayered Film and Microcapsules 

 Despite the features of polyphenol-protein and polyphenol-amine interaction, as well 
as factors in fl uenced stability, solubility and other characteristics of such complexes 
have been well-studied (Jöbstl et al.  2004,   2006 ; Charlton et al.  2002 ; Baxter et al. 
 1997 ; Pascal et al.  2007  ) , the regularities of the interaction of oxidizing agents with 
nanostructured materials on the basis of polyphenols are still disputed. 

 Usually considered as inert, encapsulating matrix and products of its degradation 
play an important role in antioxidant activity exhibited by the systems by interfering 
with the antioxidant assays (Ravi Kumar et al.  2004 ; Moon and Shibamoto  2009 ; Li 
et al.  2010 ; Dehkharghanian et al.  2009  ) . As measured by the  N,N ,-diethyl- p -
phenylenediamine method, antioxidant activities of sodium or calcium caseinate 
protein beads containing encapsulated green tea polyphenols extract were principally 
caused by caseinate hydrolysates formed during beads dissolution. After removing 
the caseinate hydrolysates, the beads containing polyphenols did show the antioxi-
dant activities higher than those of the same beads without the extract (Dehkharghanian 
et al.  2009  ) . 

 Assembled in LbL  fi lms natural polyphenols retain their high ability to scavenge 
free radicals (Shutava and Agabekov  2008 ; Shutava et al.  2006a,   2007  ) . For several 
polyphenols in LbL  fi lms, the maximum values of radical scavenging activity 
(RSA), which show how many 2,2 ¢ -azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) 
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cation-radicals (ABTS +• ) are trapped by one polyphenol molecule after prolong 
time (Re et al.  1999 ; Riedl and Hagerman  2001 ; Campos et al.  2004 ; Hushpulian 
et al.  2003  ) , are close to those found in solution. Both in solution and LbL  fi lms, all 
the investigated polyphenols show a biphasic scavenging activity toward ABTS +• , 
usually attributed to different kinetics of the reactions of polyphenol itself and its 
oxidation products formed on early stages of the reaction (Riedl and Hagerman 
 2001  ) . The retaining of general reaction mechanism has been previously proven for 
different LbL assembled systems (Shutava et al.  2006b  ) . 

 On the other hand, layered  fi lm architecture results in kinetic speci fi city of radical 
reactions with LbL-assembled  fi lms containing polyphenol (Shutava et al.  2006a, 
  2007  ) . A single polyphenol layer in a LbL assemblies discolorates only a part of 
ABTS +•  diffused through it. It decreases the amount of the cation-radicals that can 
reach inner layers of the  fi lm brought into contact with an excessive amount of ABTS +• , 
as in case of polycation/TA multilayers, or that can leave the  fi lm and appear in 
surrounding solution, as in case of the cation-radicals formed in a horseradish 
peroxidase/PSS/PAH/TA  fi lm in a solution of ABTS and H 

2
 O 

2
 . 

 Immobilization of HRP and TA in LbL  fi lm spatially separates them and apparently 
excludes some of the reaction paths in which TA acts as a substrate for horseradish 
peroxidase (HRP) (Rodriguez-Lopez et al.  2001 ; Naumchik et al.  2004 ; Sang et al. 
 2004 ; Kobayashi et al.  2001  ) . In LbL assemblies with polyelectrolytes, tannic acid 
behaves as an effective scavenger of the cation-radicals, whilst in HRP-ABTS-H 

2
 O 

2
  

solutions it does not show good inhibitor properties (Shutova et al.  2007  ) . 
 In solutions at high pH, ionized forms of polyphenols (polygalloyl glucose, 

procyanidine, etc.) show higher RSA values and react faster with ABTS cation-radicals 
(Takebayashi et al.  2003 ; Jonson  2005  ) . At the same time, the  fi lms with a PAH 
outermost layer, which shifts the local pH in the vicinity of the  fi lms to a high pH 
values, bleach less ABTS +•  with a lower reaction rate than TA-terminated  fi lms with 
the same number of TA layers. Deposition of a PAH layer on the top of a TA layer 
shifts the equilibrium to a reversible tannic acid/polycation complex, slowing down 
the reaction of tannic acid with the cation-radicals. Inhibition of the reaction of 
ABTS +•  with a polyphenol by a protein forming strong complexes with the compound 
has been previously reported (Riedl and Hagerman  2001  ) . 

 The results suggest that polyphenol multilayers positioning as organized protective 
shells on the surface of biodevices or compacted drug forms may inhibit or diminish 
free-radical damage of encapsulated compound. The validity of a similar approach 
has been demonstrated by the examples of hemoglobin/polyelectrolyte LbL  fi lm 
(Shutava et al.  2006b  )  and albumin-containing microcapsules (Shchukin et al.  2004  )  
protection by catalase layers under hydrogen peroxide treatment. 

 In conclusion, nanoparticulated compositions containing natural polyphenols 
can be a good alternative to free compounds in the ful fi llment of their high potential 
as biologically active substances with a wide range of activities. Careful, well-design 
studies on the bioavailability, as well as mechanisms of action of these compounds 
in the presence of encapsulating matrixes  in vitro  and  in vivo  are needed to develop 
highly effective polyphenol-based formulations.      
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  Abstract   Apoptosis (type I) and autophagy-associated cell death (type II) are both 
highly regulated forms of programmed cell death and play crucial roles in physio-
logical processes such as the development, homeostasis and selective elimination of 
cells. Autophagy is an evolutionarily conserved lysosomal pathway for degrading 
cytoplasmic proteins, macromolecules, and organelles and functions as a survival 
pathway in response to nutrient and growth factor deprivation. If the process is 
induced excessively, autophagy leads to cell death. In contrast to apoptosis, cell 
death occurring with autophagy is caspase-independent and does not involve classic 
DNA laddering. Accumulating evidence suggests that cancer cells that are resistant 
to apoptosis can be killed by death associated with autophagy, providing an alter-
native cell death pathway to eliminate cancer cells. We and others found that 
natural polyphenolic compounds, such as rottlerin, resveratrol, curcumin, genistein, 
and quercetin can induce cell death associated with autophagy in a variety of cancer 
cells, including pancreatic, breast, glioma, colon, ovarian cancers and acute myeloid 
leukemia. More importantly, these compounds can enhance the effects of chemo-
therapy and reduce the required dose to induce cell death in cancer cells. In this 
chapter we will discuss the polyphenolic compounds and the mechanism by which 
they induce cell death occurring with autophagy in cancer cells and their potential 
as a novel strategy for the treatment of cancer.      
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    10.1   Introduction    

 Autophagy is an evolutionarily conserved and highly regulated process of large-
scale lysosomal degradation of long-lived proteins, macromolecules, ribosomes, 
and organelles, such as the endoplasmic reticulum, Golgi apparatus, and mitochon-
dria. The term authophagy is derived from the Greek roots “auto” (self) and “phagy” 
(to eat) and means self-digestion. It is considered to be a physiological mechanism 
that may serve as a means of temporary survival, and is triggered by starvation 
(amino acid and nutrient deprivation), hypoxia, and metabolic stress. Self-digestion 
provides a means of recycling macromolecules as an alternative energy source; 
however, if the cellular stress leads to continuous or excessively induced autophagy, 
cell death may ensue. Autophagy requires the sequestration of cytoplasmic content 
through the formation of double-membrane vesicles, mediated by a highly organized 
and hierarchical team of ATG proteins (Klionsky and Emr  2000  )  (Fig.  10.1 ). The initial 
phagophores are formed from the endoplasmic reticulum and surround and pack 
organelles to form autophagosomes (Klionsky and Emr  2000 ; Levine and Klionsky 
 2004  ) . Subsequently, autophagosomes merge with lysosomes and digest the contents 
(i.e., misfolded proteins and organelles), generating building blocks for the synthesis 
of macromolecules and metabolites for use as an energy source, eventually leading 
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  Fig. 10.1     Regulation of autophagic process in cells.  Autophagy is induced in response to nutrient 
or growth factor deprivation, hypoxia and cellular stress. PI3K/mTOR pathway suppresses induction 
of autophagy under normal conditions. Starvation and reduced ATP/ADP ratio lead to inhibition 
of mTOR, which function as a energy sensor, leading to induction of autophagy. The process 
requires involvement of ATG proteins and eventually formation of double-layer membrane and 
engulfment of cellular component that are digested by merging with lysosomes following formation 
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to either cell survival or cell death depending on the duration and severity of the 
process (Klionsky and Emr  2000 ; Levine and Klionsky  2004  ) .  

 Autophagy associated cell – death occurs during tissue and organ development 
to eliminate unnecessary cells (Clarke  1990 ; Klionsky and Emr  2000  ) . Depending 
on cell type and context, macroautophagy (autophagy from here on) seems to have 
different roles. For example, in fully transformed or cancer cells it appears to function 
as a tumor suppressor as defective autophagy is associated with malignant trans-
formation and carcinogenesis. However, in normal cells and in some cancer cells it 
appears to function as a protective mechanism against cellular stress and yet the 
induction of autophagy by some natural compounds is associated with cell death in 
some type of cancers.  

    10.2   Cell Death Occurring with Autophagy 

 Apoptosis (programmed cell death-PCD-type I) and necrosis are well known 
mechanisms of cell death induced by anticancer therapies. Recent studies have 
demonstrated the existence of a non-apoptotic form of programmed death called 
cell death associated with autophagy, which is now considered as a PCD-type II. 
In contrast to apoptosis, this type of cell death is caspase-independent and does 
not involve classic DNA laddering and is believed to be a result of an extensive 
autophagic degradation of intracellular content (Kirisako et al.  1999  ) . 

 Studies showed that cytotoxic signals can induce autophagy in cells that are 
resistant to apoptosis (apoptosis defective), such as those expressing high levels of 
Bcl-2 or Bcl-XL, those lacking Bax and Bak, or those being exposed to pan-caspase 
inhibitors, such as zVAD-fmk (Shimizu et al.  2004  ) . Pro-apoptotic Bcl-2 family 
member proteins, Bak and Bax, regulate an intrinsic apoptotic pathway by causing 
mitochondrial outer membrane permeabilization and cyctochrome c release. Bax 
and Bak (−/−) knockout  fi broblast cells have been shown to be resistant to apoptosis 
and undergo an autophagy associated cell death, following starvation, growth factor 
withdrawal, chemotherapy (etoposide) or radiation (Moretti et al.  2007 ; Shimizu 
et al.  2004  ) . The evidence suggests that autophagy leads to cell death in response 
to several compounds, including polyphenols such as rottlerin, (Akar et al.  2007  )  
(Fig.  10.2 ), curcumin (Shinojima et al.  2007  ) , resveratrol, genistein and quercetin 
(Singletary and Milner  2008  ) , and some chemotherapeutics (cytosine arabinoside 
(Xue et al.  1999  ) , etoposide) and staurosporine (Shimizu et al.  2004  )  as well as 
growth factor deprivation (Xue et al.  1999  ) . A link between autophagy and related 
cell death has been demonstrated using pharmacological (e.g. 3-MA) and genetic 
(silencing of  ATG5, ATG7 and Beclin-1 ) approaches for suppression of autophagy. 
For example, the knockdown of ATG5 or Beclin-1 in cancer cells containing defects 
in apoptosis lead to a marked reduction in cell death and autophagic response 
in response to cell death stimuli with no sign of apoptosis (Akar et al.  2007,   2008  ) . 
Studies also suggest that apoptosis and autophagy are linked by effector proteins 
(e.g., Bcl-2, Bcl-XL, Mcl-1, ATG5, p53) and common pathways (e.g., PI3K/Akt/mTOR, 
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NF-kB, ERK1/2) (Akar et al.  2008 ; Lockshin and Zakeri  2007 ; Pattingre et al. 
 2005 ; Shimizu et al.  2004 ; Youse fi  et al.  2006  ) . Overall, there is evidence that 
autophagy may function as a type II PCD in cancer cells in which apoptosis is 
defective or hard to induce. Therefore it is reasonable to propose the notion that the 
induction of cell death occurring with autophagy may be used as a novel therapeutic 
strategy to treat cancer.  

  Fig. 10.2    Rottlerin induced autophagy and detection of autophagolysosomes; ( a ) MDA-Panc28 
cells were treated with Rottlerin for 48 h. acridine orange staining of the acidic vesicular organelles 
by  fl uorescent microscopy ( left panels ) and the localization LC3- II at autophagosomes in cells 
after transfection with GFP-LC3 plasmid ( middle panels ). Green  fl uorescence intensity indicates 
cytoplasm and nucleus, while  red color  intensity shows acidic vesicular organelles. Electron 
micrographs showing the ultrastructure of panc28 cells treated with Rottlerin (4  m M). Numerous 
autophagic vacuoles pointed by  arrows  were observed in the rottlerin treated cells. ( b ). Morphological 
changes and formation of autophagic vacuoles observed after rottlerin treatment of Panc28 cells 
that were treated with 4  m M rottlerin. Microphotographs were taken using a phase-contrast micro-
scope (300× magni fi cation).  Left panel , untreated cells at 48 h of treatment;  center panel , cells 
treated for 96 h; and  right panel , cells treated for 7 days (168 h)       
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    10.2.1   Autophagy as a Tumor Suppressor Mechanism 

 Cancer cells often display a reduced autophagic capacity compared to their normal 
counterparts. Studies have shown that cancer cells express lower levels of the 
autophagy-related proteins LC3-II and Beclin-1 (BECN1) when compared to 
normal epithelial cells (Kondo et al.  2005 ; Qu et al.  2003  ) , and that while hetero-
zygous disruption of  BECN1  promotes tumorigenesis (Qu et al.  2003  )  the over-
expression inhibits tumorigenesis (Liang et al.  1999  ) , supporting the contention 
that defective autophagy or the inhibition of autophagy plays a role in malignant 
transformation. The Beclin-1 gene is deleted in about 40% of prostate, 50% of breast, 
and 75% of ovarian cancers (Aita et al.  1999 ; Liang et al.  1999 ; Shen et al.  2008  ) . In 
addition, reduced expression of  Beclin-1  has been reported in other types of cancers, 
including human colon cancer (Koneri et al.  2007  ) , brain tumors (Miracco et al.  2007  )  
hepatocellular carcinomas (Daniel et al.  2007  ) , and cervical cancers (Wang et al. 
 2006  ) . Overall, data suggest that a defective autophagic process is linked to cancer 
development. 

 The most important evidence linking dysfunctional autophagy and cancer come 
from studies demonstrating that the inhibition of autophagy in mice, by disruption 
of  BECN1 , increases cellular proliferation, increases the frequency of spontaneous 
malignancies (i.e., lung cancer, liver cancer, and lymphomas) as well as mammary 
hyperplasia and accelerates the development of carcinogen (i.e., hepatitis B virus)-
induced pre-malignant lesions. In addition, transfection of MCF-7 breast cancer 
cells (which express low levels of Beclin-1) with Beclin-1 inhibits growth and tumor 
formation (Liang et al.  1999  ) , further suggesting that Beclin-1 is a haploinsuf fi cient 
tumor suppressor and that defective autophagy may be critical for the malignant 
transformation of cells (Qu et al.  2003 ; Yue et al.  2003 ; Edinger and Thompson 
 2003  ) . Furthermore, defects in autophagy (e.g., reduced beclin-1 expression) have 
not only been shown to be associated with a malignant phenotype, but also poor 
prognosis of cancer patients with hepatocellular carcinoma (Ding et al.  2008  ) . 

 Overall, the available evidence suggests that the expression of autophagic genes 
and their corresponding autophagic activities are frequently suppressed in cancer 
cells and that autophagy plays a critical role in carcinogenesis as a tumor suppressor, 
which impacts patient response to therapy. Therefore, the induction of autophagy 
may help to reverse the malignant phenotype.  

    10.2.2   Autophagy as a Survival Pathway 

 The physiological function of autophagy is related to the maintenance of cellular 
homeostasis in response to nutrient and growth factor deprivation and under cellular 
and metabolic stress, such as hypoxia. Starvation or nutrient deprivation-induced 
autophagy is mediated by mTOR and AMPK. mTOR has been reported to functions 
as a suppressor of autophagy in response to an increased ADP/ATP ratio. Reduction 
of ATP during starvation activates AMP-activated protein kinase (AMPK), an 
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evolutionarily conserved serine/threonine protein kinase, serves as an energy sensor 
in all eukaryotic cells and inhibits mTOR (Klionsky and Emr  2000  ) . While a number 
of protein kinases have been reported to regulate the induction of autophagy following 
nutrient deprivation or other cell stresses, to date, only the following protein kinases 
have been reported to induce ‘protective’ autophagy in cancer cells in response to 
cytotoxic agents: AMP-activated protein kinase (AMPK) (Harhaji-Trajkovic et al. 
 2009 ; Herrero-Martin et al.  2009 ; Liang et al.  2007 ; Meijer and Codogno  2007  ) , jun 
 N -terminal kinase (JNK   ) (Zhang et al.  2008  ,   2009b  ) , eukaryotic elongation factor-2 
kinase (eEF2K) (Wu et al.  2009  ) , extracellular signal-regulated kinases 1 and 2 (ERK1/2) 
(Shinojima et al.  2007 ; Sivaprasad and Basu  2008  ) , protein kinase C (Zhang et al. 
 2009a  ) , PKR-like endoplasmic reticulum kinase (PERK) (Park et al.  2008a,   b  ) , and 
glycogen synthase kinase 3 (GSK3) beta (Wang et al.  2009  ) . 

 In some cases (e.g., AMPK and JNK), there is mechanistic evidence linking the 
kinases to known regulators of autophagy. For example, AMPK inhibits the phospha-
tidylinositol kinase homolog mammalian target of rapamycin (mTOR) under con-
ditions of energy stress (Meijer and Codogno  2007  ) . mTOR is activated by nutrients 
and amino acids, as well as mitogenic signaling molecules such as insulin, and is an 
important negative regulator of autophagy (Meijer and Codogno  2004  ) . Inhibition 
of mTOR by AMPK is, therefore, believed to be the mechanism by which AMPK 
induces protective autophagy (Papandreou et al.  2008  ) . JNK has been shown to 
promote the expression of the pro-autophagy protein BECN-1 in a c-Jun-dependent 
manner following ceramide treatment (Li et al.  2009a  ) . BECN-1 is an important 
autophagy protein, which is recruited to a multi-protein complex containing the lipid 
kinase Vps34, which induces nucleation of autophagosomes (Liang et al.  2006 ; 
Takahashi et al.  2007  ) . JNK has also been shown to promote autophagy by inducing 
the release of BECN-1 from an inhibitory Bcl-2–BECN-1 complex (Wei et al. 
 2008  ) . The protein serine/threonine kinase eEF2K is negatively regulated by mTOR 
and promotes autophagy in several tumor cells in response to cell stress (Hait et al. 
 2006 ; Wu et al.  2006,   2009  ) , suggesting a possible link between the inhibition 
of global protein synthesis and the induction of autophagy. The mechanisms under-
lying the activity of ERK2, PKC, GSK3, and PERK are presently unknown. Other 
protein kinases implicated in the promotion of autophagy include death-associated 
protein kinase (DAPK) (Gozuacik and Kimchi  2006  )  and Unc-51-like kinase 1 (ULK-1) 
(Ganley et al.  2009 ; Hara and Mizushima  2009  ) . DAPK interacts with and is acti-
vated by the microtubule-associated protein MAP1B, which also binds the autophagy 
protein LC3. DAPK is reported to promote Vps34 activation by promoting the 
release of BECN-1 from inhibitory complexes (Zalckvar et al.  2009  ) . ULK-1 appears 
to be a major downstream effector of mTOR and may be essential for the induction 
of autophagy (Chan et al.  2009  ) . 

 Autophagy is upregulated at advanced stages of tumor progression. Utilizing 
autophagy as a survival mechanism in the harsh tumor microenvironment, which is 
highly hypoxic and acidic, works in favor of cancer cells as a survival pathway. 
Indeed, some types of cancer cells may exploit autophagy as a means to adapt to 
the hypoxic, nutrient-limiting, and metabolically stressful tumor microenvironment 
and to therapeutically induced cell stress or damage (Rouschop and Wouters  2009  ) . 
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A number of antineoplastic therapies, including, radiation therapy, chemotherapy 
(e.g., doxorubicin, temozolomide, etoposide), histone deaceltylase inhibitors, arsenic 
trioxide, TNF- a , IFN- g , imatinib, rapamycin, and anti-estrogen hormonal therapy 
(e.g., tamoxifen), have been observed to induce autophagy as a protective and 
pro-survival mechanism in human cancer cell lines (Lavieu et al.  2007  ) . In fact, the 
therapeutic ef fi cacy of these agents can be increased if autophagy is inhibited 
(Abedin et al.  2007 ; Amaravadi et al.  2007 ; Apel et al.  2008 ; Boya et al.  2005 ; Carew 
et al.  2007 ; Hayashi et al.  2007 ; Kanzawa et al.  2004 ; Katayama et al.  2007 ; Paglin 
et al.  2001 ; Qadir et al.  2008 ; Sotelo et al.  2006  ) . 

 Hypoxia is one of the most important factors in tumor microenvironment 
that induces autophagy through a HIF1- a -dependent and independent mechanisms, 
suggesting that autophagy is involved in cancer cell survival by increasing resis-
tance to hypoxic stress in the tumor microenvironment (Zhang et al.  2008a,   b ; Bellot 
et al.  2009  )  . Overall, data suggest that anti-cancer therapies induce a type of protective 
orpro-survival autophagy, which increases the cancer cells’ resistance to therapies, 
and that inhibition of autophagy may lead to increased cell death and inhibition of 
tumor growth.   

    10.3   Monitoring Autophagy in Eukaryotic Cells 

 Recently guidelines and methods for the use and interpretation of assays for moni-
toring autophagy in higher eukaryotic cells were published (Klionsky et al.  2008  ) . 
There are many useful and convenient methods to monitor macroautophagy in 
yeast, but relatively few acceptable methods are available for higher eukaryotic 
model systems. Brie fl y, autophagy is evidenced nonspeci fi cally by acridine orange 
(AO) (Fig.  10.2a , left panel) or monodansylcadaverine (MDC) staining that reveal 
the presence of acidic vacuoles (Akar et al.  2007  ) . The number of AO or MDC-
stained cells can be quantitatively determined by  fl uorescence-activated cell sorting 
(FACS) analysis. More speci fi cally, autophagic vacuoles or autophagosomes are 
demonstrated by increased expression of microtubule-associated protein light chain 
3-II (LC3-II), a hallmark of autophagy, by Western blot analysis LC3, the homologue 
of the yeast  Atg8/Aut7p  gene, localizes to the autophagosomal membrane during 
autophagy. During autophagy LC3-I (16 kDa) is cleaved at the  C -terminus and 
becomes attached covalently to phosphatidyl ethanolamine (PE), generating LC3-II 
(18 kDa). This speci fi cally localizes to autophagosome membranes and is indicative 
of autophagy induction. Similarly, the translocation or accumulation of GFP-LC3-II 
into autophagosomes of GFP-LC3-transfected cells provides evidence for autophagy 
as seen during the course of rottlerin treatment(Fig.  10.2a , middle panel and b) 
(Akar et al.  2007  ) . A gold standard for assessing the presence of autophagy is trans-
mission electron microscopy (TEM), which can clearly demonstrate the presence of 
autophagosomes in cells (Fig. 10.2a  right panel). Assessment of the half-life of 
long-lived proteins, co-localization with lysosomal markers overlapping detection 
signals with the mitochondrion and endoplasmic reticulum provide alternative 
methods for detecting autophagy that are explained in detail in a recent review 
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(Tasdemir et al.  2008  ) . The key point is that there is a difference between measure-
ments that monitor the numbers of autophagosomes versus those that measure  fl ux 
through the autophagy pathway; thus, a block in macroautophagy that results in 
autophagosome accumulation needs to be differentiated from fully functional 
autophagy that includes delivery to, and degradation within, lysosomes (in most 
higher eukaryotes) or the vacuole (in plants and fungi) (Galluzzi et al.  2009  ) . Usually, 
several of the assays described above are used to demonstrate autophagy, because 
no individual assay is guaranteed to be the most appropriate one in every situation. 
Thus, the use of multiple assays to verify an autophagic response is recommended. 

 Cell death occurring with autophagy is considered caspase independent cell 
death and does not show the classical DNA laddering associated with apoptosis. 
However membrane blebbing is observed in both types of cell death (Kondo et al. 
 2005  ) . Most studies  fi rst demonstrate induction of autophagy following insult using 
some of the assays mentioned above. Later the induction of apoptosis is ruled out 
as a mechanism of cell death using a pan-caspase inhibitor (e.g. zVAD-fms) and 
evaluating whether cell death is inhibited. If cell death is not inhibited then the 
inhibition of the autophagic process is affected either by using chemical inhibitors, 
such as 3-methyladenine (3-MA), ba fi lomycin A1, hydroxychloroquine or chloro-
quine, or by genetically knocking down autophagy genes, such as ATG6 (Beclin-1), 
ATG7, ATG8, or ATG5 using siRNA. If inhibition of cell death after treatment with 
a drug being tested is blocked by chemical or genetic methods (siRNA) the mechanism 
of cell death is most likely through autophagy.  

    10.4   Polyphenolic Compounds and Cell Death 
Occurring with Autophagy 

 Polyphenols are a group of chemical substances found in plants, characterized by the 
presence of more than one phenol unit or building block per molecule (Fig.  10.3 ). 
A variety of natural polyphenolic compounds found in food possess anticancer activity 
against different cancer types. The  fl avonoid polyphenols genistein, and quercetin, 
the  fl avonoid-like rottlerin, the stilbene resveratrol and the curcuminoid curcumin 
have been shown to induce cell death occurring with autophagy in a variety of cancer 
cells, including pancreatic, breast, glioma and ovarian cancers and acute myeloid 
leukemia (Table  10.1 ). More importantly, these compounds can enhance the effects 
of chemotherapy and reduce the required dose to induce cell death in cancer cells.   

    10.4.1   Rottlerin 

 Rottlerin, isolated from Mallotus Philippinensis, has been used as a selective inhibitor 
of PKC delta. However, recent studies suggest that rottlerin can inhibit many kinases 
and exerts many biological effects, such as autophagic, apoptotic cell death and 
mitochondrial uncoupling (Akar et al.  2007 ; Lim et al.  2008 ; Soltoff  2007 ; Song 
et al.  2008  ) . 
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 Our recent study provided the  fi rst evidence that Rottlerin induces signi fi cant cell 
death occurring with autophagy in pancreatic cancer cells (Akar et al.  2007  ) . 
Pancreatic ductal adenocarcinomas are one of the most aggressive human malignan-
cies with a 2–3% 5-year survival rate. The major reason for poor prognosis is that 
pancreatic cancer cells are frequently insensitive to the induction of apoptosis by 
standard chemotherapeutic agents. Therefore induction of cell death occurring with 
autophagy provides an alternative mechanism, which could potentially be used as a 
novel therapeutic strategy to kill apoptosis-defective or resistant cancer cells. 

 Rottlerin inhibits PKC d , PI3K/Akt and NF- k B at doses of 2–4  m M and induces 
autophagy in pancreatic cancer cells (Akar et al.  2007  ) . We found that at this dose 
it induced signi fi cant autophagic changes, including vacuole formation and even-
tually cell death occurring with autophagy with no sign of apoptosis (Fig.  10.2a , b). 
Rottlerin and inhibition of TG2 induced signi fi cant vacuolization at day 1 and a 
marked cell death at days 4–7 (Fig.  10.2a ). We found no evidence of apoptosis 
(examined by three different assays, data not shown) (Akar et al.  2007  ) . Rottlerin 
inhibits the expression of PKC d  at both the protein and message level detected by 
RT-PCR   , as well as tissue transglutaminase 2 (TG2) at the protein level. It was also 

  Fig. 10.3    Structure of polyphenolic compounds that induce cell death occurring with autophagy 
in various cancer cells       
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   Table 10.1    Induction of autophagic death by polyphenolic compounds (Modi fi ed from Singletary 
and Milner  2008  )    

 Treatment  Cell/tissue  Mechanism  Dose  m M  Reference 

 Rottlerin  Pancreatic cancer  PKC d /TG2  4  Akar et al.  (  2007  )  
 Resveratrol  Ovarian cancer  Akt, mTOR, 

glycolysis 
 50  Opipari et al.  (  2004  )  

 Resveratrol  Colorectal cancer  Vps34, AMPK  100  Hwang et al.  (  2007  )  
 Resveratrol  Salivary gland 

cancer 
 PELP1  50–100  Ohshiro et al.  (  2007  )  

 Resveratrol  Lung cancer  PELP1  50–100  Ohshiro et al.  (  2007  )  
 Resveratrol  CML  AMPK  Puissant et al.  (  2010  )  
 Curcumin  Brain cancer  Akt/mTOR/S6 

kinase, ERK1/2 
 40  Aoki et al.  (  2007  )  and 

Shinojima et al.  (  2007  )  
 Curcumin  CML  Bcl-2, SIRT1  Jia et al.  (  2009  )  
 Genistein  Ovarian cancer  Akt  50  Gossner et al.  (  2007  )  
 Quacertin  Colon cancer  Ras  20  Psahoulia et al.  (  2007  )  

demonstrated that a speci fi c inhibition of PKC d  by siRNA leads to inhibition of 
TG2 expression suggesting that PKC d  plays a critical role in the regulation of TG2 
expression in pancreatic cancer cells (Akar et al.  2007  ) . Inhibition of PKC d  and 
TG2 expression by rottlerin treatment induced expression of LC-3-II, a hallmark of 
autophagy, in all pancreatic cancer cell lines tested, including Panc28, Capan-2, 
Bx-PC3, Panc1 and MIAPaCA (Ozpolat et al.  2007  ) . Rottlerin-induced autophagy 
was demonstrated by acridine orange staining, punctuate patterning of GFP-LC3 
transfected cells and the formation of autophagosomes in Panc28 pancreatic cancer 
cells (detected by electron microscopy, Fig. 10.2a ). The knocking down of TG2 by 
siRNA also result in the induction of autophagy in Panc28 cells. These results 
suggest that rottlerin induces cell death occurring with autophagy by the inhibition 
of PKC d  and its downstream target TG2 in pancreatic cancer cells. Knockdown 
of Beclin-1 by siRNA in the panc28 pancreatic cancer cell line does not reduce the 
number of cells undergoing autophagy (as detected by acridine orange staining and 
inhibition of LC3-II expression), suggesting that Beclin-1 mediates cell death occur-
ring with autophagy induced by the inhibition of PKC d  and/or TG2. 

 The protein kinase C family is associated with the development of many types of 
cancers, and have emerged as well-de fi ned targets for directed cancer chemotherapy 
(Koivunen et al.  2006  ) . PKC d  can function as an anti-apoptotic or pro-apoptotic 
factor and can regulate cell proliferation and cell survival functions and metastatic 
phenotype depending on the cell type (Jackson and Foster  2004 ; La Porta and 
Comolli  2000  ) . In pancreatic cancer cells, PKC d  expression promotes anchorage-
independent growth and activation of NF- k B (Satoh et al.  2004  ) . More importantly, 
it was previously reported that TG2 expression induces activation of the transcription 
factor NF- k B (Mann et al.  2006  ) , suggesting that PKC d -induced NF- k B may be 
mediated by TG2. Recent  fi ndings of Fabre et al. (Fabre et al.  2007  )  showed that 
NF- k B inhibition could lead to an inhibition of cell death occurring with autophagy. 
Rottlerin has been shown to inhibits the NF- k B pathway (Ozpolat et al.  2007  ) , of 
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which inhibition leads to autophagy in glioma cells however it remains to be tested 
whether the inhibition of NF- k B induces cell death occurring with autophagy in 
pancreatic cancer cells. 

 Thus, further investigation is required to show whether rottlerin-induced inhibition 
of NF- k B also plays a role in the induction of cell death occurring with autophagy 
in pancreatic cancers. In addition to Beclin-1, ATG5 may also be involved in PKC d /
TG2-mediated suppression of autophagy. Down-regulation of Bcl-2 (anti-apoptotic 
and anti-autophagic protein) leads to autophagy in breast and leukemia cells. 
Rottlerin also induces the down-regulation of Bcl-2, which suggests it may participate 
in autophagy induction following down-regulation of Bcl-2 in the pancreatic cancer 
cells (B. Ozpolat unpublished observations). mTOR (mammalian target of rapamycin) 
has been shown to regulate autophagy. Although rottlerin induced-authophagy 
is associated with inhibition the activity of mTOR (p-mTOR) and p-p70S6K, a 
downstream target of mTOR in Panc28 cells, rapamycin, a speci fi c inhibitor of mTOR, 
fails to induce autophagy, indicating that rottlerin-induced autophagy is not mediated 
by inhibition of mTOR alone (Akar et al.  2007  ) . 

 Rottlerin inhibits the expression of TG2, which is a highly important survival 
protein in cancer cells. Tissue transglutaminase (TG2, EC 2.3.2.13) catalyzes Ca 2+ -
dependent post-translational modi fi cations of proteins (Lorand and Graham 
 2003 ; Mhaouty-Kodja  2004  ) . Transamidation by TG2 can both facilitate and inhibit 
apoptosis, while the GTP-bound form of the enzyme generally protects cells against 
death (Fesus and Szondy  2005  ) . We and others found that TG2 is over-expressed 
not only in pancreatic cancer cell lines and primary cancer cells but also in other 
solid tumors such as breast cancer and melanoma (Herman et al.  2006 ; Mehta et al. 
 2004  )  (Elsasser et al.  1993 ; Iacobuzio-Donahue et al.  2003 ; Verma et al.  2006  ) . 
More importantly, our recent  fi ndings suggest that TG2 expression plays a role in 
the development of drug resistance, metastatic phenotypes and poor prognosis 
in pancreatic cancer cells (Verma et al.  2006  ) . However, the regulation of TG2 is 
still not well understood. Our current data shed some light on the regulation, a novel 
function of TG2 in autophagy and its possible role in tumorigenesis and in reducing 
chemosensitivity of pancreatic cancer cells, which is virtually resistant to standard 
chemotherapy and radiation. These observations suggest that rottlerin inhibits 
PKC d /TG2 signaling which may serve as an excellent therapeutic target for the 
induction of cell death occurring with autophagy in pancreatic cancer and possibly 
other solid tumors over-expressing TG2. Whether targeting TG2 can induce  in vivo  
cell death occurring with autophagy and inhibit tumor growth remains to be tested. 

 Rottlerin was also shown to induce autophagy and apoptotic cell death through a 
PKC-delta-independent pathway in HT1080 human  fi brosarcoma cells. However, in 
this case rottlerin induced-autophagy did not lead to cell death, rather it functioned 
as a protective survival pathway (Song et al.  2008  ) . In HT1080 human  fi brosarcoma 
cells, rottlerin treatment induced a dose- and time-dependent inhibition of cell 
growth and formation of autophagic vacuoles that were associated with the induction 
of the LC3-II autophagy marker protein level. Prolonged exposure to rottlerin 
eventually caused apoptosis via loss of mitochondrial membrane potential and 
translocation of AIF from mitochondria to the nucleus. However, the activities of 
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caspase-3, -8, and -9 were not changed, and PARP did not show signs of cleavage. 
The pretreatment of cells with an inhibitor of autophagy (3-methyladenine) acceler-
ated rottlerin-induced apoptosis as revealed by an analysis of the subdiploid fraction 
(sub G1 DNA contents) and TUNEL assay, indicating that rottlerin-induced early 
autophagy may act as a survival mechanism against late apoptosis in HT1080 human 
 fi brosarcoma cells. Song et al., found that the knockdown of PKC- d  by RNA 
interference neither affected cell growth nor acidic vacuole formation. Similarly, 
rottlerin-induced cell death was not prevented by PKC d  over-expression. Taken 
together, these  fi ndings suggest that rottlerin induces early autophagy and late apop-
tosis in a PKC d -independent manner in the  fi broblastoma cell line (Song et al.  2008  ) . 

 In conclusion, elucidating molecular mechanisms by which rottlerin induces 
autophagy is invaluable to identifying effective strategies for the development of 
novel agents against different cancer types.  

    10.4.2   Resveratrol 

 Resveratrol (3,5,4-trihydroxystilbene), a polyphenol stilbene found in the skins of 
red grapes, red wine, berries, and nuts, has been shown to induce apoptosis, necrosis 
and autophagy in cancer cells. Resveratrol also exhibits a wide range of biological 
activities, including anti-in fl ammatory, anticancer, antimutagenic, antiplatelet, and 
antifungal properties (Jang et al.  1997  ) . Resveratrol induces cell death by different 
mechanisms. These include the activation of caspases through CD95/CD95L, the 
up-regulation of the cyclin-dependent kinase (CDK) inhibitor p21 Waf1/Cip1 , and the 
up-regulation of cytokines such as TNF a . It also leads to the down-regulation of 
cell survival proteins such as survivin, cFLIP, cIAPs, XIAP, Bcl-2, and Bcl-XL as 
well as the up-regulation of bax and bak. Resveratrol is also known to inhibit cell 
survival pathways related kinases (e.g., p38 MAPK, ERK1/2, I k B a  kinase, JNK, 
PKD, AKT/Phosphoinositide 3-Kinase (PI3K), PKC, EGFR kinase) and HIF-1 a , 
(Shakibaei et al.  2009  ) . Resveratrol can suppress the activation of several transcrip-
tion factors, including STAT3, NF- k B, activating protein 1 (AP-1), and Egr-1 and it 
can down-regulate products of genes such as COX-2, 5-LOX, VEGF, IL-1, IL-6, IL-8, 
AR and PSA. These activities may account for the suppression of angiogenesis 
by resveratrol. Resveratrol has also been shown to potentiate the apoptotic effects of 
cytokines (e.g., TRAIL), chemotherapeutic agents and gamma-radiation (Aggarwal 
et al.  2004  ) . 

 In A2780 ovarian cancer cells, resveratrol exhibited antineoplastic activity and 
caused mitochondrial release of cytochrome c, apoptosome formation, and caspase 
activation (Opipari et al.  2004  ) . Resveratrol inhibits growth and induces death in 
 fi ve different ovarian carcinoma cell lines. Interestingly, resveratrol-induced death 
is caspase independent and is accompanied by formation of monodansylcadaverine-
positive autophagocytic granules containing extensively degraded organelles (Opipari 
et al.  2004  ) . Consistent with resveratrol’s ability to kill cells via non-apoptotic 
or cell death occurring with autophagy, cells transfected to express high levels of the 
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anti-apoptotic proteins Bcl-x(L) and Bcl-2 are found to be equally sensitive to 
resveratrol. In A2780 cells resveratrol-induced autophagocytosis involves inhibition 
of glucose uptake and glycolysis and is associated with the down-regulation of 
p-Akt and mTOR (Kueck et al.  2007  ) . Thus, the relative contribution of each pathway 
to resveratrol-induced cell death seems to be dose dependent. Resveratrol causes 
Tyr-15 phosphorylation of cdc2 via the ATM/ATR-Chk1/2-Cdc25C pathway as a 
central mechanism for S phase arrest in human ovarian carcinoma Ovcar-3 cells. 
More importantly, resveratrol suppresses growth of human ovarian cancer tumors 
in murine xenograft models (Lee et al.  2009  ) , suggesting that this compound is 
effective in  in vivo  settings and has potential to be used as a mono therapy or in 
combination with conventional therapies against ovarian cancer. 

 Resveratrol have also been shown to activate SIRT1 directly or indirectly in a 
variety of models (Chung et al.  2010  ) . However, resveratrol induces cell survival 
by stimulating SIRT1-dependent deacetylation of p53, leading to protective or 
pro-survival type of autophagy rather than autophagy associated cell death in yeast. 
In the same system, resveratrol mimics calorie restriction by stimulating Sir2, 
increasing DNA stability and extending lifespan by 70% (Howitz et al.  2003  ) . 
Resveratrol-induced SIRT1 seems to be responsible not only for autophagy also 
for apoptosis and exerts multiple effects such as in the regulation of metabolism, 
cellular survival and longevity. SIRT1 regulates autophagic vacuole formation and 
degradation of toxic debris, misfolded proteins and damaged organelles, either 
directly or indirectly suggesting that autophagy may play a key role of in survival 
and the regulation of longevity. 

 Resveratrol triggers autophagy associated cell death in imatinib-sensitive and 
imatinib-resistant chronic myelogenous leukemia cells (CML) K562, via JNK-mediated 
p62/SQSTM1 expression and AMPK activation (Puissant et al.  2010  ) . It inhibits 
both mTOR and S6 kinase and activates AMP-activated protein kinase (AMPK); an 
evolutionarily conserved serine/threonine protein kinase that serves as an energy sensor 
in all eukaryotic cells. Recent studies suggest that AMPK activation strongly 
suppresses cell proliferation and induces cell apoptosis and autophagy in a variety of 
cancer cells (   Kourelis and Siegel  2012  ) . 

 Resveratrol has been shown to strongly activate AMPK in a ROS-dependent 
manner in chemoresistant (etoposide) HT-29 colon cancer cells and enhances etoposide-
induced apoptosis, suggesting that AMPK is an important downstream target that 
contributes to the effects of resveratrol in colon cancer cells (Hwang et al.  2007  ) . 

 Resveratrol has been shown to inhibit proliferation and induce autophagy in lung 
cancer and salivary adenocarcinoma cell lines, at doses ranging from 50 to 100  m M 
(Ohshiro et al.  2007  ) . Furthermore, resveratrol has gained much attention because it 
can act as both an estrogen receptor agonist and antagonist, depending on dosage 
and cellular context. Resveratrol was shown to induce the accumulation of the proline-, 
glutamic acid, and leucine-rich protein-1 (PELP1), a novel estrogen receptor (ER) 
coactivator that plays an important role in transcriptional functions of ER. PELP1 
accumulates in autophagosomes after resveratrol treatment, providing a link between 
the actions of PELP1 and autophagy (Ohshiro et al.  2007  ) . 
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 In human U251 glioma and colorectal cancer cells, resveratrol rapidly stimulates 
autophagy as part of a prosurvival stress response (Trincheri et al.  2008 ; Li et al.  2009b  ) . 
However, chronic exposure to resveratrol ultimately leads to autophagy- and caspase-
dependent cell death in colorectal cancer cells (Trincheri et al.  2008  ) , suggesting 
that the length of exposure to resveratrol may also determine type of cell death and 
its cytotoxic potential. In addition, resveratrol was shown to induce cell death in 
colorectal cancer cells by a novel pathway involving lysosomal cathepsin D 
(Trincheri et al.  2007  ) . Resveratrol-induced cell death of U251 glioma was associated 
with a collapse of the mitochondrial membrane potential (Li et al.  2009b  ) . Li et al. 
found that pan-caspase inhibitor Z-VAD-fmk suppressed resveratrol-induced U251 
cell death. Autophagy inhibitors 3-methylademine (3-MA) and ba fi lomycin A1 
sensitized the cytotoxicity of resveratrol. Together, these  fi ndings indicate that 
resveratrol induces autophagy in human U251 glioma cells and autophagy sup-
pressed resveratrol-induced apoptosis. This study thus suggests that autophagy 
inhibitors can increase the cytotoxicity of resveratrol to glioma cells. In contrast, 
in other types of cancer cells such as U937 leukemia cells, resveratrol has been 
observed to induce only apoptosis (Park et al.  2001  ) . The relative importance of 
autophagy and apoptosis associated with these cell speci fi c differences needs to be 
characterized for resveratrol. 

 In conclusion, resveratrol is an attractive candidate for cancer therapy because of 
its ability to intervene in different signaling pathways and cellular proteins for the 
induction of cell death occurring with autophagy, which may be highly useful in 
triggering cell death in advance cancers and those cancer cells resistant to apoptosis. 
More importantly resveratrol has potential to go into clinical trials as a monotherapy 
or in combination with conventional therapies against some cancers.  

    10.4.3   Curcumin 

 Curcumin, a non fl avonoid polyphenolic constituent of the spice turmeric, possess a 
broad spectrum of chemopreventive and therapeutic properties against various 
tumors in both  in vitro  and  in vivo  models (Thangapazham et al.  2006  ) . It is considered 
as a promising new therapeutic strategy in cancer because of its potent anticancer 
activity (Aoki et al.  2007  ) . Currently, curcumin is being tested in phase I and II 
clinical trials in multiple myeloma and advanced pancreatic cancer, myleodysplastic 
syndrome and colon cancers. Shinojima et al., demonstrated that curcumin induced 
non-apoptotic autophagy associated cell death in malignant glioma cells in  in vitro  
and  in vivo  models (Shinojima et al.  2007  ) . Curcumin treatment at a dose of 40  m M 
stimulated G2-M arrest and autophagic death in U87-MG and U373-MG malignant 
glioma. Curcumin inhibited the Akt/mammalian target of rapamycin (mTOR)/p70 
ribosomal protein S6 kinase (p70S6K) pathway and activated the extracellular 
signal-regulated kinases 1/2 (ERK1/2) thereby inducing autophagy (Aoki et al.  2007  ) . 
Activation of the Akt/mTOR pathway inhibits curcumin-induced autophagy and 
cytotoxicity, whereas inhibition of the ERK1/2 pathway inhibits curcumin-induced 
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autophagy and induces apoptosis, thus enhancing the cytotoxicity of curcumin. 
These results imply that these two autophagic pathways have opposite effects on 
curcumin’s cytotoxicity. However, inhibition of nuclear factor kappaB (NF- k B), 
which is the main target of curcumin for its anticancer effect, was not observed in 
malignant glioma cells. These results suggest that autophagy plays a major role 
in curcumin anticancer therapy. Furthermore, in the subcutaneous xenograft 
model of U87-MG cells, curcumin inhibited  in vivo  tumor growth signi fi cantly 
and induced autophagy as measured by substantially increased expression of LC-II. 
These results suggest that curcumin has high anticancer ef fi cacy  in vitro  and  in vivo  
by inducing autophagy and warrants further investigation towards possible clinical 
application in patients with malignant glioma (Aoki et al.  2007  ) . 

 Curcumin inhibited the viability of K562 CML cells in a dose- and time-dependent 
manner (Jia et al.  2009  ) . Furthermore, curcumin-induced cell death was associated 
with the formation of the apoptosome complex, the collapse of the mitochondrial 
membrane potential, and caspase-3 activation. Curcumin treatment also induced 
Bid cleavage and down-regulated the expression of Bcl-2, which inhibits autophagy 
by binding to beclin-1 an autophagy promoting protein. Curcumin also increases 
the protein levels of beclin 1 as well as levels of membrane LC3-II. The autophagy 
inhibitor ba fi lomycin A1 and the pan-caspase inhibitor Z-VAD-fms suppress 
curcumin-induced K562 cell death, suggesting that curcumin induces autophagic 
and apoptotic death of K562 leukemia cells and that both apoptotic and autophagic 
mechanisms contribute to the curcumin-induced cell death. Not only curcumin 
but also polyphenols such as resveratrol have also been shown to activate SIRT1 
directly or indirectly in a variety of models (Chung et al.  2010  ) . Therefore, activation 
of SIRT1 by these polyphenols is required not only for regulation of autophagy/
apoptosis, but also for regulation of oxidative stress, in fl ammation, cellular senescence, 
metabolism, adipogenesis, and mitochondria biogenesis, indicating these compounds 
exerts multiple effects. 

 Curcumin strongly activates AMPK signaling in a p38-dependent manner in 
CaOV3 ovarian cancer cells (Pan et al.  2008  ) . Pretreatment of cells with compound C 
(AMPK inhibitor) and SB203580 (p38 inhibitor) attenuates curcumin-induced cell 
death, suggesting AMPK and p38 signaling pathways are involved. Curcumin 
induces p53 phosphorylation (Ser 15) and both compound C and SB203580 pretreat-
ment inhibit p53 phosphorylation. Collectively, data suggest that AMPK, which is a 
well-established inducer of autophagy, is a molecular effector of curcumin and its 
activation partially contributes to the cytotoxic effect of curcumin in ovarian cancer 
cells. Surprisingly, the induction of autophagy and related cell death has not been 
investigated in this model. However, it is expected that autophagy is induced by 
curcumin due to strong AMPK induction in ovarian cancer cells. 

 Overall, curcumin is being evaluated in clinical trials due to its effects on multiple 
signaling pathways and potent anticancer effects. It not only causes autophagy 
associated cell death, but also apoptosis depending on the cancer cell type. This 
compound may be highly useful in triggering cell death in cancers that are resistant 
to therapy induced apoptosis.  
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    10.4.4   Genistein 

 Genistein (4 ¢ , 5, 7-trihydroxyiso fl avone), a naturally occurring iso fl avenoid found 
abundantly in soy products and cruciferous vegetables, has anti-neoplastic activity 
against various cancer types. Genistein has been shown to induce both apoptotic 
and cell death occurring with autophagy in cancer cells. Genistein enhances the 
induction of apoptosis by chemotherapeutic agents, and radiotherapy in cancer cell 
lines (Banerjee et al.  2008  ) . Genistein is best known for its ability to inhibit cancer 
progression (Pavese et al.  2010  ) . In particular, genistein has emerged as an impor-
tant inhibitor of cancer metastasis. Based on a number of population-based studies, 
consumption of genistein in the diet has been linked to decreased rates of metastatic 
cancer. Genistein has multiple biochemical effects, including the alteration of cell 
cycle-regulatory kinase activities (Banerjee et al.  2008  ) . Genistein has been shown 
to act as an antagonist for estrogen receptor (ER), and inhibits the proliferation 
of breast cancer cells induced by estradiol (Peterson and Barnes  1996  ) . Because 
ER receptor antagonists induce protective/pro-survival type autophagy, genistein 
induced autophagic death may be mediated by another mechanism. In fact, most 
transcription activation bioassays were not able to show estrogen receptor antago-
nism of genistein. It is therefore controversial whether the anti-proliferative effect 
of genistein is ER-dependent or not. There are several mechanisms reported for 
genistein’s anti-neoplastic activity. In ovarian cancer cells, genistein treatment results 
in apoptosis and a caspase-independent cell death with hallmarks of autophagy 
(translocation of GFP-LC3 autophagosomes) (Gossner et al.  2007  ) . Genistein treatment 
was shown to dramatically inhibit glucose uptake in ovarian cancer cells, suggesting 
that it mimics starvation, which is known to induce autophagy. Methyl pyruvate, 
a cell-permeable 3-carbon substrate for oxidative phosphorylation and fatty acid 
synthesis rescues cells from genistein-induced autophagy. In addition, genistein 
treatment results in reduced levels of phosphorylated Akt, which may contribute 
towards a mechanism of limiting glucose utilization and reducing activity of mTOR, 
leading to induction of autophagy (Gossner et al.  2007  ) . A combination of indol-3-
carbinol and genistein synergistically induces apoptosis in human colon cancer HT-29 
cells by inhibiting Akt phosphorylation and induction of autophagy (Nakamura 
et al.  2009  ) . Although  in vivo  studies are further required to evaluate ef fi cacy and 
toxicity of the combination treatment, these  fi ndings provide new insight into the 
development of novel combination therapies against malignant tumors using 
genistein. Interestingly, genistein just like other polyphenolic compounds (i.e., 
resveratrol and curcumin) was shown to induce activity of AMP kinase, which may 
be the major factor contributing to its autophagy-inducing effect (Park et al.  2010  ) . 

 In summary, genistein is capable of inducing both apoptotic and autophagy 
associated cell death depending on the cancer cell type and currently is being 
evaluated in clinical trials. More importantly, it enhances the induction of cell death 
by chemotherapeutic agents, and radiotherapy in cancer cell lines. It also acts as an 
chemopreventive agent, making this compound a highly attractive for further testing 
as single therapeutic agent, co-therapy with conventional agents and chemeopreven-
tive agent in new studies.  
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    10.4.5   Quercetin 

 Quercetin (3, 3 ¢ , 4 ¢ , 5, 7-pentahydroxy fl avone), a polyphenolic  fl avonoid found in 
onions, apples and red wine, has been shown to have anti-proliferative activity  in vitro  
and is known to inhibit signal transduction targets including tyrosine kinases, protein 
kinase C, and PI3 kinase (Matter et al.  1992  ) . It can down-regulate mutant p53 levels 
(Avila et al.  1994  ) , and as mutant p53 can block apoptosis this is a potential mechanism 
through which quercetin could facilitate cell death. Interestingly, many studies have 
provided evidence that quercetin occasionally induces apoptosis in high concentrations 
in colon cancer cells. Psahoulia et al., provided the  fi rst evidence that quercetin induces 
autophagy in Ha-Ras–transformed human Caco-2 colon cancer cells (Psahoulia et al. 
 2007  ) , suggesting that quercetin induces cell death occurring with autophagy in colon 
cancers. In Caco-2, DLD-1 and HT-29 human colon cells, exposure to 5 and 10  m M of 
quercetin reduced their ability to form colonies in semisolid agar. Quercetin treatment 
also results in cell cycle arrest and a reduction of Ras protein levels in cell lines express-
ing oncogenic Ras proteins but not in wild-type Ras-expressing cells (Psahoulia et al. 
 2007  ) . Interestingly, in cells that only express wild-type Ras or in those where the 
oncogenic Ras allele is knocked out, quercetin does not induce reduction of Ras levels. 
However, expression of wild-type Ras or the Ki-Ras proto-oncogene resisted quercetin-
induced autophagy, suggesting that activity of speci fi c oncogenes may determine the 
cellular sensitivity to autophagy (Psahoulia et al.  2007  ) . Moreover, in Ha- RAS -
transformed cells, quercetin induces autophagic processes. 

 Overall, in contrast to the polyphenolic compound mentioned earlier quecertin 
induce predominantly autophagy associated cell death. It needs to determined that 
when used as co-therapy whether it enhances induction of cell death by chemothera-
peutic agents. The data suggest that the quercetin  fl avonoid may be useful as a 
chemopreventive agent for cancers expressing frequent mutations of  RAS  genes.   

    10.5   Concluding Remarks 

    10.5.1   Targeting Autophagy as a Novel Cancer Therapy 

 Current data suggest that depending on the context, the induction of autophagy 
associated cell death may provide therapeutic bene fi ts to patients whose tumors are 
resistant to apoptosis and that the identi fi cation of natural compounds and the design 
of autophagy-inducing agents may provide novel therapeutic tools and may ultimately 
lead to new therapeutic strategies in cancer (Figs.  10.4  and  10.5 ) (Table  10.1 ). 
However, precaution must be taken before designing therapies based on induction 
of autophagy as an anti-cancer therapy because of the role of autophagy, which 
is complex and may promote survival. It should be kept in mind that the role of 
autophagy should be carefully evaluated since it may vary between tumor types with 
regard to their genetic background, mutations, and activated or dominant signaling 
pathways.   
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 Defects in apoptosis leads to increased resistance to chemotherapy, radiotherapy, 
some anticancer agents and targeted therapies. Therefore, induction of cell death 
occurring with autophagy may be an ideal approach in those cancers that are resis-
tant to apoptosis by anticancer therapies (e.g., chemotherapy, radiation) (Fig.  10.5 ). 
As explained in previous sections cancer cells can undergo cell death occurring 
with autophagy when apoptotic pathways are defective, or when they are resistant 
to therapy-induced apoptosis (e.g. in response to DNA-damaging agents such as 
etoposide). This suggest that autophagic cell death can be induced as an alterna-
tive cell death mechanism when cancer cells fail to undergo apoptosis. Therefore, 
induction of cell death occurring with autophagy may serve as a novel therapeutic 
tool to eliminate cancer cells with defective apoptosis, which is the case in many 
advanced, drug resistant and metastatic cancers. We and others have recently dem-
onstrated that the inhibition of some protein kinases (e.g., PKC d  in pancreatic 
cancer, PI3K/mTOR) or the targeting of key proteins that are involved in the 
suppression of autophagy (e.g. Bcl-2, TG2, oncogenic Ras and NF- k B) by polypheno-
lic compounds such as rottlerin, curcumin, resveratrol and quercetin can trigger cell 
death occurring with autophagy in a variety of cancer cells. On the other hand, 
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  Fig. 10.4    Polyphenolic compounds, including rottlerin, curcumin, resveratrol, genistein, and 
quercetin, induce cell death occurring with autophagy through inhibition or activation of different 
signaling pathways and cellular targets in cancer cells. Identi fi cation of the molecular targets and 
the mechanisms by which these compounds induce cell death occurring with autophagy may lead 
to development of molecularly targeted strategies       
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because a number of cancer therapies, such as radiation therapy, chemotherapy and 
targeted therapies (e.g. imatinib) induce autophagy as a protective resistance 
mechanism against anticancer therapies for cancer cell survival, the inhibition of 
autophagy can be used to enhance the ef fi cacy of anticancer therapies. Future 
studies need to determine the  in vivo  ef fi cacy of these compounds in preclinical 
human cancer models in animals. Also, further understanding of the mechanisms 
by which these compounds induce cell death occurring with autophagy may help 
in the identi fi cation of novel molecules for the development of new molecularly 
targeted therapies against cancer.       
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  Abstract   Total antioxidant capacity (TAC) considering the cumulative protective 
activities of all the antioxidants present in food was inversely associated with car-
diovascular disease (CVD) risk factors, suggesting a great potential of dietary TAC 
as a useful dietary assessment tool in human clinical and intervention studies for 
assessing dietary antioxidant status and predicting plasma antioxidant defense. 
However, none of these factors has been successfully validated for relevance under 
different physiological conditions, or for reliability and predictability for in vivo 
antioxidant status. The objective of this study is to validate TAC as a useful dietary 
tool in assessing dietary antioxidant status. Forty postmenopausal, overweight and 
healthy women were recruited for an observational study. Seven day diet recalls 
and 12-h fasting blood samples were collected for dietary and plasma antioxidant 
assessments. Results: After multivariate adjustment, TAC from foods and TAC 
from foods and supplements were both positively associated with intakes of dietary 
antioxidants, including  a -tocopherol (p < 0.001), vitamin C (p < 0.01),  fl avonoids 
(p < 0.001) and proanthocyanidins (p < 0.01); they were also positively associated 
with plasma TAC assayed by VCEAC, FRAP and ORAC methods (p < 0.05), and 
with plasma  a -tocopherol (p < 0.0001), and  b -cryptoxanthin (p < 0.01) concentrations. 
Fruits and fruit juices were the primary contributor to dietary TAC (from foods/
foods and supplement) followed by tea and vegetable and vegetable juices. 
Conclusion: Dietary TAC could be used as a useful tool in predicting dietary and 
plasma antioxidant status.  
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  Abbreviations     

  AAPH    2,2 ¢ -azobis (2-amidinopropane) dihydrochloride   
  ABAP    2,2 ¢ -diazobis (2-amidinopropane) dihydrochloride   
  ABTS    2,2 ¢ -azino-bis (3-ethylbenzthiazoline-6-sulphonic acid)   
  BODIPY    4,4-di fl uoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-

indacene-3-undecanoic acid   
  BHT    butylated hydroxytoluene   
  CRP    C-reactive protein   
  CVD    cardiovascular disease   
  DR    diet recall   
  FFQ    food frequency questionnaire   
  FRAP    ferric reducing ability of plasma   
  HPLC    high performance liquid chromatography   
  KOH    potassium hydroxide   
  MeO-AMVN    2,2 ¢ -azobis(4-methoxy-2,4-dimethylvaleronitrile)   
  ORAC    oxygen radical absorbance capacity   
  ROS    reactive oxygen species   
  TAC    total antioxidant capacity   
  TAP    total antioxidant performance   
  TEAC    trolox equivalent antioxidant capacity   
  TG    triglyceride   
  TRAP    total radical-trapping antioxidant parameters   
  HDL-C    high density lipoprotein cholesterol   
  LDL-C    low density lipoprotein cholesterol   
  VCE    vitamin C equivalent   
  VCEAC    vitamin C equivalent antioxidant capacity         

    11.1   Introduction    

 Oxidative stress has been identi fi ed as a key factor in the pathogenesis of many 
degenerative diseases such as cardiovascular disease (CVD), cancer, and immune 
dysfunction (Ames et al .   1993  )  via the oxidation of lipid, nucleic acid and protein 
by reactive oxygen species (ROS). Oxidative stress is de fi ned as an imbalance 
between pro-oxidants and antioxidants in favor of the former (Sies  1985  ) . Dietary 
antioxidants, then, have been thought to reverse this imbalance (Prior  2003  ) . Several 
epidemiological studies have observed that high consumption of fruits and vegetables 
are associated with a lower incidence and mortality rate of these diseases (Doll  1990 ; 
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Hertog et al .   1995 ; Liu et al .   2000 ; Bazzano et al .   2002  ) . However, it is still inconclusive 
which dietary antioxidants are responsible for this association (Reaven et al .   1993 ; 
Knekt et al .   1994  ) . 

 Some randomized controlled trials focusing on antioxidants from food extract 
failed to observe any bene fi cial effects on the risk of chronic diseases (Drieling et al .  
 2010  ) ; also, numerous studies documented that antioxidant vitamins failed to 
improve health status (Bjelakovic et al .   2008 ; Neuhouser et al .   2009  ) . Furthermore, 
supplements are drawing safety concern recently due to their adverse health effects 
(Bjelakovic et al .   2004 ; Soni et al .   2010  ) . In contrast, in a recent randomized 
controlled trial, a diet high in antioxidants improved endothelial function (Franzini 
et al .   2010  ) , suggesting that combined multiple antioxidants in the diet might exert 
more bene fi cial effects on oxidative stress than a single antioxidant does. Plant 
foods contain a variety of compounds with antioxidant activity, including ascorbic 
acid, tocopherols, carotenoids, and antioxidant phytochemicals such as simple 
phenolics,  fl avonoids and procyanidins. Since no single antioxidant may re fl ect the 
total antioxidant power of food, the concept of total antioxidant capacity (TAC) was 
introduced (Sera fi ni and Del Rio  2004  ) . 

 TAC represents the cumulative protective activities of all the antioxidants present 
in food, plasma, or body  fl uids, thus providing an integrated parameter rather than 
the simple sum of measurable antioxidants (Sera fi ni and Del Rio  2004  ) . Although 
TAC provides a new tool to assess the antioxidant quality of the diet or antioxidant 
status in vivo, recently the applicability and scienti fi c appropriateness of the TAC 
concept have been debated due to the fact that plasma TAC may be affected by 
plasma protein, uric acid, and antioxidant enzymes rather than antioxidant nutrients/
compounds and their metabolites directly originating from the diet (Day and 
Stansbie  1995  ) . Also, dietary TAC does not re fl ect bioavailability as determined 
by absorption and excretion. Furthermore, the successful application of this tool 
is highly dependent on the completeness and validity of dietary intake data as well 
as the accuracy of food composition data. Nevertheless, dietary TAC still has a great 
potential for clinical and public health applications since it exclusively provides the 
sum of protective activities of dietary antioxidants. At present, a critical need exists 
to validate this dietary tool by examining the association with antioxidant intake 
levels and plasma antioxidant defense status. 

 Studies may have provided inconsistent  fi ndings on the ability of enhanced 
antioxidant intake to improve plasma antioxidant defense and reduce oxidative 
stress because they lacked information on subjects’ cumulative antioxidant intake 
and physiological antioxidant and in fl ammatory status, and were therefore unable to 
consider changes in these parameters. To our knowledge, no prior studies have esti-
mated the predictive value of cumulative intakes of dietary antioxidants, speci fi cally 
those functioning as reactive oxygen species (ROS) scavengers. Thus, we conducted 
an observational study with overweight/obese postmenopausal women to document 
the associations of dietary TAC with intakes of individual antioxidants and biomarkers 
of plasma antioxidant defense. In this study, if not pointed out speci fi cally, dietary 
TAC refers to both TAC from diet and TAC from diet and supplements.  
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    11.2   Participants and Methods 

    11.2.1   Study Population 

 A cross-sectional study was conducted in 40–70 year old, overweight/obese (BMI 
25–39.9 kg/m 2 ), non-smoking postmenopausal women ( n  = 40) without CVD and 
other in fl ammatory diseases. This population was speci fi cally chosen for the following 
reasons: (1) obesity is a signi fi cant risk factor toward oxidative stress-mediated CVD 
(Billington et al .   2000  ) ; (2) obese individuals have a greater degree of chronic 
in fl ammation (Weyer et al .   2002  ) ; and (3) obese individuals are more likely to have 
lower antioxidant status, likely due to their less frequent consumption of fruits and 
vegetables (Ford et al .   2003  ) ; and (4) risk of CVD in women is signi fi cantly increased 
after menopause. Exclusion criteria included a diagnosis of CVD, diabetes, or arthritis 
(excluding osteoarthritis), currently being treated for cancer (i.e., chemotherapy, 
radiation therapy), estrogen replacement therapy, slimming diets, or alcohol consumption 
exceeding 2 drinks/day or total of 12 drinks/week.  

    11.2.2   Study Design 

 Potential participants were recruited in the Hartford, Connecticut area through printed 
 fl yers, email and newspaper advertisements. The potential subjects who were quali fi ed 
for this study through a telephone interview were immediately invited to the General 
Clinical Research Center located in the University of Connecticut Health Center 
(UCHC) in Farmington, CT, and completed the written informed consent form. 
Prior to the initiation of the project, its protocols and procedures was reviewed and 
approved by the Human Investigation Review Committees of the UCHC and 
University of Connecticut Storrs Campus. At the  fi rst screening visit, the subjects 
were given a brief physical examination by a nurse, including measured weight, 
height, and blood pressures (systolic blood pressure; diastolic blood pressure), 
followed by an interview regarding their medical, dietary, smoking, and alcohol 
consumption histories, and a fasting blood collection. The eligible participants were 
instructed to follow their usual dietary habits and how to record 24-h diet recall (DR) 
by an experienced research staff and then asked to bring a completed 7-day DR when 
they visit the center 7 days after the initial screening.  

    11.2.3   Dietary Assessment 

 Each subject’s dietary data of all food sources from 7-day DR were input into Nutrition 
Data System for Research (NDSR) software (Nutrition Coordinating Center, 
Minneapolis, MN) for food composition analyses. Flavonoid and proanthocyanidin 
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intakes were estimated by matching food consumption data with the nutrients in 
 fl avonoids and proanthocyanidins databases as described in our previous study 
(Chun et al .   2007  ) . The subject’s individual antioxidant intake was estimated by 
multiplying the content of the individual antioxidants ( fl avonoid, proanthocyanidins, 
carotenoids, vitamins C and E) by the daily consumption of each selected food item. 
Individual antioxidant capacity was then determined by multiplying the individual 
amount of each antioxidant compound by their respective antioxidant capacities 
expressed as vitamin C equivalent antioxidant capacity (VCEAC) (Floegel et al .   2010  ) . 
Dietary TAC was determined by summating the individual antioxidant capacities 
as described in our previous publication. In this study, the TAC values of the subjects’ 
diet were reported as mg VCE per day.  

    11.2.4   Anthropometrics 

 Subjects’ height, weight, and blood pressure were recorded. After a 5-min rest period, 
subjects’ blood pressure was measured with a Welch Allyn, Tycos cuff. The mean 
of 2 blood pressure readings was used to ensure accuracy. Physical activity levels 
were measured using the Health and Nutrition Survey Form.  

    11.2.5   Blood Collection and Plasma Antioxidant Analyses 

 Twelve-hour fasting blood samples were collected in evacuated containers with 
EDTA or heparin. Samples were centrifuged immediately in a dark room at 500 × g 
for 15 min at 4°C. After plasma samples were isolated, they were immediately 
separated in small portions, and stored at −80°C until analyzed after speci fi c pre-
treatments for each assay. 

 The outcome measures included plasma TAC, glucose, lipid pro fi les (total cholesterol, 
TG, HDL-C, LDL-C), plasma antioxidant nutrients and enzymes. Plasma TAC 
was determined by the VCEAC, FRAP and ORAC assays, respectively. VCEAC 
assay, which was developed by Miller et al. (Miller et al .   1993  )  and modi fi ed by 
Kim et al.  (  2002  ) , measures the ABTS radical chromogen at 734 nm, using AAPH 
as a thermolabile water-soluble radical initiator. The reduction of ABTS radical 
chromogen is proportional to the TAC in plasma. The results were expressed as mg 
vitamin C equivalent (VCE) per liter plasma. The FRAP assay determines the 
ability of the sample to reduce ferric iron to ferrous iron in a low-pH environment. 
A colored ferrous-tripyridyltriazine complex is formed during this process and has 
a maximum absorbance at 593 nm (   Benzie and Strain  1996  ) . The results are 
expressed as  m mol trolox per liter plasma. ORAC assay determines the antioxidant 
capacity of plasma by measuring the oxidative degradation of a  fl uorescent molecule 
after being mixed and heated with AAPH; it was  fi rst developed by Cao et al.  (  1993  )  
and further developed by Huang et al. using microplate  fl uorescence reader for 
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analyses of large number of samples (Huang et al .   2002  ) . The results are expressed 
as  m mol trolox per liter plasma. Plasma total phenolics were analyzed using Folin-
Ciocalteu method described by another study (Singleton and Rossi  1965  ) . 

 Plasma vitamin C and uric acid were determined as described (Ross  1994  )  using 
high-performance liquid chromatography (HPLC, Agilent Technology 1200, Santa 
Clara, CA) with a UV detector, separated with an Eclipse XDB-C18 column 
(5  m m;250 mm × 4.6 mm, Agilent Technology, Santa Clara, CA) and Zorbax C18 
guard column (5  m m; 12 mm × 4.6 mm, Agilent Technology, Santa Clara, CA). The 
analytical conditions were modi fi ed in the present study. In order to preserve vita-
min C, an aliquot of plasma was deproteinized with 10% perchloric acid. This sam-
ple was then centrifuged (15,000 × g, 5 min, 4°C) and the supernatant was kept at 
−80°C until analysis. All plasma samples were pretreated within an hour of blood 
collection. The mobile phase was 25 mM myristyltrimethylammonium bromide, 
0.05 M sodium hydroxide, 0.06 M acetic acid, 7.5% (v/v) acetonitrile in pH 5.5. 
Samples and standards were prepared with mobile phase and then analyzed by UV 
at 262 nm with a  fl ow rate of 0.45 mL/min. 

 Vitamin E (as  a - and  g -tocopherol) was measured by HPLC-Coularrary (ESA 
Inc., Chelmsford, MA), as described previously (Bruno et al.  2008  )  with minor 
modi fi cations. In brief, 350  m L plasma was mixed with 2 mL 1% ascorbic acid pre-
pared in ethanol (w/v), 1 mL puri fi ed water, and 500  m L saturated KOH (79.2 g 
KOH dissolved in 74.2 mL water). Following saponi fi cation (30 min, 70°C), sam-
ples were rapidly chilled, and mixed with water (1 mL) and 4.54 mM BHT (25  m L) 
prepared in reagent alcohol. Tocopherols were extracted with hexane (2 mL), the 
extract was dried under nitrogen, and dissolved in a known volume of 1:1 
methanol:ethanol. The injected sample was separated isocratically (0.6 mL/min) on 
a Luna C18(2) column (150 mm × 3 mm i.d., 3  m ; Phenomenex, Torrence, CA) and 
detected at potential settings of 350, 450, 525 and 600 mV. The mobile phase was 
98:2 methanol:water containing 10 mmol/L lithium perchlorate. 

 The slightly modi fi ed method described by Karppia et al.  (  2008  )  was used for 
carotenoid analyses. Brie fl y, 200  m L sample was mixed with 300  m L distilled deion-
ized water, 500  m L ethanol (containing 0.1% BHT and 0.1 mg/L of rac-tocol as an 
internal standard) and 1 mL of hexane (containing 0.1% BHT). After 3 min vortex-
ing and 5 min ultra sonication samples were centrifuged for 5 min (15,000 × g, 4°C) 
and the supernatant was transferred. This extract step was repeated twice. Transferred 
supernatants were evaporated by nitrogen and dissolved in 200  m L of mobile phase. 
One hundred microlitre of sample was injected and detected at 450 nm for carote-
noids and 290 nm for the internal standard. An HPLC system (Agilent 1100, Hewlett 
Packard, Palo Alto, CA) with a photodiode array detector and a C18 RP Symmetry 
analytical column (5  m m, 250 mm × 4.6 mm, Agilent Technology, Santa Clara, CA) 
was used for the analysis. The solvent gradient conditions of binary mobile phases 
(solvent A, acetonitrile; solvent B, methanol, THF, and methylene chloride (85:5:10)) 
for the HPLC analysis was as follows: 93% A/7% B from 0 to 7 min, 88.6% A/11.4% 
B from 8 to 15 min, 21% A/79% B from 16 to 17 min, 16% A/84% B from 18 to 
50 min, and 93% A/7% B from 51 to 55 min. The  fl ow rate was set at 1 mL/min and 
changed to 1.8 mL/min at 16 min until 50 min. 
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 Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) 
activities in plasma were determined by using commercially available kits (Cayman 
Chemical Company, Ann Arbor, MI, US). One unit of SOD in plasma is de fi ned as 
the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. 
One unit CAT in plasma is de fi ned as the amount of enzyme that will cause the 
formation of 1.0 nmol of formaldehyde per minute at 25°C. One unit GPx in plasma 
is de fi ned the amount of enzyme that will cause the oxidation of 1.0 nmol of NADPH 
to NADP +  per minute at 25°C.  

    11.2.6   Statistical Analysis 

 Statistical Analysis System (SAS) software, release 9.2, 2009 (SAS Institute Inc., 
Cary, NC) was used for statistical calculation. To test the distribution of dietary TAC 
estimates and plasma antioxidant nutrients, residual and goodness-of- fi t analyses were 
used. If these analyses showed any evidence of departure from normality, we used 
log-transformed variables in the analysis. To evaluate the association between dietary 
or plasma antioxidants and dietary TAC, subjects were divided into two groups accord-
ing to TAC intakes. P values were tested across the median values of dietary TAC in 
each group by analysis of covariance using the General Linear Model procedure. To 
investigate the association between dietary TAC intakes and plasma levels, data was 
analyzed by two regression models. The simple model was adjusted for age, ethnicity, 
and plasma cholesterol (except ascorbic acid and uric acid). To test the sensitivity of 
dietary TAC as a predicting tool, the simple model was further adjusted for fruit and 
fruit juices, vegetable and vegetable juices and supplement use, which are the major 
contributors of dietary TAC. Data were reported as geometric least square means and 
95% CIs if strongly skewed. In addition, to evaluate relative validity, the associations 
between antioxidant nutrient intakes estimated by 7-day DR and their plasma pro fi les 
were analyzed. The level of statistical signi fi cance was set at p < 0.05.   

    11.3   Results 

    11.3.1   Dietary and Clinical Characteristics of Study Population 

 In this study population, the average TAC from diet was 686.6 mg VCE/day and the 
average TAC from both diet and supplements was 832.6 mg. Table  11.1  describes 
the general characteristics of the study population according to the intake of dietary 
TAC in two groups. Subjects in the high TAC intake groups were more likely to 
report hypertension but less likely to report hypercholesterolemia and had lower 
total-and LDL-cholesterol. Meanwhile they consumed more tea, wine and less beer; 
they consumed more fruit and vegetable products, especially berries and apples, as 
compared with those in the low TAC intake groups.   
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    11.3.2   Major Food Sources 

 Main food sources for TAC were tea, wine, vegetables and vegetable juices, fruits 
and fruit juices (Fig.  11.1 ). Fruits and fruit juices contributed the most to dietary 
TAC, accounting for 44.3% of TAC from diet and 36.6% of TAC from diet and 
supplements, followed by tea (33.1% and 27.3%, respectively).   

    11.3.3   Associations Between Individual Antioxidant Intakes 
and TAC from Diet/Diet and Supplements 

 After adjustment for total energy intake, higher intake of TAC from diet was associ-
ated with higher intakes of  a -tocopherol (p < 0.001), vitamin C (p < 0.001),  fl avonoids 
(p < 0.001) and proanthocyanidins (p < 0.001) (Table  11.2 ). However, it was nega-
tively associated with intakes of  g -tocopherol (p < 0.001) and total tocopherols 
(including  a ,  b ,  g  and  d -tocopherols) (p < 0.001). For TAC from both diet and sup-
plements, those positive associations still existed. Further, total tocopherol (p < 0.001) 
and total carotenoids (p < 0.01) became signi fi cantly associated with TAC from diet 
and supplements, which could be attributed to the large amount and high prevalence 
of  a -tocopherol and  b -carotene supplement use in this study population (Table  11.3 ). 
Indeed, 48% of the participants used  a -tocopherol supplements and 42.5% used 
 b -carotene supplements in this study.    

    11.3.4   Associations Between Plasma Antioxidant Status 
and TAC from Diet/Diet and Supplements 

 After adjustment for basic characteristics in the simple model, TAC from diet was 
positively associated with plasma TAC determined by VCEAC (p < 0.01), FRAP 
(<0.0001) and ORAC (p < 0.05); it was positively associated with catalase (p < 0.05), 
 a -tocopherol (p < 0.0001) and  b -cryptoxanthin concentrations (p < 0.01) and it was 
negatively correlated with total phenolics (p < 0.01) and lycopene (p < 0.05) 
(Table  11.4 ). After further adjustment for fruit and fruit juices, vegetable and vege-
table juices and supplement use, the association with ORAC, catalase and lycopene 
disappeared; total phenolics became positively correlated with TAC from diet 
(p < 0.05) and others stayed the same (Table  11.4 ). As for TAC from diet and supple-
ments, it was also positively associated with plasma TAC determined by VCEAC 
(p < 0.001), FRAP (p < 0.0001) and ORAC (p < 0.05); it was positively associated 
with  a -tocopherol (p < 0.001),  b -cryptoxanthin (p < 0.05) and negatively associated 
with total phenolics (p < 0.01) in the simple model (Table  11.5 ). After further adjust-
ment, except ORAC, all of these variables remained signi fi cant.    
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Fruits and fruit
juices 44.3%

Tea  33.1%

Vegetables
and vegetable
juices  12.3%

Wine
4.2%

Others
6.1%

Fruits and fruit
juices 36.6%

Tea  27.3%

Vegetables
and vegetable
juices  10.1%

Wine
3.5%Others

6.9%

Supplement
16.6%

a

b

  Fig. 11.1    Contributions of 
major food sources to 
dietary total antioxidant 
capacity ( TAC ). 
Contribution of major food 
sources to TAC from diet 
( a ); contribution of major 
sources to TAC from diet 
and supplements ( b )       

    11.3.5   Dietary Antioxidants and the Corresponding 
Concentrations in Plasma 

 To further con fi rm that dietary TAC parallels dietary antioxidants in predicting the 
corresponding plasma antioxidant concentrations, the correlation between dietary 
antioxidants and their concentrations in plasma was examined. After multivariable 
adjustment,  a -tocopherol (p < 0.001),  b -carotene (p < 0.05) and  b -cryptoxanthin 
(p < 0.05) concentrations in plasma were positively correlated with their intakes 
from diet (Table  11.6 ). Taking the supplement use into account,  b -carotene became 
not signi fi cant. Although Vitamin C and  b -carotene supplement uses tremendously 
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contributed to their intake levels, their contribution to the plasma ascorbic acid and 
 b -carotene concentrations were not signi fi cant (Table  11.7 ). In general, dietary 
TAC was in accordance with dietary antioxidants in predicting their concentrations 
in plasma.     

    11.4   Discussion 

 In the present study, dietary TAC (from diet/diet and supplement) was positively 
associated with intakes of dietary antioxidants, including  a -tocopherol, ascorbic 
acid,  fl avonoids and proanthocyanidins. In addition, higher dietary TAC was associ-
ated with increased plasma TAC determined by VCEAC, FRAP and ORAC after 
adjusting for uric acid and other confounders and was also associated with increased 
plasma concentrations of individual antioxidants, including  a -tocopherol, and 
 b -Cryptoxanthin. The participants in high dietary TAC groups reported more hyper-
tension and medication use than those in low dietary TAC groups. The associations 
did not necessarily re fl ect causal relationships, for this is a cross-sectional study. It 
is plausible that those participants who self-reported hypertension tended to con-
sume more fruits and vegetables and lived a healthier life style as an attempt to 
improve their condition. 

    11.4.1   Dietary TAC Assessments 

 To estimate TAC from the entire diet is a novel concept that characterizes the sum 
of antioxidant properties of nutrients known and unknown. It considers the addi-
tive and synergistic effects of dietary antioxidants rather than simple sum of single 
antioxidants’ actions. A few studies have estimated dietary TAC (Halvorsen et al. 
 2002 ; Sera fi ni et al.  2002 ; Pellegrini et al.  2007 ; Rautiainen et al.  2008 ; Mekary 
et al.  2010  ) . Rautiainen et al.  (  2008  )  showed a correlation of theoretical TAC 
assessed by a food frequency questionnaire (FFQ) and plasma TAC determined by 
ORAC, the total radical-trapping antioxidant parameters (TRAP) and ferric reduc-
ing ability of plasma (FRAP) assays in Swedish women. An Italian research group 
(Sera fi ni et al .   2002  )  developed the  fi rst TAC database. Although their FFQ was 
limited to 12 food items, they found that non-smoking subjects with the highest 
antioxidant intake had a reduced risk of developing gastric cancer compared to 
non-smoking subjects with the lowest TAC of the diet. However, when they tried 
to validate their method against plasma TAC, there was no relationship. TAC esti-
mated by either 3-day weighted food record or an FFQ that included 150 foods 
had no correlation with plasma TAC determined by TEAC as documented by 
Pellegrini et al.  (  2007  ) . Most of the studies used TAC food composition database 
for the FFQ to assess dietary TAC (Mekary et al.  2010  ) . The food database was 
limited by the number of foods that have been measured, the differences in growing 
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seasons, and geographical locations. The present study’s advantage in assessing 
dietary TAC is using the TAC nutrient database instead of a food database, thus 
avoiding the loss of TAC in the process of food analyses and not being restricted 
by number of food items. Consequently, the different results from previous studies 
could be partly attributed to different methodologies in dietary data collection and 
plasma TAC measurement. TAC from the diet of the U.S. population is yet to be 
determined.  

    11.4.2   TAC Measurements 

 As each antioxidant compound yields a varying degree of antioxidant capacity, 
researchers have tried to standardize antioxidant capacity, which is the ability to 
scavenge various kinds of free radicals, in reference to a known compound. A variety 
of assays have been developed to measure TAC in foods and plasma, as summarized 
in Table  11.8 . Trolox equivalent antioxidant capacity (TEAC) is one of the most 
commonly reported methods. Trolox is a water-soluble analogue of vitamin E and a 
Trolox antioxidant activity unit is equivalent to one mole of Trolox. TEAC was 
originally introduced for the clinical investigation of premature infants’ low serum 
antioxidant concentrations due to vitamin E de fi ciency (Miller et al .   1993  ) . This 
method was modi fi ed by Kim et al.  (  2002  ) . They used vitamin C as standard, thus 
making the value of this method more straightforward for the public. Others have 
reported antioxidant capacity by total radical-trapping antioxidant parameters 
(TRAP) (Ghiselli et al .   1995  ) , ORAC (Cao et al .   1993  ) , FRAP (Benzie and Strain 
 1996  ) , total antioxidant performance (TAP) (Beretta et al .   2006  ) . Of these methods, 
the VCEAC method developed by Kim et al. offers several strengths: (1) it expresses 
antioxidant capacity as a vitamin C equivalent, which represents a leading natural 
nutrient and antioxidant; (2) hydrophilic (vitamin C) and lipophilic antioxidants 
(carotenes and tocopherols) can be expressed as VCEAC; and (3) its weight-based 
expression can be used with consumption data that are usually weight-based, allowing 
for quantitative measurement.   

    11.4.3   Dietary Modulation of Plasma TAC and Pitfall 
of Uric Acid 

 One method for determining the validity of a dietary assessment is to compare 
dietary intake with a nutrient’s plasma value. The plasma value of a nutrient can 
re fl ect its intake in a more meaningful way, as it is considered to be independent 
from the respondent bias (Resnicow et al .   2000  ) . In the present study, dietary TAC 
had signi fi cantly positive association with plasma TAC after adjustment for uric 
acid and other confounders. Also, TAC from diet was a good predictor of plasma 



288 Y. Wang et al.

   Ta
bl

e 
11

.8
  

  E
xp

er
im

en
ta

l c
ha

ra
ct

er
is

tic
s 

of
 s

om
e 

m
et

ho
ds

 f
or

 m
ea

su
ri

ng
 p

la
sm

a 
or

 s
er

um
 T

A
C

   

 M
et

ho
d a   

 Pr
in

ci
pl

e b   
 Fr

ee
 R

ad
ic

al
 

 St
an

da
rd

 
 pH

 
 M

ea
su

re
m

en
t 

 So
lu

bi
lit

y 
 R

ef
er

en
ce

s 

 T
E

A
C

 
 D

ec
ol

or
iz

at
io

n 
of

 A
B

T
S ·+

  
 A

B
T

S ·+
  

 T
ro

lo
x 

 7.
4 

 A
bs

or
ba

nc
e 

(7
34

 n
m

) 
 H

yd
ro

ph
ili

c 
 M

ill
er

 e
t a

l .  
 (  1

99
3  )

  
 V

C
E

A
C

 
 D

ec
ol

or
iz

at
io

n 
of

 A
B

T
S ·+

  
 A

B
T

S ·+
  

 V
ita

m
in

 C
 

 7.
4 

 A
bs

or
ba

nc
e 

(7
34

 n
m

) 
 H

yd
ro

ph
ili

c 
 K

im
 e

t a
l .  

 (  2
00

2  )
  

 FR
A

P 
 R

ed
uc

tio
n 

of
 F

e 3+
  to

 F
e 2+

  
 – 

 T
ro

lo
x 

 3.
6 

 A
bs

or
ba

nc
e 

(5
93

 n
m

) 
 H

yd
ro

ph
ili

c 
 B

en
zi

e 
an

d 
St

ra
in

 
 (  1

99
6  )

  
 O

R
A

C
 

 D
eg

ra
da

tio
n 

of
 a

  fl
 or

es
ce

nt
 

m
ol

ec
ul

e 
(F

lu
or

es
ce

in
) 

af
te

r 
be

in
g 

m
ix

ed
 w

ith
 a

 f
re

e 
ra

di
ca

l g
en

er
at

or
 (

A
A

PH
) 

 R
O

O
· 

 T
ro

lo
x 

 7.
4 

 Fl
uo

re
sc

en
ce

 
(e

x 
48

5 
nm

, e
m

 5
20

 n
m

) 
 H

yd
ro

ph
ili

c 
 C

ao
 e

t a
l .  

 (  1
99

3  )
  

 T
R

A
P 

 D
eg

ra
da

tio
n 

of
 a

  fl
 or

es
ce

nt
 

m
ol

ec
ul

e 
(R

-h
yc

oe
ry

th
in

) 
af

te
r 

be
in

g 
m

ix
ed

 w
ith

 a
 f

re
e 

ra
di

ca
l g

en
er

at
or

 (
A

B
A

P)
 

 R
O

O
· 

 T
ro

lo
x 

 7.
4 

 Fl
uo

re
sc

en
ce

 
(e

x 
49

5 
nm

, e
m

 5
75

 n
m

) 
 H

yd
ro

ph
ili

c 
  G

hi
se

lli
 e

t a
l. 

(  1
99

5  )
  

 TA
P 

 D
eg

ra
da

tio
n 

of
 a

 li
pi

d-
so

lu
bl

e 
 fl o

re
sc

en
tm

ol
ec

ul
e 

(B
O

D
IP

Y
) 

af
te

r 
be

in
g 

m
ix

ed
 w

ith
 a

 
lip

op
hi

lic
 r

ad
ic

al
 g

en
er

at
or

 
(M

eo
-A

M
V

N
) 

 R
O

O
· 

 – 
 7.

4 
 Fl

uo
re

sc
en

ce
 (

ex
 5

02
 n

m
, 

em
 5

20
 n

m
) 

 H
yd

ro
ph

ili
c 

an
d 

lip
op

hi
lic

 
 B

er
et

ta
 e

t a
l .  

 (  2
00

6  )
 . 

   a   T
E

A
C

  tr
ol

ox
 e

qu
iv

al
en

t a
nt

io
xi

da
nt

 c
ap

ac
ity

,  V
C

E
A

C
  v

ita
m

in
 C

 e
qu

iv
al

en
t a

nt
io

xi
da

nt
 c

ap
ac

ity
,  F

R
A

P
  fe

rr
ic

 re
du

ci
ng

 a
bi

lit
y 

of
 p

la
sm

a,
  O

R
A

C
  o

xy
ge

n 
ra

di
ca

l 
ab

so
rb

an
ce

 c
ap

ac
ity

,  T
R

A
P

  to
ta

l r
ad

ic
al

-t
ra

pp
in

g 
an

tio
xi

da
nt

 p
ar

am
et

er
,  T

A
P

  to
ta

l a
nt

io
xi

da
nt

 p
er

fo
rm

an
ce

 
  b   A

B
T

S   ·+
   2

,2
 ¢ -a

zi
no

-b
is

 (
3-

et
hy

lb
en

zt
hi

az
ol

in
e-

6-
su

lp
ho

ni
c 

ac
id

),
  A

A
P

H
  2

,2
 ¢ -a

zo
bi

s 
(2

-a
m

id
in

op
ro

pa
ne

) 
di

hy
dr

oc
hl

or
id

e,
  A

B
A

P
  2

,2
 ¢ -d

ia
zo

bi
s 

(2
-a

m
id

in
op

ro
-

pa
ne

) 
di

hy
dr

oc
hl

or
id

e,
  B

O
D

IP
Y

  4
,4

-d
i fl

 uo
ro

-5
-(

4-
ph

en
yl

-1
,3

-b
ut

ad
ie

ny
l)

-4
-b

or
a-

3a
,4

a-
di

az
a-

s-
in

da
ce

ne
-3

-u
nd

ec
an

oi
c 

ac
id

,  M
eO

-A
M

V
N

  2
,2

 ¢ -a
zo

bi
s(

4-
m

et
h-

ox
y-

2,
4-

di
m

et
hy

lv
al

er
on

itr
ile

)  



28911 Total Antioxidant Capacity: A Useful Tool in Assessing Antioxidant…

catalase, total  a -tocopherol and  b -cryptoxanthin after other confounders were 
adjusted. Many studies reported plasma TAC increased immediately after a diet rich 
in fruits and vegetables (Cao et al.  1998a,   b  ) . Since some studies also found the 
increase in plasma TAC paralleled increase in uric acid concentration (Day and 
Stansbie  1995 ; Cao et al .   1998b ; Natella et al .   2002  ) , Lotito and Frei  (  2006  )  reviewed 
numerous studies of this kind and pointed out that uric acid accounted for the 
primary increase in plasma TAC due to relatively higher concentrations as com-
pared with the concentrations of  fl avonoids, which have limited bioavailability. 
Although the present observational study also found uric acid was highly correlated 
with plasma TAC (r = 0.56), this association lost signi fi cance after adjustment. This 
suggests that the positive correlation between dietary TAC and plasma TAC could 
not be attributed to uric acid. Also, uric acid and plasma TAC went back down to the 
normal level a few hours after the acute increase induced by red wine consumption 
(Day and Stansbie  1995  ) , thus 12-h fasting blood samples in the present study 
excluded the acute action of uric acid to plasma TAC. Obviously the present study 
does not support Lotito and Frei’s viewpoint that it is the uric acid induced by con-
sumption of  fl avonoid-rich food. We unexpectedly observed that dietary TAC was 
negatively associated with plasma total phenolics. Several studies have reported an 
acute increase of total phenolics and total antioxidant capacity a few hours after 
consuming a phenolic-rich food (Sera fi ni et al .   1998 ; Price et al .   2008 ; Torabian 
et al .   2009  ) . Nevertheless, similarly with uric acid, most of the phenolics only 
remain in plasma for a few hours after consumption (Manach et al .   2005  ) . Therefore, 
the total phenolics concentration in 12-h fasting blood samples may not accurately 
re fl ect the intake of phenolics. Still, some studies observed increased fasting plasma 
total phenolics after consumption of a phenolic-rich diet or supplement (Devaraj 
et al .   2002 ; Tsang et al .   2005  ) . Clearly, further investigation is warranted to con fi rm 
the long-term effects of consumption of fruits and vegetables on plasma TAC and 
total phenolics.  

    11.4.4   Limitations 

 The study has the following limitations: (1) participants in this study were from the 
Hartford area in Connecticut; therefore, the foods they consumed may vary from 
nationally representative foods in NDSR software. (2) it focused on the total anti-
oxidant intakes including  fl avonoids and antioxidant vitamins, and did not consider 
individual bioavailability and metabolism in the human body; (3) health outcomes 
resulting from interactions among food components were not examined in the 
present study (i.e. synergic antioxidant effects of  fl avonoids and/or vitamins); (4) 
although many confounders have been adjusted, the positive correlation of TAC 
from diet with plasma TAC could be attributed to a healthy lifestyle or other 
bene fi cial compounds present in the foods; (5) this is a cross-sectional study, no 
cause and effect conclusion can be drawn.  
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    11.4.5   Conclusion 

 Our  fi ndings supported an association between TAC intake and individual antioxidant 
intakes as well as plasma TAC, indicating that dietary TAC may be a useful tool in 
predicting dietary antioxidant status. The role of dietary TAC in predicting plasma 
antioxidant status needs further investigation. For future studies, TAC of the U.S. 
diet can be estimated and linked to biomarkers of oxidative stress and chronic dis-
eases. Further studies need to be conducted in order to determine an adjusting factor 
for the bioavailability of each antioxidant nutrient. The TAC database of the U.S. 
population can then be modi fi ed considering the bioavailability of individual anti-
oxidants in the human body. Polyphenolics have different bioactive or functional 
properties, intake levels, and antioxidant capacities (Institute of Medicine  1998 ; 
Williamson and Holst  2008  ) , thus obstructing the progress in establishing the rec-
ommendations for optimal antioxidant intake levels. TAC considering not only indi-
vidual polyphenolics or antioxidant vitamins but also all antioxidants exerting 
similar antioxidant activities can be applied to establish recommendations for the 
optimal level of dietary antioxidant intake and lifestyle modi fi cations, and for a 
long-term strategy of chronic disease prevention.       
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  Abstract   Numerous plants, fungi and microorganisms contain organic sulfur 
compounds (OSCs), which during the last couple of decades have been associated 
increasingly with chemoprevention, antibacterial and anticancer activity. These 
compounds also play a particular role as intracellular redox modulators and inducers 
of apoptosis. Among the various OSCs, redox-active, reactive sulfur species, such 
as allicin and polysulfanes (RS 

x
 R, R  ¹  H, x  ³  3) from garlic and onion, show particularly 

interesting properties. These compounds are able to S-thiolate or oxidize a wide 
range of peptides and proteins, and hence modulate intracellular redox processes, 
either directly or by oxidizing GSH to GSSG, which shifts the intracellular redox 
balance to more oxidizing potentials. Such interference with the intracellular ‘thiolstat’ 
has widespread consequences, ranging from an activation of antioxidant defenses to 
induction of apoptosis. While S-thiolation may be the most prominent mode of 
action associated with OSCs, the chemistry of these compounds has many facets, 
including superoxide radical generation, binding to metal centres of metallo-proteins 
and hydrophobic interactions with various cellular membranes and proteins. Ultimately, 
many of these reactions also have the potential to trigger apoptotic pathways.  

  Keywords   Cysteine  •  Oxidation  •  Perthiol  •  S-thiolation  •  Thiolstat  
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  ANT    adenine nucleotide translocase   
  AP-1    activator protein-1   
  AR    androgen receptor   
  ATC    Human anaplastic thyroid carcinoma   
  Bad    B-cell lymphoma protein 2 associated death promoter   
  Bak    B-cell lymphoma protein 2 homologous antagonist/killer   
  Bax    B-cell lymphoma protein 2 associated X protein   
  Bcl-2    B-cell lymphoma protein 2   
  Bcl-x L     B-cell lymphoma protein 2-extra large   
  cdk1    cyclin dependent kinase 1   
  DADS    diallyldisul fi de   
  DAS    diallylsul fi de   
  DATS    diallyltrisul fi de   
  DATTS    diallyltetrasul fi de   
  DHLA    dihydrolipoic acid   
  DPTTS    dipropyltetrasul fi de   
  1,2-DT    3-vinyl-4 H -1,2-dithiin   
  1,3-DT    2-vinyl-4 H -1,3-dithiin   
  ERK    extracellular signal-regulated kinases   
  FACS    Fluorescence activated cell sorting   
  ERK    extracellular signal-regulated kinases   
  GSH    glutathione   
  GSSG    glutathione disul fi de   
  HDACs    histone deacetylases   
  HMG-CoA    3-hydroxy-3-methyl-glutaryl coenzyme A   
  H 

2
 S    hydrogen sul fi de   

  JNK    c-Jun N-terminal kinase   
  MAPKs    mitogen-activated protein kinases   
  MCF-7    human mammary carcinoma cells   
  MPTP    mitochondrial permeability transition pore   
  NHE    normal hydrogen electrode   
  OSCs    organic sulfur compounds   
  OS    oxidative stress   
  PARP-1    poly(ADT-ribose) polymerase 1   
  PC-3    human prostate cancer cells   
  PDIs    protein disul fi de isomerases   
  PFTase    protein FTase   
  PKA    protein kinase A   
  PKB    protein kinase B   
  PrSH    protein thiol   
  PrSSG    S-glutathiolated protein thiol   
  PrSSPr    protein disul fi des   
  Rb    human retinoblastoma protein   
  ROS    reactive oxygen species.         
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    12.1   Introduction 

 Many plants, fungi, bacteria and algae are rich in organic sulfur compounds (OSCs). 
These natural products are chemically highly diverse, yet often exhibit a character-
istic sulfur chemistry, which combines redox activity, catalysis, metal binding and 
hydrophobic interactions. Figure  12.1  illustrates various physical and chemical 
properties associated with natural sulfur products. The last decade has witnessed a 
surge in interest in OSCs, fuelled in part by new insights into intracellular redox 
control mechanisms and their importance for cell proliferation, differentiation and 
apoptosis. Here, a landmark publication by Freya Schafer and Garry R. Buettner, 
published in 2001, links the intracellular redox state, expressed as electrochemical 
potential  E ’ of the glutathione disul fi de/glutathione (GSSG/GSH) redox pair, to 
major cellular events (Schafer and Buettner  2001  ) . Considering that natural OSCs 
are well suited to modulate such thiol-based intracellular redox states, the huge 
impact such compounds may potentially have on cellular processes becomes apparent. 
It is therefore hardly surprising that many OSCs have been considered as part of 
novel chemopreventive and possibly even therapeutic strategies.  

 As part of this chapter, we will brie fl y consider the emerging concept of the 
intracellular ‘thiolstat’. The latter represents a complex network of numerous intra-
cellular thiol-based redox systems, which enables the mammalian cell to respond 

  Fig .12.1    A brief overview of the various physical properties and chemical reactivities associated 
with organic sulfur compounds ( OSCs ). Some of these processes may explain certain aspects of 
the different biological activities associated with individual natural sulfur products. One should 
notice, however, that the list of properties and reactivities is necessarily incomplete and that some 
of these actions are still speculative at the time. Furthermore, different OSCs may react differently, 
and even their individual reactivities may depend on the respective concentrations they are applied 
at and the speci fi c cellular environment they are placed into       
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 gradually  to changes in the intracellular redox environment, for instance by mounting 
an antioxidant response or by cell cycle arrest and apoptosis (Jacob et al.  2010  ) . 
Numerous OSCs are known to interfere with cellular redox systems. We will therefore 
take a closer look at a number of selected – and in many ways representative – OSCs, 
including disul fi des, allicin, and polysulfanes (Fig.  12.2 ). While most of these 
agents appear to develop their characteristic biological activity  via  S-thiolation of 
cysteine proteins, others seem to act  via  different mechanisms which do not primarily 
involve redox reactions. Aspects of these compounds, and their emerging modes of 
action, are being explored as part of a more speculative discussion.   

    12.2   Aspects of the Intracellular Thiolstat 

 The original picture proposed by Schafer and Buettner in 2001 links the intracellular 
redox potential, represented by the potential of the GSSG/GSH redox pair, to essential 
cellular processes, such as cell proliferation, differentiation and apoptosis (Schafer 
and Buettner  2001  ) . From today’s perspective, this model may appear somewhat 
crude, yet its basic ideas are still valid today. Since then, a range of additional aspects 
of intracellular redox signaling have been emerging which essentially support and 
re fi ne the original concept. 

  Fig. 12.2    Summary of the chemical structures of the various OSCs referred to in the text       

E-ajoene

Z-ajoene
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 It has become evident, for instance, that reversible disul fi de formation, including 
processes such as S-thiolation and dethiolation, but also irreversible overoxidation 
of cysteine residues to sul fi nic and sulfonic acids, are important intracellular events 
involved in the posttranslational modi fi cation and hence control of many cysteine-
containing proteins and enzymes (Mieyal et al.  2008  ) . These processes are to a large 
extent themselves controlled by the intracellular redox environment which over 
time may vary considerably in the same cell. 

 Under normal non-stress conditions, the intracellular cytosolic redox environment, 
dominated by GSH, is rather reducing (Fig.  12.3 ). A potential of −240 mV vs. 
NHE, for instance, has recently been estimated by Talia Miron and colleagues for 
human promyelocytic leukemia-derived HL-60 and human myelomonocytic U937 
cells, which is in line with Schafer and Buettner’s initial proposal. Under those 
conditions, most of the intracellular thiols are present in the reduced state (PrSH) 

  Fig. 12.3    The cellular thiolstat as a central element allowing the cell to respond fast and ef fi ciently 
to concentration- and time-dependent changes of the intracellular redox state. The multitude of 
cellular proteins and enzymes involved in the thiolstat enables a measured and often rapidly revers-
ible response to gradual changes of the intracellular redox state, either by mounting an antioxidant 
response, widespread cellular signaling and/or induction of apoptosis and necrosis. One of the key 
elements of the thiolstat is the diversity of the thiol oxidation potentials which exists among cellular 
cysteine proteins and the reversibility of some – but not all – of the oxidative cysteine modi fi cations 
(Jacob et al.  2004  )        
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(Miron et al.  2008  ) . The dominance of intracellular thiols over disul fi des is re fl ected 
in the ratio of GSH over GSSG, but also when considering the amount of intracel-
lular protein thiols (PrSH) versus protein disul fi des (PrSSPr) or S-glutathiolated 
cysteine residues in proteins (PrSSG). A recent landmark study by Jakob Winther 
and colleagues on the ‘global cellular thiol-disul fi de status’ has demonstrated 
that the content of total disul fi de in cells is rather low under normal conditions 
(Hansen et al.  2009  ) . In human embryonic kidney HEK cells, for instance, only 
around 8.5% of total glutathione is present as GSSG, and only around 5.8% of pro-
tein thiols are present as protein disul fi des, PrSSPr. Importantly, virtually no protein 
S-glutathiolation occurs under those conditions, with a cellular PrSSG content as 
low as 0.037% of protein thiols. Similar results were also obtained for immortalized 
human cervical HeLa cells.  

 This situation changes dramatically, however, when (external) oxidative stress 
(OS) is applied. A shift in intracellular redox potential from −240 to −170 mV has 
been observed in HL-60 cells treated with the thiosul fi nate allicin, which is accom-
panied by a signi fi cant increase in disul fi de bond formation (see also later on) 
(Miron et al.  2008  ) . The latter may occur directly, for instance by interactions with 
oxidizing and/or thiolating agents, or indirectly via shifts in the GSSG/GSH ratio to 
more oxidizing potentials. In HEK cells, the use of the oxidant diamide results in 
widespread oxidation of thiols to disul fi des, which ultimately account for more than 
50% of the total thiol/disul fi de content ( i.e.  47% of thiols reduced in RSH, 53% 
oxidized in RSSR). Importantly, most of the thiols oxidized by diamide are actually 
part of cysteine residues in proteins, and not in GSH (56% of disul fi des in proteins  vs.  
44% in GSSG in HEK cells, 67%  vs.  33% in HeLa cells) (Hansen et al.  2009  ) . 

 Overall, these  fi ndings by Winther and colleagues have a number of serious 
implications for our understanding of intracellular redox processes. Firstly, they 
 fi rmly reject the ‘myth’ that S-thiolation or disul fi de formation in proteins is not 
possible within the human cell due to the presence of a large excess of GSH. Neither 
is GSH present in excess over PrSH (quite the opposite actually seems to be the case: 
the total thiol pool in HEK and HeLa cells consists of around two-thirds of PrSH 
and just one-third of GSH), nor is GSH more reactive than most PrSH. Secondly, the 
numbers con fi rm that PrSH are major targets of oxidative modi fi cations and ultimately 
provide the basis for widespread redox sensing, signaling and control via disul fi de 
formation (either as PrSSPr or PrSSG). Upon treatment of HEK cells with diamide, 
for instance, the cellular content of PrSSG increased by around 300-fold, while the 
content of GSSG increased ‘just’ sixfold and the content of PrSSPr just 3.5-fold 
(similar results were obtained in HeLa cells). Thirdly, such redox processes 
(in response to diamide) are reversible, with full recovery of PrSH within 20 or 30 min 
after removal of the stressor. A similar, yet slightly slower ‘recovery’ of intracellular 
thiols was also found by Miron and colleagues in HL-60 and U937 cells (Miron 
et al.  2008  ) . Nonetheless, it should be emphasized that oxidation of cysteine residues 
may also result in irreversible modi fi cations, such as cysteine sul fi nic and sulfonic 
acids, as demonstrated by Philip Eaton and colleagues (Saurin et al.  2004  ) . 

 Importantly, intracellular cysteine modifying processes are not random or of an 
‘all or nothing’ Nature but rather occur  gradually , in line with the different ‘sensitivities’ 
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of cysteine proteins towards oxidation. Redox sensitivity is a property speci fi c for 
each individual cysteine protein, in essence controlled by the microenvironment the 
cysteine residue in question is placed in. Thiol oxidation potentials associated with 
proteins found in the human cell therefore vary signi fi cantly, often by more than 
145 mV. Thioredoxin (Trx) proteins, for instance, contain active site residues with a 
formal redox potential 1  of −270 mV, while protein disul fi de isomerases (PDIs) are 
considerably more oxidizing, with a potential of −125 mV  vs.  NHE (Lundstrom and 
Holmgren  1993 ; Nishinaka et al.  2001 ; Giles et al.  2003  ) . Glutathione itself has a 
standard redox potential between −230 and −240 mV (although some sources 
provide slightly different values depending on the techniques used to measure it). 
As the intracellular redox environment shifts towards more oxidizing potentials, 
individual cysteine proteins therefore  gradually  become targets of oxidative modi fi -
cations, in line with their individual  E  0  ¢  values. Interestingly, the most reactive 
cysteine residues in proteins are often active site residues, since these residues are 
activated in order to carry out particular transformations. Hence catalytic activity 
generally goes hand in hand with sensitivity towards oxidation, and those cysteine 
proteins and enzymes are prime targets for oxidative modi fi cations and also thiol-
based redox regulation. 

 Besides the gradual Nature of changes in response to a particular shift in the intra-
cellular redox state, another important aspect of intracellular redox regulation is the 
 time-dependence  of these changes. It is possible, for instance, that an oxidative assault 
initially results in loss of GSH and widespread formation of S-thiolated or oxidized 
proteins, while in the longer term, the antioxidant defense system takes over and GSH 
levels actually rise above normal levels. The apparent ‘recovery’ of the normal thiol 
status after a couple of minutes or hours, which has been observed independently by 
Miron, Winther and colleagues in various cells lines (see above), underlines the time-
dependence of such intracellular changes. The fact that ROS cause a depletion or an 
increase of GSH in some cells, which is sometimes discussed as a paradox, is there-
fore easily explained when considering the time-dependence of these changes and 
bearing in mind that the cell has various avenues available to respond to OS, including 
the activation of a sophisticated antioxidant defense system (Fig.  12.3 ). 

 A more re fi ned picture of the intracellular ‘thiolstat’ is therefore emerging, whereby 
gradual oxidation of key (regulatory, signaling) cysteine proteins and enzymes 
enables the cell to sense the severity of OS and to respond accordingly (Fig.  12.3 ). 
This ability to respond in different ways, yet quite appropriately to  gradual  changes 

  1   In the biochemical literature, the use of electrochemical potentials attributed to cysteine residues 
is sometimes confusing. In essence, the oxidation potential  E  

ox
  re fl ects the ease of oxidation of the 

cysteine thiol to an oxidized form, usually the disul fi de. The reduction potential  E  
red

 , on the other 
hand, re fl ects the ease of reduction of the disul fi de to the thiol. The redox potential  E  0 ’ is calculated 
mathematically as the midpoint between these potentials (essentially the ‘average’). Importantly, 
 E   0  ’ requires full reversibility of the oxidation and reduction processes, and can only be used to 
describe the thiol/disul fi de pair, but not processes involving other sulfur oxidation states, such as 
sulfenic or sul fi nic acids. It may therefore be more adequate to discuss redox sensitivity of the thiol 
groups of cysteine proteins in terms of  E  

ox
  rather than  E  0 ’. 
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to the intracellular redox state is crucial for the cell. It may answer an oxidative 
stimulus either by mounting an antioxidant defense, arrest the cell cycle, or induce 
apoptosis or even necrosis (Fig.  12.3 ). This decision, its execution and its rapid 
reversal upon the removal of the oxidative stimulus, ultimately depend in large parts 
on the cellular thiolstat. As already mentioned, the latter represents not just one or a 
few proteins but a complex medley of different proteins and enzymes. When searching 
the existing literature for aspects of intracellular redox regulation via protein thiols, 
one ends up with a seemingly endless list of individual cysteine proteins which may 
be affected by redox events, ranging from proteins of the cytoskeleton, such as 
  b  -tubulin and actin, to proteins involved in antioxidant defense, such as Keap-1. 
Which of these proteins are the prime targets for oxidizing species remains unclear. 
In fact, it is unlikely that an oxidative stimulus attacks just one single target protein. 
Various cellular signaling and response pathways are probably activated/deactivated 
at the same time, resulting in a more effective, yet also more complex cellular 
response. We now know, for instance, that many of the enzymes involved in cell 
cycle control and apoptosis are redox sensitive cysteine proteins, whose activity can 
be controlled by thiol modi fi cations (Table  12.1 ). These enzymes include cdc25 C, 
a protein essential for dephosphorylation and activation of cyclin dependent kinase 
1 (cdk1), (Cunat et al.  2008  )  Bcl-2 and certain caspases. During the last couple of 
years, other important potential players of redox signaling and control have emerged, 
such as the microtubulin network, the histone deacetylases (HDACs, see Sect. 12.6 ), 
various transcription factors ( e.g.  NF k -B), the 20S proteasome, the mitochondrial 
permeability transition pore and certain telomerases. These proteins are either 
directly or indirectly affected by redox agents, especially by thiol-speci fi c reagents, 
which, of course, include many naturally occurring OSCs.   

    12.3   Disul fi des and Apoptosis 

 Among the various OSCs found in Nature, we  fi nd a number of substances able to 
react highly selectively, yet also effectively with thiol groups in proteins and 
enzymes. Most of these thiol-speci fi c OSCs are based on the disul fi de-motif RSSR 
and react with PrSH in reactions resembling thiol/disul fi de exchange reactions. 
Here, we will focus on two selected disul fi des, namely  a -lipoic acid (ALA, thioctic 
acid or 5-(1,2-dithiolan-3-yl)pentanoic acid) and diallyldisul fi de (DADS) (for 
chemical structures see Fig.  12.2 ). 

  a -Lipoic acid is a natural antioxidant occurring in plants and animals including 
humans, where it serves as a cofactor of several mitochondrial enzymes. ALA is 
redox active with a comparably low thiol/disul fi de redox potential of  E  0  ¢  = −290 mV 
 vs.  NHE for lipoate/dihydrolipoate compared to  E  0  ¢  = −230 mV for GSSG/GSH 
(Bilska and Wlodek  2005  ) .  In vivo , ALA is reduced to dihydrolipoic acid (DHLA) 
by dihydrolipoyl dehydrogenase in the presence of NADH (other enzymes such as 
glutathione reductase or thioredoxine reductase are also able to reduce ALA but at 
a lower rate) (Roy and Packer  1998  ) . DHLA is able to scavenge various reactive 
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oxygen species (ROS). DHLA is also capable of regenerating certain antioxidants 
( e.g.  vitamin C and E), and can elevate the level of GSH in certain tissues (Bilska 
and Wlodek  2005 ; Roy and Packer  1998  ) . Because of its exceptional redox properties, 
ALA is used in diseases where OS is involved, such as diabetes, neurodegenerative 
diseases, ischemia-reperfusion injury, hypertension and liver cirrhosis. 

 While lipoate is often considered as “an antioxidant of antioxidants” (Bilska and 
Wlodek  2005  ) , some authors speculate that ALA has a dual Nature, which also 
includes a more sinister, pro-oxidant side. At high concentrations of 100  m mol/L of 
ALA (and DHLA), the compound inhibits the proliferation of a wide variety of 
cancer cells and induces apoptosis without affecting normal cells (Bilska and 
Wlodek  2005  ) . This anti-proliferative effect may be linked to apoptosis. Recently, 
Hyeyoung Kim and colleagues could demonstrate that ALA, mediated by intracel-
lular Ca 2+ , induces apoptosis in A549 lung cancer cells through caspase-dependent 
and caspase-independent pathways (Choi et al.  2009  ) . In the case of caspase-dependent 
apoptosis, ALA caused cytochrome  c  release from mitochondria and thus triggered 
the formation of apoptosomes, which in turn activated the caspase cascade and 
resulted in poly(ADT-ribose) polymerase 1 (PARP-1) cleavage. In the caspase-
independent apoptotic pathway, ALA caused activation and over-expression of 
PARP-1. This process subsequently resulted in nuclear translocation of the apoptosis-
inducing factor (AIF) from the mitochondria to the nucleus and cell death through 
DNA fragmentation initiated by chromatin condensation (Choi et al.  2009 ; Hong 
et al.  2004  ) . In other studies, it was shown that the cleavage of PARP-1 could also 
be responsible for the activation of the apoptotic endonuclease DNAS1L3, with 
subsequent cleavage of DNA (Yakovlev et al.  2000 ; Soldani and Scovassi  2002  ) . 

 The pro-apoptotic effects of high concentrations of ALA have been con fi rmed 
independently in a range of different cells lines. In human HL-60 cells, for instance, 
ALA induced apoptosis using the mitochondrial machinery, whereby AIF and cyto-
chrome  c  were translocated to the nucleus and caused caspase-independent cell death. 
In these cells, ALA was also able to inhibit cell proliferation by cell cycle arrest at 
G1/S and G2/M phases, an effect which correlated with the down-regulation of human 
retinoblastoma protein (Rb) phosphorylation (Selvakumar and Hsieh  2008  ) . 

 To date, it is still not entirely clear how ALA exerts this kind of pro-apoptotic 
biological activity,  i.e.  how its physical properties and chemical reactivity induce 
these processes. Some studies point toward changes to the intracellular redox 
homeostasis. High concentrations of ALA seem to trigger a redox imbalance in 
cells, due to an increase in ROS generation. This effect has been observed, for 
instance, by Amedeo Columbano and colleagues in the FaO rat hepatoma cell line 
treated with 500  m M of ALA (Simbula et al.  2007  ) . In human and in rat hepatoma 
cells, increased ROS generation leads to a cascade of events which involves p53 
activation, up-regulation of p21 Cip1  and p27 Kip1  (cyclin/CDKs inhibitors), induction 
of Bax, release of cytochrome  c  into the cytosol, activation of the caspase cascade 
and induction of pro-apoptotic signals (c-Jun N-terminal kinase (JNK)) with con-
comitant inhibition of anti-apoptotic signals (protein kinase B (PKB/Akt)). 

 ALA-induced ROS-formation therefore may primarily be responsible for activation 
of pro-apoptotic pathways in these cells. ROS generation (in particular O  

2
  •−   and H 

2
 O 

2
 ) 
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along with Bcl-2 down-regulation in human lung epithelial cell line H460 treated 
with 100  m M of ALA supports the pro-oxidant role of ALA in the induction of 
apoptosis (Moungjaroen et al.  2006  ) . Similar links between ALA, ROS generation 
and apoptosis were observed in human colon cancer cell line HT-29 (with a higher 
dose of 1 mM of ALA) (Wenzel et al.  2005  )  and in human breast cancer cells 
MCF-7, where down-regulation of Akt appeared to be one of the critical down-
stream signals of ALA and its effects on those cells (Dozio et al.  2010  ) . 

 This emerging redox hypothesis explaining the cytotoxicity of ALA is not 
entirely unreasonable. Oxidized ALA, when applied in high concentrations, may 
react with certain cysteine-containing proteins and enzymes via thiol/disul fi de 
exchange reactions, hence depleting levels of GSH and shifting the intracellular 
redox environment to more oxidizing potentials. In line with this hypothesis, 
pretreatment of cells with  N -acetylcysteine (NAC) or vitamin C generally inhibits 
ALA-induced apoptosis (Simbula et al.  2007  ) . 

 Similar effects have also been observed for other disul fi des, which further cor-
roborates this redox hypothesis. Apoptotic and anti-proliferative effects, for instance, 
were found in cancer cells treated with diallyldisul fi de (DADS), a major sulfur-
containing constituent of garlic oils and extracts which is formed by decomposition 
of allicin. In a recent study by Young Chul Park and colleagues, DADS (200–400  m M) 
treated HCT-116 colon cancer cells showed a p53-independent cell cycle arrest in 
G2/M phase in combination with a time dependent increase of cyclin B1. At the 
same time, a dose- and time-dependent increase in ROS production was observed 
(Song et al.  2009  ) . The molecular mechanism of cell cycle arrest caused by DADS 
was studied in human prostate cancer cells (PC-3). At 25 and 40  m M concentrations 
of DADS, levels of the pro-apoptotic B proteins Bax and Bad increased whereas 
the level of anti-apoptotic Bcl-2 protein decreased, and a signi fi cant increase in the 
expression of caspases 3, 9 and 10 occurred (Gayathri et al.  2009  ) . 

 While increased intracellular ROS production is frequently being associated with 
OSCs, and may indeed explain some of the biological effects these compounds exert 
on cells, matters are often more complicated. Diallylsul fi de (DAS), for instance, is a 
redox-inactive homolog of DADS which is unable to form ROS directly. Nonetheless, 
DAS exhibits anti-proliferative properties in many cell culture models (Sparnins 
et al.  1988 ; Wargovich et al.  1988 ; Brady et al.  1991 ; Powolny and Singh  2008  ) . 
Human anaplastic thyroid carcinoma (ATC) cells treated with DAS, for instance, 
show a concentration-dependent accumulation of cells in the G2/M phase and an 
increase in sub-G1 DNA. In ATC cells, DAS also causes apoptosis, which is linked 
to a decrease in Bcl-2 expression and an increase in Bax expression (the latter 
triggers the mitochondrial pathway of apoptosis, with cytochrome  c  release from the 
mitochondria into the cytosol and caspase 3 and 9 activation followed by PARP 
cleavage) (Truong et al.  2009 ; Shin et al.  2010 ; Nagaraj et al.  2010  ) . 

 How DAS initially acts and interacts in these cells is still a bit of a mystery. 
One may speculate that DAS binds to certain metallo-proteins. Michael J. Wargovich 
and colleagues, for instance, have recently shown that DAS inhibits cytochrome 
P450 2E1 (CYP 2E1) (Wargovich  2006  ) . Alternatively, David W. Kraus and col-
leagues have postulated that DAS (and other diallylsul fi des) release H 

2
 S (Benavides 
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et al.  2007  ) . It is possible that hydrogen sul fi de, which is able to bind strongly to 
metal sites in proteins and enzymes, is actually an or even the active form of 
DAS – and possibly also of other sul fi des (see later on).  

    12.4   Direct S-thiolation by Allicin 

 From a chemical perspective, ‘normal’ disul fi des such as GSSG, ALA and DADS 
are not particularly reactive. These disul fi des are either weak oxidants, such as GSSG 
and ALA, or react with thiols very slowly. Hypothetical modi fi cations on the disul fi de 
motif, such as the ones summarized in Fig.  12.4 , however, would increase this reac-
tivity dramatically. This kind of ‘disul fi de activation’ is either due to changes in 
thermodynamic stability or reaction kinetics. Interestingly, these more reactive sulfur 
chemotypes also occur in Nature. Let’s brie fl y compare diallyldisul fi de (DADS) and 
allicin, two chemically closely related natural products from garlic. While DADS is 

  Fig. 12.4    While simple disul fi des, such as ALA and DADS, may react with peptide and protein 
thiols  via  S-thiolation, these reactions are usually slow and often incomplete. Hence those disul fi des 
only react and show biological activity at rather high (sometimes millimolar) concentrations. 
Nonetheless, several motifs may be derived from the disul fi de bond, which are chemically related 
yet considerable more (re-)active. These chemotypes include thiosul fi nates,  a , b -unsaturated 
disul fi des and polysulfanes, all of which can be found in natural sulfur compounds. These substances 
are frequently not only more reactive than the (related) disul fi de, but also open up a considerable 
variety of chemical transformations and biochemical actions which are not accessible to the simple 
disul fi de. Please note that the arrows used to highlight the chemical ‘activation’ of  DADS  are of a 
purely logical Nature and do under no circumstances indicate that compounds such as allicin, 
 Z -ajoene or DATS are actually formed from DADS. In garlic oils and extracts, quite the opposite 
is often the case       
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a ‘simple’ disul fi de, allicin, the corresponding disul fi de-S-oxide, is a thiosul fi nate 
orders of magnitude more reactive towards thiols when compared to DADS.  

 In garlic ( Allium sativum ), allicin is not stored but formed on demand 
(Scheme  12.1 ). In intact garlic bulbs, a range of biologically active OSCs are found, 
primarily  S -allyl-L-cysteine sulfoxide (alliin) and  g -glutamyl- S -allyl-L-cysteine, 
but also  S -methylcysteine sulfoxide,  S - trans -1-propenylcysteine sulfoxide,  S -2-
carboxypropylglutathione and  S -allylcysteine (Amagase  2006  ) . Upon crushing or 
cutting garlic bulbs, alliin is transformed within seconds by an enzymatic reaction 
involving the vacuolar glyco-enzyme alliinase to allicin, the main sulfur compound 
of freshly prepared garlic and the source of its pungent  fl avour.  

 During the last couple of decades, there has been mounting evidence of chemo-
preventive and anticancer activities associated with allicin. The anti-proliferative 
effect of allicin has been observed in different cancer cell lines, including MCF-7, 
endometrial (Ishikawa) and colon (HT-29) cancer cells. Notably, cytotoxicity has 
also been found in primary skin  fi broblasts, yet with a higher IC 

50
  value: After incu-

bation of MCF-7, Ishikawa and HT-29 cells with allicin (10–40  m M) for 2–3 days, 
allicin inhibited cell proliferation with an IC 

50
  of 10–25  m M, whereas the cell growth 

of a normal  fi broblast line was inhibited with an IC 
50

  of 16 and 40  m M (Hirsch et al. 
 2000  ) . Further investigations with MCF-7 cells have indicated that allicin transiently 
decreases intracellular levels of GSH and slows down cell cycle progression. Growth 
inhibition is accompanied by accumulation of cells at the regulatory checkpoints, in 
G1 or in the G1 and G2/M phases of the cell cycle (Hirsch et al.  2000  ) . 

  Scheme 12.1    Enzymatic formation of allicin from alliin in the presence of the enzyme alliinase 
and subsequent reactions of this highly reactive and cytotoxic thiosul fi nate with protein thiols. 
Please note that one allicin molecule is able to S-thiolate up to four cysteine residues depending on 
the stability and reactivity of the mixed allylSSPr intermediate.  * The reaction of allylSSPr with 
 PrSH  is a possible yet not a necessary conversion which depends on a range of factors, such as the 
availability and reactivity of PrSH and the stability of allylSSPr in comparison to PrSSPr       
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 As part of a similar study in gastric cancer SGC-7901 cells, Li Sun and colleagues 
have con fi rmed the ability of allicin to inhibit cell proliferation in a dose-dependent 
manner. In this study, the ability of allicin to arrest SGC-9701 cells in the G2/M 
phase and to induce apoptosis has been linked directly to the ability of allicin to 
inhibit telomerase activity (Sun and Wang  2003  ) . This  fi nding is of particular 
signi fi cance, since telomerases represent a new target for innovative, selective 
anticancer therapies, which may in part rely on natural products (Fig.  12.5 ). How 
allicin, or one of its follow-on reaction products, inhibits telomerase activity, however, 
is still little understood.  

  Fig. 12.5    During the last couple of years, a range of new and highly exciting cellular targets of 
natural OSCs have emerged, including the intracellular   b  -tubulin network, the 20S proteasome, 
various HDAC enzymes and telomerases. Some of these targets are currently attracting massive 
interest in the  fi eld of anticancer drug development. This places several of the naturally occurring 
sulfur compounds right at the centre of cutting-edge research. Nonetheless, one must emphasize 
that some of the underlying mechanisms responsible for these effects are still not fully understood, 
while others are highly speculative and sometimes even based primarily on  in vitro  evidence       
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 In other cell lines, the initial targets of allicin responsible for the induction of 
apoptosis have partially been emerging. In human cervical cancer SiHa cells and 
mouse  fi broblast-like L-929 cells, for instance, allicin causes characteristic apop-
totic morphological changes in apoptotic bodies, through DNA fragmentation and 
activation of caspases 3, 8 and 9 (Oommen et al.  2004  ) . In human epithelial carci-
noma cells, however, allicin acts through a caspase-independent apoptotic pathway, 
mediated by the mitochondrial release of AIF and protein kinase A (PKA) activation 
(Park et al.  2005  ) . 

 An association with the mitochondrial pathway of apoptosis has also been postu-
lated on several occasions. In HL-60 and U937 cells, for instance, allicin induces 
cell death by bebbling, mitochondrial release of cytrochrome  c , activation of caspases 
3 and 9 and DNA fragmentation (Miron et al.  2008  ) . The initial target of allicin in 
this study actually appears to be GSH, which is depleted by allicin (Scheme  12.1 ). 
GSH depletion subsequently results in the widespread formation of intracellular 
disul fi des and a general shift of the intracellular redox state to more oxidizing values, 
 e.g.  from −240 to −170 mV in HL-60 cells (see Sect.  12.2 ). The value of −170 mV 
is typical of the apoptotic state (Miron et al.  2008  ) . 

 Nonetheless, it still remains unclear if allicin acts  via  a speci fi c (cysteine protein) 
target or  via  a more general shift in intracellular redox potential followed by wide-
spread S-thiolation. In line with the  fi ndings by Miron and colleagues, such a mech-
anism of widespread redox changes has been postulated recently by Alan Slusarenko 
and colleagues to occur in yeast (Gruhlke et al.  2010  ) . In contrast, possible, more 
singular targets of allicin involve the apoptotic repair system, various components 
of which are redox sensitive; and possibly adenine nucleotide translocase (ANT), an 
enzyme involved in the opening of the mitochondrial permeability transition pore 
(MPTP). ANT contains two cysteine residues (Cys 160  and Cys 257 ), which can be 
cross-linked by oxidative disul fi de formation (McStay et al.  2002  ) . 

 Ultimately, the induction of apoptosis by allicin is still not fully understood. It may 
proceed  via  different mechanisms and may also differ from one cell type to another. 
Furthermore, allicin is not particularly stable chemically, and some of the biological 
effects associated with this compound may in fact be due to its follow-on products, 
such as DATS, DATTS and allylmercaptan (AM).  

    12.5   S-thiolation and Induction of Apoptosis 
by Reactive Disul fi des 

 Ajoene (4,5,9-trithiadodeca-1,6,11-triene-9-oxide) is one of the main compounds 
formed when crushed garlic is heated, and, together with the various diallylsulfanes, 
represents one of the major follow-on decomposition products of allicin 
(Scheme  12.2 ) (Amagase  2006  ) . Ajoene is more stable than allicin itself and exists 
as  cis ( Z )-ajoene and  trans ( Z )-ajoene, whereby the  Z -isomer appears to be generally 
biologically more active (Scharfenberg et al.  1990 ; Yoshida et al.  1998 ; Li et al.  2002a  ) . 
The compound exhibits a broad spectrum of biological activities, including 



  Scheme 12.2    Although  Z -ajoene and 1,2-DT chemically at  fi rst sight resemble typical disul fi des, 
their chemical reactivities differ vastly from the ones of simple disul fi des, such as ALA or DADS. 
In the case of  Z -ajoene and 1,2-DT, thiol/disul fi de reactions not only result in S-thiolation of 
cysteines, but also in the liberation of a thioaldehyde. The latter in itself is a highly reactive species 
which triggers a cascade of follow-on chemical reactions, some of which may involve the reversible 
or irreversible modi fi cation of protein residues ( e.g.  lysine, cysteine). It should be emphasized that 
several of these transformations are speculative at this time and their occurrence  in vivo  is uncertain. 
Ultimately, some of the species formed, such as the sulfonamide, disul fi de and dithiohemiacetals 
may react further or decompose to other, in part reactive species.  * The reaction of allylSSPr with 
PrSH is a possible yet not a necessary conversion which depends on a range of factors, such as the 
availability and reactivity of PrSH and the stability of allylSSPr in comparison to PrSSPr       
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antimicrobial,(Naganawa et al.  1996  )  anti-thrombotic,(Rendu et al.  1989  )  antidiabetic 
(Hattori et al.  2005  )  and cholesterol lowering actions. It also interferes with HIV-1 
replication (Walder et al.  1997  )  and shows bene fi cial effects in the context of athero-
sclerosis (Dirsch et al.  1998a  ) . In the context of cancer cells, ajoene exhibits anti-
tumour activity both  in vitro  ( e.g.  against breast cancer, hepatocellular, gastric and 
colon carcinoma cells), and  in vivo  on hepatocarcinoma and sarcoma. Here, ajoene 
causes cell cycle blockage (usually in the G2/M phase) and apoptosis of tumour 
cells (Li et al.  2002a  ) .  

 From a chemist’s point of view, ajoene is a reactive disul fi de which undergoes 
thiol/disul fi de exchange reactions. Its particularly high reactivity appears to be due 
to an increased reactivity of the disul fi de bond due to the presence of a vinylic 
carbon-carbon double bond and the stabilisation of the reaction products, such as 
3-(allylsul fi nyl)prop-1-ene-1-thiol, which is in tautomeric equilibrium with the thio-
aldehyde 3-(allylsul fi nyl)propanethial (Scheme  12.2 ). Interestingly, the thioaldehyde 
is in itself rather reactive both at the carbon atom and at the sulfur atom. It is a potent 
electrophile able to react with various nucleophilic residues in proteins and enzymes 
to form either dithiohemiacetal and aminothiol species or disul fi de and sulfenamide 
species. In proteins, these modi fi cations may be reversible or irreversible, and the 
sulfur species formed may themselves react further under physiological conditions. 
This ‘special chemistry’ of ajoene and related disul fi des is highlighted in Scheme  12.2 . 
Although some parts of the scheme are clearly still speculative, it illustrates the 
extraordinary ability of such disul fi des to react with biomolecules and to cause wide-
spread modi fi cations, especially in proteins and enzymes. 

 Not surprisingly, the apoptotic processes triggered by ajoene seem to involve 
various proteins and enzymes. In 2001, Angelika Vollmar’s group has published a 
key paper on the molecular events leading to ajoene-triggered apoptosis in a leukemia 
cell line. Here, ajoene triggered the generation of ROS and the activation of NF- k B 
(Dirsch et al.  1998b,   2002  ) . There is also evidence that ajoene causes a time-
dependent activation of caspase 3(Ledezma et al.  2004  )  and induces proteolytic 
processing of procaspases 3 and 8 (Dirsch et al.  2002  ) . Since activation of caspases 
is induced by the release of cytochrome  c  from mitochondria, these  fi ndings point 
towards the involvement of the mitochondrial pathway of apoptosis. Indeed, the 
apoptotic effect of ajoene in these leukemia cells diminishes in cells over-expressing 
Bcl-x L  and Bcl-2, which is evidence that a mitochondrial-dependent caspase cascade 
is involved (Dirsch et al.  2002 ; Li et al.  2002b  ) . 

 Subsequent investigations with HL-60 cells have shown that ajoene induces the 
activation of a range of proteins and enzymes, including mitogen-activated protein 
kinases (MAPKs) such as c-Jun NH 

2
 -terminal kinase (JNK), p38 and extracellular 

signal-regulated kinases (ERK) ½ as well as the survival kinase Akt. Some of these 
proteins are associated with the pro-apoptotic effects of ajoene (Antlsperger et al.  2003  )  

 Despite the fact that most studies on the pro-apoptotic effects of allicin to date 
have focussed on a direct reaction with subsequent inhibition of cysteine pro-
teins, or the control of protein expression ( e.g. via  transcription factors, HDACs), 
another possible mode of action has recently been emerging, which considers the 
cellular proteasome as potential and potent target (Fig.  12.5 ) (Yu et al.  2010  ) . 
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The proteasome is responsible for the degradation of a variety of intracellular 
proteins and plays a key role in the regulation of many cellular processes. 
Inhibition of (some of) its activity obviously has far reaching consequences, 
including a build-up of (undesired) signaling proteins. A few years ago, Elisabeth 
Girbal-Neuhauser’s group has shown that ajoene interacts with the human 20S 
proteasome  in vitro  and in HL-60 cells (Xu et al.  2004  ) . The compound inhibits 
the trypsin-like activity of the proteasome  in vitro , and affects both, its trypsin- 
and chymotrypsin-like activities in HL-60 cells. In this particular study, the 
HL-60 cells subsequently arrested in G2/M phase and the total amount of cyto-
solic proteasome increased due to the auto-regulatory feedback of its inhibition. 
In a subsequent study, Christian Davrinche and colleagues have also observed a 
signi fi cant accumulation of p53-family products in  Z -ajoene-treated cells, which 
may explain the cytotoxic, pro-apoptotic activity of this compound in various 
cell lines (Terrasson et al.  2007  ) . This increase in p53-familiy proteins is likely 
to be due to an increase in gene transcription  and  an inhibition of proteolysis of 
these proteins by the proteasome. 

 In an idealistic scenario,  Z -ajoene in appropriate concentrations may therefore 
act as an anticancer agent, exerting its effects for instance through activation and 
stabilization of p53-family members, a process which subsequently leads to the 
permeabilization of the mitochondria and activation of caspases. The anti-proteasomal 
activity of  Z -ajoene could also have other interesting effects in the context of  fi ghting 
cancer, such as a decreased expression of cell surface major histocompatibility 
complex (MHC)-class I molecules, without impairing the recognition of target cells 
by CD8 +  T cells (Terrasson et al.  2007  ) . 

 It should be mentioned, however, that the biological chemistry of ajoene is 
still not fully understood. Other cellular events associated with this compound 
include the generation of H 

2
 O 

2
 , which leads to the activation of MAPKs, degra-

dation of PARP-1, translocation of AIF and fragmentation of DNA (Yang et al. 
 2006  ) . It has also been shown that ajoene inhibits 3-hydroxy-3-methyl-glutaryl 
coenzyme A (HMG-CoA) reductase, a key enzyme involved in mevalonate 
(MVA) synthesis. Covalent attachment of MVA-derived isoprenoid groups 
( i.e.  prenylation) is a required activation step for several proteins that regulate 
cell proliferation (Liu and Yeh  2002 ; Ferri et al.  2003  ) . Recently, Jose Cardier’s 
group has investigated the possible use of ajoene and statins as synergic antitu-
mour agents targeting HMG-CoA (Ledezma et al.  2009  ) . 

 Apart from ajoene, garlic extracts, in particular macerated garlic oil, also con-
tain 3-vinyl-4 H -1,2-dithiin (1,2-DT), another  a , b -unsaturated disul fi de and 
chemical breakdown product of allicin (Scheme  12.2 ). 1,2-DT exhibits character-
istic disul fi de redox behaviour and usually appears in samples together with its 
isomer 2-vinyl-4 H -1,3-dithiin (1,3-DT), which is not redox active. Although 
1,2-DT forms a major constituent of garlic preparations, little is known about its 
chemical reactivity and biological activity. Previous pharmacokinetic studies in 
mice have detected orally administered 1,2-DT in the serum, kidney and fat tissue 
(Egen-Schwind et al.  1992  ) , hence con fi rming a certain stability and bioavailability 
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of this compound in mammals. The high lipophilicity of 1,2-DT may explain its 
accumulation in fat tissue. Indeed, some studies even point towards an effect of 
1,2-DT on the differentiation and in fl ammation of human preadipocytes. The 
underlying (bio)chemical processes are still largely unknown, but may involve the 
reduction of PPAR g 2 activity and a reduced expression and secretion of leptin and 
adiponectin (Keophiphath et al.  2009  ) . If and how these effects are related to the 
redox activity of 1,2-DT is unclear. Our own studies involving this natural product 
point towards considerable toxicity in the nematode model and also a rather reduc-
ing redox behaviour of its reduced form (Sarakbi  2009  ) . 

 To the best of our knowledge, there are no studies yet on the possible pro-
apoptotic effects of 1,2-DT and 1,3-DT in human cells. Since the reactivity of the 
disul fi de bond in 1,2-DT seems to be enhanced in part by the presence of the 
carbon-carbon double bond, it nonetheless represents another interesting ‘activated’ 
natural disul fi de worth investigating in more detail.  

    12.6   Polysulfanes: S-thiolation, Persul fi de Chemistry 
and Radical Generation 

 Besides allicin, diallylsul fi de, diallyldisul fi de, ajoene and dithiins, garlic is also 
rich in a couple of sulfur compounds with a rather unusual chemical structure and 
reactivity. Polysulfanes, 2  such as diallyltrisul fi de (DATS) and diallyltetrasul fi de 
(DATTS), but also corresponding penta- and hexasulfanes have been isolated from 
garlic extracts. While these compounds at  fi rst sight seem to resemble sul fi des and 
disul fi des chemically, their reactivity  in vitro  and  in vivo  is vastly different (Jacob 
and Anwar  2008 ; Anwar et al.  2008 ; Cerella et al.  2009 ; Busch et al.  2010 ; Viry 
et al.  2010  ) . Polysulfanes, like disul fi des, react with thiols to form mixed disul fi des. 
Hence compounds such as DATS and DATTS can also S-thiolate and oxidize 
cysteine residues in proteins and enzymes and interfere with various cellular processes. 
In stark contrast to a simple thiol/disul fi de exchange reaction, however, the thiol/
polysulfane exchange also liberates perthiols (RSSH) and even hydrogenpolysulfanes 
(RS 

x
 H, x  ³  3). The latter are highly reactive sulfur species, whose biological chem-

istry is only just emerging. 
 Figure  12.6  provides a brief and necessarily incomplete overview of the chemistry 

associated with such species to date. Of particular interest is the ability of RS 
x
 H to 

induce protein modi fi cations, interfere with cellular signaling and induce apoptosis. 
Within this context, perthiols and other RS 

x
 H species are electron rich reducing agents 

    2   Polysulfanes have the chemical formula RS 
x
 R’ (R,R’  ¹  H and x  ³  3). They should not be confused 

with polysul fi des, which, strictly speaking, are charged, often inorganic species of the type RS 
x
 H          

or S  
x
  2−   (R  ¹  H and x  ³  2). In the case of DATS and DATTS, the widely used ‘trisul fi de’ and 

‘tetrasul fi de’ terminology is therefore somewhat misleading.  
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which can break disul fi de bonds in proteins and react with metal ions and dioxygen to 
generate superoxide radicals (O  

2
  •-  ). Ultimately, this leads to a build-up of ROS and 

OS, causing widespread protein oxidation and activation apoptotic pathways.  
 Interestingly, disul fi de reduction and O  

2
  •−   radical generation is not the only 

chemistry open to RS 
x
 H. These compounds can also decompose by expulsion of 

elemental S 
x
  species, some of which are highly damaging reactive electrophiles 

( e.g.  S 
2
  or S 

3
 ). Furthermore, RS 

x
 H still contains one or more sulfur-sulfur bonds and 

therefore – in addition to its reducing capacity – can also act as oxidant. Such a 
reaction would ultimately result in S-thiolation or other, rather unusual peptide or 
protein disul fi de modi fi cations ( e.g.  in form of PrSS 

x
 H) – accompanied by the lib-

eration of hydrogen sul fi de (H 
2
 S) or indeed longer chain inorganic polysul fi des 

(H 
2
 S 

x
 , in equilibrium with HS  

x
  −   and S  

x
  2−  ). Hydrogen sul fi de is a cellular signaling 

molecule in its own right, which may interfere with certain apoptotic pathways, 
especially when generated in higher concentrations. 

 Unfortunately, very little is known to date about the impact of inorganic 
polysul fi des on cells. It is likely that such species will exhibit their very own redox 

  Fig. 12.6    During the last decade, numerous studies have investigated the different chemical and 
biochemical processes associated with polysulfanes, such as DATS and DATTS. In contrast, there 
are virtually no reliable studies to date dealing with the biological activity ( e.g.  cytotoxicity) and 
possible mode(s) of action of inorganic polysul fi des. From a chemical perspective, the latter form 
an interesting and clearly underexplored group of agents, which may exert a signi fi cant biological 
activity  via  a range of rather speci fi c chemical transformations. This chemistry, although highly 
speculative at this time, is likely to involve a range of fairly unusual reactions, which may involve 
oxidation and reduction of proteins, the release of S 

2
  or S 

3
  and the formation of various sulfur- and 

oxygen centred radicals       

 



31512 Natural Sulfur Products

behavior, possibly as S-thiolating agents (Fig.  12.6 ). Highly reducing S  
x
  2−   species 

may also form O  
2
  •−   from dioxygen and attack disul fi de bonds in proteins, hence 

interfering with protein function and enzyme activity. 
 It should be mentioned that species such as RS 

x
 H or H 

2
 S 

x
  are also excellent 

ligands for metal ions, such as zinc, copper and iron ions. These sulfur species may 
bind adventitiously to metallo-proteins and enzymes, activating or inhibiting the 
latter as a result. Such ligands may even liberate metal ions from metallo-proteins, 
which would not only inactivate the protein but also increase the pool of labile, 
adventitious metal ions. In the case of copper and iron, such effects may ultimately 
cause Fenton-type redox processes and a signi fi cant build-up of intracellular levels 
of ROS (Bhat et al.  2007 ; Hadi et al.  2007  ) . The ability of such sul fi de-metal com-
plexes to perform Fenton-type chemistry largely depends on their speci fi c redox 
properties, which may vary considerably from the ones of the corresponding unche-
lated metal ions. 

 Finally, longer chain RS  
x
  −   or S  

x
  2−   molecules are likely to exhibit amphiphilic 

properties, paired with a rather interesting helical molecular geometry, which again 
could promote interactions with (hydrophobic parts of) proteins and membranes. 

 Together, the rather diverse properties and chemical reactivities of polysulfanes 
and their follow-on products enable these molecules to interfere with various cellular 
processes. Not surprisingly, there is considerable and largely consistent evidence in 
the literature that such natural sulfur compounds, especially DATS and DATTS, 
also induce apoptosis in a range of cells. 

 In essence, DATS and DATTS exhibit a wide spectrum of antibiotic, antibacte-
rial, antiviral, antifungal and also antimicrobial properties 3  (Munchberg et al.  2007  ) . 
They seem to interact with multiple molecular targets, such as proteins involved in 
the cell cycle arrest and/or apoptosis (Dirsch et al.  1998b ; Cerella et al.  2009 ; 
Herman-Antosiewicz and Singh  2004 ; Wu et al.  2005 ; Chung  2006 ; Herman-
Antosiewicz et al.  2007a,   b ; Karmakar et al.  2007  ) . The exact mode of action of 
polysulfanes leading to apoptosis, however, is not yet completely understood 
(Cerella et al.  2009 ; Jacob  2006 ; Jacob et al.  2006 ; Munchberg et al.  2007  ) . Here, 
we will brie fl y consider emerging links between polysulfanes and their chemistry 
on the one hand and the induction of apoptosis on the other, focusing on a selection 
of the most recent developments, some of which are still speculative at this time. 

 One of the  fi rst comprehensive studies concerning the intracellular targets of 
DATS was published by Taiichiro Seki and colleagues in 2005. In this study, DATS 
induced apoptosis in human colon cancer cell lines HCT-15 (IC 

50
  = 11.5  m M) and 

DLD-1 (IC 
50

  = 13.3  m M), whereas DADS and DAS showed no signi fi cant effect on 
the growth of these cells. FACS analysis performed on the cells arrested at the G1/S 
boundary revealed cell cycle-dependent induction of apoptosis through initial cell 
cycle arrest in the G2/M phase. Interestingly, in this study, DATS inhibited tubulin 

   3   It is likely that other diallylpolysulfanes, such as the penta- and hexasulfane, exhibit similar bio-
logical activities. Those longer-chain analogues have hardly been studied so far, mostly due to their 
inherent chemical instability.  
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polymerization, and microtubule fragments could be observed at the interphase. 
  b  -Tubulin may therefore represent an initial target for DATS and related polysul-
fanes. Indeed, LC-MS/MS analysis of DATS treated   b  -tubulin  in vitro  con fi rmed 
speci fi c oxidative modi fi cations of cysteine residues Cys 12  b    and Cys 354  b   , which were 
modi fi ed to S-allylmercaptocysteine (Hosono et al.  2005  ) . This  fi nding is of para-
mount importance, since it strongly points towards direct S-thiolation of   b  -tubulin 
by DATS rather than an indirect oxidative process  via  GSSG or up-regulation of 
ROS (see below). 

 While   b  -tubulin may be affected by DATS, this does not mean that this protein 
necessarily is the only protein target of these polysulfanes (Fig.  12.5 ). Marc Diederich 
and colleagues have recently studied the effect of different polysulfanes on U937 
leukemia cells. Compounds tested in this study, which included DATS and DATTS, 
frequently induced apoptosis in U937 cells, with ef fi ciency depending on the length 
of the sulfur-sulfur chain present in the molecule. In line with various earlier studies, 
the most effective polysulfane with the highest biological activity was DATTS. Ten 
micromolar of the compound induced an accumulation of cells in early mitosis 
(G2/M phase), followed by the activation of caspase-dependent apoptosis. 
Interestingly, DATTS was counteracting different anti-apoptotic Bcl-2 family mem-
bers, such as Bcl-x L , phospho-Bad and Bcl-2. Furthermore, the polysulfane was 
promoting the activation of Bax and Bak and induced the release of cytochrome  c  
into the cytoplasm (Cerella et al.  2009  ) . While these studies could not yet completely 
answer the question how compounds such as DATTS initially trigger apoptotic 
events, one may speculate that cysteine residues in some of the proteins involved 
may form an initial target for S-thiolation. Alternatively, DATTS may cause wide-
spread cysteine oxidation by raising the intracellular level of ROS, as has been 
postulated for a range of other OSCs (see above) and would be in agreement with the 
distinct polysulfane/perthiol chemistry associated with DATS and DATTS. 

 Within this context, Mathias Montenarh and colleagues have recently conducted 
a series of experiments with colorectal carcinoma HCT116 cells, in which DATS 
and DATTS (at 40  m M) led to reduced cell viability, cell cycle arrest and apoptosis. 
As could be shown, the induction of apoptosis was indeed dependent on the redox-
state of the cell, with certain anti-oxidants being able to prevent polysulfane-induced 
apoptosis. Growth arrest and induction of apoptosis were also closely related to a 
reduction in the level of cdc25 C (Busch et al.  2010  ) . In fact, DATTS and also its 
propyl analogue DPTTS inhibit the cdc25 isoforms A and C  in vitro , possibly by 
S-thiolating the active site catalytic cysteine residue present in these enzymes 
(Viry et al.  2010  ) . 

 A link between DATS, cdc25 C, the induction of pro-apoptotic proteins and 
apoptosis has also been observed by Dong Xiao and his colleagues, in human 
prostate cancer cells as well as in a PC-3 human prostate cancer xenograft in male 
athymic mice implanted with PC-3 cells. In these studies, DATS reduced signi fi cantly 
the growth of PC-3 xenografts when administered orally, and without causing 
weight loss in the animals. In this study, DATS-mediated suppression of PC-3 
xenograft growth correlated with the induction of pro-apoptotic proteins Bax and 
Bak (Xiao et al.  2005,   2006 ; Xiao  2005  ) . 
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 To elucidate the biochemical mechanisms behind this observation in more 
detail, the group also studied the effects of DATS on PC-3 and DU145 human pros-
tate cancer cells. Application of DATS (20–40  m M) in DU145 cells resulted in a 
concentration- and time-dependent accumulation of cells in the G2/M phase, which 
correlated with delayed nuclear translocation of cdk I. As already observed in previ-
ous studies, cell cycle arrest was accompanied by the down-regulation and increased 
Ser 216  phosphorylation of cdc25 C (Busch et al.  2010 ; Viry et al.  2010 ; Herman-
Antosiewicz et al.  2010  ) . 

 While cdc25 C levels and activity may be affected by DATS, the protein itself 
may not be the initial or indeed the only target of such polysulfanes. In related studies, 
other possible targets have emerged, including the protein Akt, a serine/threonine 
protein kinase which plays a key role in multiple cellular processes such as cell 
proliferation or apoptosis and even the androgen receptor (AR), a member of the 
nuclear receptor superfamily and a ligand-activated transcription factor. Xiao and 
colleagues, for instance, could show that DATS (40  m M) led to a fast increase in 
Ser 473  and Thr 308  phosphorylation of Akt followed by an inhibition of its kinase 
activity. Inactivation of Akt was related to the down-regulation of insulin-like 
growth factor receptor 1 protein levels and inhibition of its autophosphorylation. 
In this study, DATS was also responsible for a decrease in Ser 155  and Ser 136  phospho-
rylation of Bad (Xiao  2005  ) . Then again, Shivendra V. Singh and colleagues could 
show a concentration-dependent decrease in protein levels of AR in DATS treated 
human prostate cancer cells (LNCaP, C4-2 and TRAMP-C1) and a suppression of 
AR protein function (Xiao et al.  2005  ) . Indeed, quantitative reverse transcription-
PCR showed a dose-dependent reduction of the AR mRNA level, which correlated 
with the inhibition of AR promoter activity (Stan and Singh  2009  ) . 

 This data is of particular interest since it points towards a regulatory event trig-
gered by DATS  at the level of DNA transcription  rather than a direct inhibition of 
enzymes involved in cell cycle control or apoptosis, some of which do not contain 
crucial cysteine residues and hence cannot be affected directly by S-thiolation or 
oxidation. This raises the question if the biochemical effects associated with DATS 
and DATTS are actually due to a modi fi cation and inhibition of existing proteins, 
such as   b  -tubulin and cdc25 C, or rather the result of events at the level of DNA 
transcription, which subsequently cause a genuine up- or down-regulation of vari-
ous key signaling proteins. Indeed, there is some evidence which points towards 
regulation of protein synthesis as the crucial step in the pro-apoptotic activity of 
polysulfanes. Xiao and colleagues, for instance, could show that DATS causes the 
generation of ROS and an increase in the protein level of cdk inhibitor p21 in pros-
tate cancer cells. At the same time, apoptosis in these cells was linked to a decrease 
in the protein level of Bcl-2 (as well as kinase-mediated phosphorylation of Bcl-2 
leading to reduced interaction between Bcl-2 and Bax) (Xiao et al.  2004,   2005  ) . 

 The involvement of ROS in DATS-mediated apoptosis is another, recurrent 
theme con fi rmed by various groups in various cancer cell lines. As discussed already 
for various disul fi des and allicin, an involvement of ROS has a certain logical attrac-
tion, since it allows us to link the sulfur chemistry of OSCs to a wide range of cel-
lular (signaling) events. In this model, DATS (and DATTS) may initially cause a 
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sharp increase of the intracellular level of ROS, which subsequently leads to a 
widespread cellular response, including the activation of antioxidant defense mech-
anisms or the induction of pro-apoptotic pathways (Fig.  12.3 ). 

 A ROS-mediated activity would also explain a range of other observations, such 
as changes in DNA transcription, which may be due to transcription factor (de)-
activation. Even a certain selectivity of polysulfane activity against cancer cells 
could be accounted for, since many cancer cells – unlike normal cells – are suffering 
from OS, and agents able to increase ROS levels in these cells have a particularly 
damaging effect. 

 There is mounting evidence that the biochemical action of DATS and DATTS 
involves S-thiolation of proteins and subsequent formation of ROS, probably  via  the 
radical generating chemistry of RS 

x
 H or S  

x
  2−  . Nonetheless, one must be very cautious 

when considering processes such as S-thiolation and ROS formation in the same 
context. While S-thiolation and ROS formation are both processes which ultimately 
result in similar, oxidative cysteine modi fi cations in proteins and enzymes, they do 
not necessarily have to occur together. It is entirely possible that DATS and DATTS 
cause widespread S-thiolation of proteins and enzymes in cells  without  the forma-
tion of ROS. Indeed, several studies have noticed a protective effect of NAC against 
DATS-induced cell death, while the vitamin E analogue trolox was inactive (Xiao 
et al.  2005  ) . This apparent paradox is easily explained. While both, NAC and trolox 
are antioxidants, NAC reacts fairly ef fi ciently with thiol-modifying agents undergo-
ing thiol/disul fi de exchange reactions, while trolox, as an electron donor and radical 
quencher, acts preferably against ROS (Forrest et al.  1994  ) . 

 Nonetheless, the chemistry of polysulfanes provides several avenues which 
simultaneously lead to both, thiol/polysulfane exchange reactions  and  sulfur and 
oxygen radical generation. Recent studies by Lee-Yan Sheen and colleagues in 
A375 and BCC skin cancer cells, for instance, have shown that DATS increases 
intracellular ROS levels, induces cytosolic Ca 2+  mobilization and decreases the 
mitochondrial membrane potential     DY( )m    (Wang et al.  2010  ) . Furthermore, acti-
vation of the p53 pathway in response to the oxidative DNA damage was observed, 
which clearly cannot be caused by polysulfanes such as DATS and DATTS 
directly. Such DNA damage is most likely due to the presence of highly aggres-
sive ROS. p53 in turn induces the expression of p21 and affects G2/M modulators 
such as Wee I kinase, cdc25 C and cdc2. It also triggers the mitochondrial path-
way of apoptosis that induces the activation of caspase 3, caspase 9 and PARP 
cleavage (Wang et al.  2010  ) . One should note, however, that the role of p53 in 
polysulfane-mediated cell death is still a matter of debate, and p53-dependent 
apoptotic pathways may not be the only ones triggered by DATS and DATTS 
(Busch et al.  2010  ) . 

 Further support for an involvement of ROS, DNA damage and altered protein 
expression comes from studies considering the antioxidant effects of DATS. From a 
chemical point of view, DATS is clearly not a good reducing agent. Its apparent 
antioxidant activity observed in various cell lines is more likely due to an indirect 
effect which involves the activation of certain antioxidant defense systems (Fig.  12.3 ). 
This antioxidant response appears to be mostly due to the  de novo  synthesis of 
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antioxidant proteins and enzymes. In this scenario, DATS acts similar to a vaccine: 
it causes a mild form of OS, probably mostly by reversible S-thiolation – which 
subsequently arms the cell against a more severe (oxidative) insult, for instance by 
ROS or other toxic agents. The chemopreventive properties of natural polysulfanes 
from garlic, for instance, are related to the induction of phase II detoxi fi cation 
enzymes, such as glutathione S-transferase, which is induced  via  the GPE I enhancer 
element (Tsai et al.  2007  ) . Similarly, the DNA binding activity of nuclear activator 
protein-1 (AP-1) is increased in the presence of DADS and DATS 4  (Tsai et al.  2007  ) . 
In mice intoxicated with ethanol, pretreatment with DATS was able to prevent 
decreases of hepatic GSH levels and actually increased mitochondrial levels of GSH 
as well as the activity of antioxidant enzymes, a protective effect which subsequently 
attenuated acute ethanol-induced liver injury and mitochondrial dysfunction 
(Zeng et al.  2008  ) . 

 While there is considerable evidence supporting a connection between polysul-
fanes, S-thiolation and increased ROS levels on the one hand, and altered gene 
expression, cell cycle control and apoptosis on the other, there are also other possi-
ble mechanisms which may explain the biological activity of compounds such as 
DATS and DATTS. Recently, Roderick H. Dashwood and colleagues could show 
that OSCs are rapidly metabolized to AM, which in turn is a competitive inhibitor 
of certain HDAC enzymes. This is not particularly surprising, since HDAC enzymes 
contain Zn 2+  ions at their active site and AM is an excellent ligand for such metal 
ions. In this particular study, AM induced fast and sustained histone hyperacetyla-
tion in human colon cancer cells, which is linked to Sp3 transcription factor binding 
to the promoter region of the  P21WAF1  gene and  fi nally to cell cycle arrest (Nian 
et al.  2008,   2009  ) .  

    12.7   Outlook 

 While numerous studies support a general redox hypothesis, whereby redox active 
OSCs S-thiolate and oxidize key signaling proteins and enzymes and/or generate 
ROS, there are some indications that compounds such as DATS or DATTS may also 
act by alternative pathways, without the need of extensive redox regulation. As part 
of this  fi nal section, we will therefore brie fl y consider some of these less obvious 
modes of action associated with polysulfanes. 

 As mentioned in Sect. 12.3 , various diallylsul fi des are able to release hydrogen 
sul fi de under physiological conditions. While H 

2
 S release in itself may be the result 

   4   Most of these studies have been conducted with DAS, DADS and DATS. DATTS is chemically 
more unstable and, at least in the past, has been more dif fi cult to obtain. As a consequence, less is 
known about the various activities of DATTS and higher polysulfanes. Nonetheless, it is likely that 
these agents will exhibit a similar biochemical behavior.  
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of certain redox transformations, the subsequent biological activity of H 
2
 S is mostly 

due to interactions with metal ions present in metallo-proteins. Although experimen-
tal evidence is still limited, interactions of hydrogen sul fi de with iron and zinc con-
taining proteins ( e.g.  cytochromes, HDACs) may also play an important role in cell 
cycle control and apoptosis. Furthermore, H 

2
 S is a fairly good reducing agent able to 

reduce and hence break disul fi de bonds in proteins and enzymes. If and how such 
disul fi de reduction processes interfere with apoptotic pathways is still unclear. 

 Similar considerations apply to inorganic polysul fi des and AM. AM, in particular, 
is known to bind fairly strongly to metal ions, including the active site Zn 2+  ions in 
various HDACs (see Sect.  12.6 ). It has therefore been speculated that AM is the 
biologically active form of DADS, DATS and DATTS, and that the key event associ-
ated with the biological activity of these OSCs after liberation of AM is the binding 
of this thiol to regulatory metallo-proteins. Indeed, some – but not all – studies 
con fi rm a reasonable cytotoxicity of AM and its ability to induce apoptosis in cer-
tain cells (Xu and Simon Cho  1999  ) . 

 There has also been some speculation that the lipophilicity of DATS and DATTS, 
and their ability to interact with (hydrophobic parts of) proteins and membranes 
may explain some of the biological activity associated with these compounds. 
Indeed, there is some evidence that such polysulfanes, which are partly helical in 
structure, are able to interact rather strongly with proteins and cellular membranes 
(Tsuchiya and Nagayama  2008  ) . If such interactions are strong enough to inhibit 
enzymes or even to disrupt membranes needs to be studied in the future. At the same 
time, polysulfanes exhibit a high ‘density’ of sulfur atoms right next to each other, 
an arrangement which may facilitate binding to metal ions and interference with 
metallo-proteins. If such interactions occur inside the cell, and if they have any 
major in fl uence on cell proliferation, differentiation or apoptosis needs to be studied 
in the future. 

 In summary, there are numerous, chemically vastly different OSCs which inter-
act strongly with mammalian cells, often causing cell cycle arrest and inducing 
apoptosis. In most cases, the precise mode(s) of action are still not fully understood. 
In the future, this area of research provides ample opportunities for interdisciplinary 
investigations involving a wide range of different scienti fi c disciplines.      
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    Abstract      The medicinal bene fi ts of garlic have been documented throughout 
recorded history. These known health bene fi ts of garlic include cardiovascular 
protective effects, stimulation of the immune system, reduction of blood glucose, 
protection against microbial, viral and fungal infections as well as anticancer effects. 
Most of the effects of garlic are attributed to organosulfur compounds and in particular 
to diallyl sul fi des. The molecular basis for the biological activities of diallyl sul fi des 
remain elusive, but there is increasing experimental evidence that these compounds 
induce the cellular redox system, and target multiple signal transduction pathways 
regulating cell cycle progression and apoptosis induction. The aim of this review is 
to accomplish the present knowledge about cellular targets of diallyl sul fi des with 
regard to cell cycle regulation and apoptosis induction.      

    13.1   Structure and Function of Diallyl Sul fi des 

 It is clear from studies over the last 50 years that nutrition plays an essential role in 
preventing a variety of different diseases. Diets rich in fruits and vegetables are 
thought to play a protective role for the formation of different types of cancer. This 
protective role has long been associated with vitamins that have antioxidant proper-
ties. Intensive research and a variety of epidemiological studies have revealed that 
 Allium  vegetables including garlic and onions that are rich in organo sulfur com-
pounds also play a protective role in cancer. Garlic was already a component of diets 
at the beginning of recorded history. Moreover, it is known from ancient medical 
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texts that garlic was used not only to  fl avour food but also for medicinal applications. 
A nice historical overview about the medical use of garlic is presented by Rivlin 
 (  2001  )  and by Milner  (  2001  ) . 

 A number of epidemiological studies suggest that protection from many different 
types of cancer may be related to the consumption of garlic (for review see: 
Fleischauer and Arab  2001  ) . However, it was not clear from all these studies what 
the minimum dose of garlic necessary to elicit a protective effect might be. For 
instance, a population-based case–control study showed that the risk of prostate 
cancer was signi fi cantly lower in men consuming >10 g/day of total  Allium  vegeta-
bles than in men with total  Allium  vegetable intake of <2.2 g/day (Hsing et al.  2002  ) . 
Cancer chemoprevention with garlic and its constituents has been the subjects of 
numerous recent reviews (Nagini  2008 ; Powolny and Singh  2008 ; Stan et al.  2008 ; 
Gullett et al.  2010 ; Kim and Kwon  2009  ) . 

 Garlic was not only recommended for protection against cancer. In China, garlic 
tea has long been recommended for fever, headache, cholera and dysentery (Corzo-
Martinez et al.  2007  ) . It was thought that garlic has antiseptic, diaphoretic, diuretic 
and expectorant properties. Garlic has long been recommended for the treatment of 
tuberculosis as well. The antiparasitic effects of freshly crushed garlic were already 
known by ancient cultures. 

 From data published in the last two decades, it is evident that garlic may in fl uence 
the risk for heart disease and cancer (Milner  1996 ; Kendler  1987  ) . It was reported 
that garlic suppresses tumour incidence in breast, colon, skin, uterine, oesophagus 
and lung cancer (Amagase and Milner  1993 ; Hussain et al .   1990 ; Ip et al.  1992 ; 
Song and Milner  1999 ; Sumiyoshi and Wargovich  1990 ; Wargovich et al.  1988  ) . 

 Dion et al .   (  1997  )  have provided evidence that several oil-soluble allylsulfur com-
pounds are also effective antimicrobial agents. Others found evidence for a repression 
of redox enzymes such as NADPH/quinone oxidoreductase (Singh et al.  1998  ) , 
cyclooxygenase, lipoxygenase (Schreiber et al.  1989  )  and glutathione-S-transferase 
(Hatono et al.  1996  ) . 

  Alliums  are all odorless until the plant cells are crushed or otherwise damaged. 
The anticarcinogenic effect of  Allium  vegetables is attributed to organosulfur com-
pounds which are generated upon processing, cutting or chewing, of these vegetables 
(Block  1992  ) . At this point they generate characteristic, volatile sulfur containing 
chemicals. These strong-smelling and -tasting compounds are classi fi ed as secondary 
metabolites, because they are not directly involved in normal growth, development or 
reproduction of the plants. Organic sulfur compounds are found everywhere in 
nature. A great number of sulfur compounds found in plants, fungi, bacteria and in 
animals and humans have chemical and biochemical properties, which are connected 
somehow with redox processes, metal binding and catalytic activities. Some of the-
ses sulfur compounds function as antibiotics, anticancer or anti in fl ammatory agents 
making them interesting from pharmacological perspectives. 

 In the middle of the nineteenth century a French chemist  fi rst reported the isola-
tion of garlic oil form garlic plants. It turned out that the properties described for 
garlic oil closely resembled the today known properties for diallyl sul fi des (Hofmann 
and Cahours  1857  ) . In 1892 the German chemist F.W. Semmler reported that garlic 
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oil when fractionally distilled at low pressure contained diallyl disul fi de, diallyl 
trisul fi de and diallyl tetrasul fi de (Semmler  1892  ) . Figure  13.1  shows the structure of 
the different diallyl sul fi des.  

 Nowadays the highly active diallyl trisul fi de is synthesized from allyl chloride, 
sodium thiosulfate and sodium sul fi de according to the method of Milligan et al. 
 (  1961  )  Diallyl tetrasul fi de which is analyzed recently is synthesized from allylmer-
captan and disulfur dichloride as described by Derbesy and Horpp  (  1994  ) . 

 These diallyl polysul fi des are among the most studied organosulfur compounds 
from garlic. They are highly effective in affording protection against various cancers 
in animal models induced by a variety of chemical carcinogens (for review see: Stan 
et al.  2008  ) . A review of the literature suggests that diallyl polysul fi des may prevent 
cancer by multiple mechanisms including impairment of carcinogen activation, 
inhibition of post-translational modi fi cations of proteins, induction of apoptosis, 
histone modi fi cation, inhibition of angiogenesis and metastasis (for review see: 
Shukla and Kalra  2007 ; Herman-Antosiewicz et al.  2007  ) . It is also becoming clear that 
diallyl polysul fi des are promiscuous because they target multiple signal transduction 
pathways to trigger growth arrest and eventually apoptosis. The anti-proliferative 
effects of the polysul fi des seem to be related to their capacity to cause oxidative 
damage by increasing the production of reactive oxygen species. Cells lacking 
antioxidants are quite susceptible to polysul fi des whereas cells well equipped with 
antioxidants such as glutathione peroxidase, copper- or zinc- superoxide dismutase 
are resistant to at least diallyl disul fi de (Filomeni et al.  2003,   2005  ) . Most of the 
experiments published up to now are performed with diallyl sul fi de, diallyl disul fi de 
and diallyl trisul fi de. The corresponding tetrasul fi de is almost recently used. The 
number of sulfur atoms in the molecule can in fl uence the anticancer properties 
where diallyl trisul fi de is more active than diallyl disul fi de which is more active than 
diallyl sul fi de (Sakamoto et al.  1997 ; Tsai et al.  1996 ; Sundaram and Milner  1996b  ) . 
Similarly the presence of the allyl group generally enhances protection over that 
provided by the propyl moiety (Hu et al.  1997  ) . Replacement of the sulfur atoms in 
diallyl polysul fi des by carbon atoms results in inactive molecules (Busch et al.  2010  )  
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  Fig. 13.1    Structure of diallyl mono- and diallyl polysul fi des       
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with regard to cell cycle arrest or apoptosis induction. It was long believed that the 
allyl sulfur compounds in garlic do not function in isolation but are in fl uenced by 
several components of the diet. Moreover, there may be metabolites produced in 
living organisms which have another or additional activity. In rats diallyl disul fi de 
is absorbed and transformed into allyl-mercaptan, allyl methyl sul fi de, allyl methyl 
sulfoxide and allyl methyl sulfone. In addition the half-lives of these compounds in 
the cells may be different which may also contribute to the effect originally produced 
by diallyl disul fi de (Germain et al.  2002  ) . It was assumed that cancer protection 
may arise from blockage of N-nitroso compounds (NOC). However, not all allyl 
sulfur compounds were effective in inhibiting the formation of NOC, in particular 
diallyl sul fi de and diallyl disul fi de (Dion et al.  1997  ) . Active cellular proliferation 
appears to be a factor in enhancing the growth inhibitory effect ascribed to allyl 
sul fi des (Sigounas et al.  1997  ) . The present chapter will address the cell cycle 
regulators and apoptosis pathways which are targeted by diallyl polysul fi des.  

    13.2   Upstream Events of Cell Cycle Arrest and Apoptosis 

 Cell-cell communication is at least partially mediated via gap junctions. These gap 
junctional intercellular communications together with connexins play roles in cancer 
development, growth and metastasis. Gap junctions provide coupled cells with a 
direct pathway for sharing ions, nutrients or small metabolites. Thus, gap junctions 
are crucial for diverse physiological processes (Laird  2010  ) . Diallyl disul fi des 
improves the gap-junctional intercellular communication in rat liver epithelial cells. 
This effect seems to be due to an increase in the level of the connexin Cx43 protein, 
whereas, the phosphorylation and localization of the protein in the cell-cell contact 
regions of the plasma membrane is not affected (Huard et al.  2004  ) . In the course of 
these studies, a rapid inhibition of protein glycosylation was observed. 

 The cytoskeleton is a dynamic component of the cell as it is involved in the main-
tenance of cell shape, intracellular traf fi cking, cell division, cell migration and 
adhesion. Oxidative stress causes both micro fi lament and microtubules disruption 
owing to oxidative modi fi cations of speci fi c cysteine residues of actin and tubulin. 
Cytoskeleton disrupting agents such as taxols or vinca alkaloids are used to perturb 
microtubules dynamics of proliferating cells. 

 Cytoskeleton and cytoskeleton-associated proteins have a fundamental role in 
the processes leading to apoptosis. The dramatic morphological changes typical of 
apoptotic cells are due to a complete reorganization of the cytoskeleton ensuring the 
breakdown of the cell into apoptotic bodies and the maintenance of an intact plasma 
membrane. Diallyl disul fi de and diallyl trisul fi de directly oxidize sulfhydryl groups 
of speci fi c cysteine residues on the polypeptide chain of tubulin thus inhibiting the 
mitotic spindle (Xiao et al.  2003,   2005b ; Hosono et al.  2005,   2008  ) . 

 It was demonstrated that diallyl disul fi de induces alterations of cell morphol-
ogy, micro fi lament disruption and alterations in the microtubules network in neu-
roblastoma cells, SH-SY5Y. Furthermore, diallyl disul fi de induces microtubules 
depolymerization in these neuroblastoma cells. Cells with a stable overexpression 
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of superoxide dismutase are protected against cytoskeletal disruption, indicating a 
contribution of ROS to these processes. Diallyl disul fi de induces a protein phos-
phatase −1 (PP-1) mediated dephosphorylation of tau. This dephosphorylation of 
tau is mediated by ROS which can be also abrogated in the presence of the ROS 
scavenger N-acetylcysteine (NAC) (Aquilano et al.  2010  ) . Cells which do not 
express cytoskeletal tau such as HeLa cells are more resistant to diallyl disul fi de 
induced apoptosis, which further supports the idea of an active role of tau in diallyl 
disul fi de induced processes (Fig.  13.2 ).  

 Treatment of prostate cancer cells with diallyl trisul fi de also leads to the formation 
of multinucleated cells (Herman-Antosiewicz and Singh  2005  ) . Diallyl disul fi de 
causes an increased acetylation of histones H4 and H3 in human leukemic cells and in 
colon cancer cells, whereas, diallyl monosul fi de exhibit only a weak activity (Lea et al. 
 1999 ; Lea and Randolph  2001 ; Druesne et al.  2004a,   b  ) . The elevated level of acetylated 
histones is due to the inhibition of the nuclear histone deacetylase activity. 

 To gain more insight into the mechanism by which diallyl sul fi des induce intra-
cellular pathways, an increase in labile iron concentration was found. Iron is neces-
sary for normal cell proliferation because iron containing proteins catalyze various 
key biochemical processes such as energy metabolism, respiration, folate metabolism 

  Fig. 13.2    In fl uence of diallyl sul fi des on cell- cell communication and intra- cellular signaling. 
 DASn  diallyl sul fi des, n = 1, n = 2, n = 3, n = 4,  ROS  reactive oxygen species       
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and DNA synthesis. The increase in labile iron concentration observed after diallyl 
trisul fi de treatment of prostate cancer cells is caused by ferritin degradation 
(Antosiewicz et al.  2006  )  (Fig.  13.2 ). 

 Diallyl sul fi des can undergo a network of different redox reactions as described 
by (Jacob  2006  ) . These redox reactions differ widely and can include one- or two-
electron reactions and radical reactions. Furthermore, sul fi des are able to coordinate 
metal ions, which may play a role in metal transport and detoxi fi cation reactions. 

 Diallyl monosul fi de and diallyl disul fi de were shown to induce reactive oxygen 
species (ROS) in glioblastoma cells as measured with the dye 2 ¢ ,7 ¢ -dichloro fl uorescein 
diacetate (DCF-DA) (Fig.  13.3 ). The optimum results were obtained with 100  m M 
of each of the diallyl sul fi de (Das et al.  2007  ) . Interestingly ascorbic acid was shown 
to counteract ROS induction. A similar observation was also reported for human 
lung carcinoma cells where ROS production was detected as early as 0.5 h after 
treatment of cells with diallyl disul fi de. Diallyl disul fi de induced ROS formation in 
neuroblastoma cells is evident after 15 min of treatment (Filomeni et al.  2003  ) . 
A range of 50–500  m M diallyl disul fi de was used showing a dose dependent ROS 
production. These results demonstrate that ROS production is an early event after 
treatment of cells with diallyl disul fi des (Wu et al.  2005  ) . A mimetic of superoxide 
dismutase and catalase, namely EUK134 signi fi cantly attenuated the diallyl trisul fi de 
induced ROS generations (Antosiewicz et al.  2006  ) .  

 The level of reduced glutathione was increased in the liver and lung by diallyl 
sul fi de and diallyl trisul fi de administration, but not by the non-allylic analogue 
dipropyl sul fi de (Hu et al.  1996  ) . Reactive oxygen species (ROS) can either directly 
cause DNA damage or oxidize nucleotides, which may lead to DNA double strand 
breaks (Haber  1999  ) . The phosphorylation of serine 139 of histone H2AX has 

  Fig. 13.3    Diallyl sul fi de mediated alterations of DNA function and integrity       
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emerged as a sensitive marker for the presence of DNA double strand breaks (Tanaka 
et al.  2006 ; Löbrich et al.  2010  ) . Diallyl trisul fi de was shown to cause serine 139 
phosphorylation of H2AX indicating the induction of DNA double strand breaks 
(Herman-Antosiewicz and Singh  2005  ) . Treatment of neuronally differentiated 
PC12 cells with diallyl disul fi de results in higher levels of free radicals and lipid 
peroxidation at concentrations of 50  m M diallyl disul fi de. At 100  m M, diallyl 
disul fi de cells were killed by inhibiting PI3K/Akt and by promoting activation of 
GSK-3 and caspase-3, release of cytochrome c and cleavage of PARP which indi-
cates the induction of apoptosis (Koh et al.  2005  ) . Diallyl sul fi de, diallyl disul fi de 
and diallyl trisul fi de have been shown to be inducers of rat liver cytochrome P-450 
variants (Wu et al.  2002  )  indicating that the hepatic detoxi fi cation system was 
induced. Diallyl disul fi de and diallyl sul fi de were also found to be potent inducers 
of quinone reductase activity and protein level (Hu et al.  1997  )  where the diallyl 
disul fi de or diallyl trisul fi de are more potent than the diallyl sul fi de. 

 p21 WAF1  is an important regulator of cell cycle progression (Gartel  2009  )  and the 
expression of p21 WAF1  has being somehow linked to histone acetylation (Yamaguchi 
et al.  2010  ) . Therefore, it was not surprising that diallyl disul fi de treatment of colon 
cancer cells led to a markedly increased p21 WAF1  mRNA and protein level (Druesne 
et al.  2004a  ) . This increase seems to be p53 independent. The level of p53 increases 
after diallyl disul fi de treatment of non small cell lung cancer cells. However, both 
p53 positive and p53 negative cells show apoptosis. Diallyl sul fi de treatment induced 
a rise in the level of Bax and a decrease in the level of Bcl-2 (Hong et al.  2000  ) . 

 p38 MAP kinase is a member of the mitogen-activated protein kinase signalling 
cascade which has been shown to regulate a variety of cellular events such as prolif-
eration, differentiation and apoptosis (Keshet and Seger  2010  ) . Treatment of gastric 
cancer cells with diallyl disul fi de leads to an increase of the phosphorylation and 
thereby activation of the p38 MAP protein (Yuan et al.  2004  ) .  

    13.3   Diallyl Polysul fi de Targets of the Regulatory 
Network of the Cell Cycle 

 Cell cycle arrest can be achieved by targeting factors that control G 
1
 /S transition or 

G 
2
 /M transition of the cell cycle. There are a number of reports demonstrating that 

diallyl poylsul fi des mostly target regulators of the G 
2
 /M transition. 

 Milner and co-workers were the  fi rst to show that diallyl disul fi de caused a dose-
dependent and time-dependent accumulation of human colon cancer cells in the 
G 

2
 /M phase of the cell cycle (Knowles and Milner  1998,   2000  ) . Diallyl trisul fi de 

was much more effective than either diallyl disul fi de or diallyl sul fi de in causing 
G 

2
 /M phase cell cycle arrest (Xiao et al.  2005a  )  (Fig.  13.3 ) 
 The diallyl disul fi de mediated G 

2
 /M arrest is accompanied by a decrease in the 

kinase activity of the cyclin B1/cdk1 kinase complex, reduction in the complex for-
mation between both proteins and a decrease in the level of the cdc25C phosphatase 
(Knowles and Milner  2000  ) . This cdk1 kinase activity is necessary for the progression 
of the cells from G 

2
  into the M-phase of the cell cycle. The cdk1 kinase activity is 
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regulated by its association with regulatory cyclin B 
1
  and by phosphorylation and 

dephosphorylation of cdk1 (Fig.  13.3 ). It was further shown that diallyl disul fi de 
in fl uenced the complex formation between cdk1 and cyclin B 

1
  and the phosphoryla-

tion of cdk1 (Knowles and Milner  2000  ) . This G 
2
 /M phase cell cycle arrest is not 

limited to the colon cancer cells but also found in prostate cancer cells and in pro-
myelocytic HL-60 cells. Diallyl trisul fi de treatment of prostate cancer cells caused 
an increase in the nuclear level of cyclin B1 as early as 1 h post-exposure (Herman-
Antosiewicz et al.  2010  ) . In hormone refractory prostate cancer and in colon cancer 
cells, diallyl disul fi de treatment causes an increase in the level of cyclin B1 and a 
decrease in the level of cdk1 (Arunkumar et al.  2006 ; Song et al.  2009  ) . 

 The diallyl trisul fi de-induced G 
2
 /M phase cell cycle arrest in prostate cancer 

cells was associated with an increase in tyr15 phosphorylation of cdk1, inhibition 
of cyclin B1/cdk1 kinase activity, an increase in the phosphorylation of cdc25C 
at serine 216 and a down regulation of the cdc25C level (Cerella et al.  2009  ) . 
This down-regulation of the level of cdc25C was also observed in human colon 
carcinoma cell line (Busch et al.  2010  ) . Some years ago, it was demonstrated that 
transcription of cdc25C is repressed by the growth suppressor protein p53 in a 
dose-dependent manner (Krause et al.  2001  ) . After incubation of human colon 
carcinoma cells with diallyl di-, tri- and tetrasul fi de the protein level of p53 
increased considerably. However, p53 − / −  cells also show a down-regulation of 
cdc25C indicating that down-regulation is not necessarily connected to p53 tran-
srepression (Busch et al.  2010  )  (Fig.  13.4 ).  

 Diallyl trisul fi de treatment of prostate cancer cells results in an activating phos-
phorylation of chk1 and chk2 which is usually induced by oxidants or ionizing 
radiation (Herman-Antosiewicz and Singh  2005  ) . However, by chk1/chk2 depletion 
experiments it was shown that chk1 but not chk2 is responsible for the phosphoryla-
tion of serine 216 of cdc25C. The diallyl polysul fi de mediated hyperphosphoryla-
tion and the decrease in the cdc25C protein level were abrogated in the presence of 
antioxidants such as vitamin C or N-acetyl cysteine (Busch et al.  2010 ; Cerella et al. 
 2009  )  (Fig.  13.4 ). 

 Diallyl trisul fi de treatments of prostate cancer cells cause a marked increase in the 
kinase activity of the c-Jun NH 

2
 -terminal kinase (INK) which is known to play a role 

in the decision of cell survival and apoptosis (Bogoyevitch et al.  2010  ) . Diallyl 
trisul fi de induced ROS generation and cell cycle arrest were signi fi cantly reduced by 
ectopic expression of a catalytically inactive mutant of INK2 (Antosiewicz et al.  2006  )  
indicating a link between the INK pathway and ROS formation. In neuroblastoma 
cells diallyl sul fi de induces apoptosis via ROS production and activation of the INK/c-
jun pathway by phosphorylation (Filomeni et al.  2003  ) . However, ROS production 
was observed within minutes after treatment of cells with diallyl polysul fi des. 
It remains to be shown whether INK activation occurs before or after ROS induction. 

 The effect of diallyl disul fi des on cell cycle arrest and apoptosis induction seems 
to be cell type speci fi c. A human adeno carcinoma gastric cell line is able to recover 
from a p53/p21 WAF1  mediated cell cycle arrest in the G 

2
 /M phase upon diallyl disul fi de 

treatment. The surviving pathways in these cells include the formation of mixed 
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disul fi des between glutathione and protein thiol groups and a higher glutathione per-
oxidase activity. Furthermore, diallyl disul fi de treatment induces dephosphorylation 
of the ERK1/2 kinase, which goes along with growth arrest (Filomeni et al.  2005  ) . 

 Interestingly a normal prostate epithelial cell line was resistant to growth inhibition 
and cell cycle arrest by diallyl trisul fi de (Xiao et al.  2005a  ) . A similar observation 
was also made for peripheral blood mononuclear cells (Cerella et al.  2009  ) . Thus, 
these results might indicate that diallyl polysul fi de can be used for cancer treatment 
because normal cells are not affected, at least at low concentrations of diallyl 
polysul fi des. This might be explained by the fact that in tumour cells the redox bal-
ance is altered, whereas, in normal cells the redox balance is hardly affected. 
Pertubations to the redox balance are characteristic of many pathological states of a 
cell. Oxidative stress is prevalent in cancer where many malignant cell types possess 
an abnormal redox system due to a down-regulation of antioxidant enzymes and to 
an impaired mitochondrial function.  

  Fig. 13.4    Diallyl sul fi de mediated G 
2
 /M arrest of the cell cycle.  NAC  N-acetyl cysteine,  EUK134  

a synthetic superoxide/catalase mimetic       

 



338 M. Montenarh

    13.4   Cell Death After Treatment of Cells 
with Diallyl Polysul fi des 

 Apoptosis, also known as programmed cell death, is a tightly controlled and evolutionarily 
highly conserved process of cellular suicide. Dysregulation of apoptosis occurs 
under numerous pathological conditions including cancer. Targeting apoptotic path-
ways is therefore an interesting option in cancer treatment and probably its prevention 
(Fulda  2010 ; Blankenberg  2009  ) . Apoptosis or programmed cell death can occur via 
an intrinsic or mitochondria-mediated pathway or via an extrinsic pathway. Activation 
of the intrinsic pathway is regulated by the anti-apoptotic Bcl-2 family of proteins 
and by the pro-apoptotic Bax and Bak proteins. Treatment of neuroblastoma, breast 
or lung cancer cells with diallyl sul fi de or diallyl disul fi de leads to an increase of the 
Bax/Bcl-2 ratio (Hong et al.  2000 ; Karmakar et al.  2007 ; Nakagawa et al.  2001  ) . The 
diallyl trisul fi de induced apoptosis in prostate cancer cells correlates with a decrease 
in the Bcl-2 level as well as with an elevated phosphorylation of Bcl-2 (Xiao et al. 
 2004  ) . The hyperphosphorylation of Bcl-2 is caused by the INK kinase. An overex-
pression of Bcl-2 confers a protection against diallyl trisul fi de induced apoptosis 
only in hormone refractory but not in hormone sensitive prostate cancer cells. The 
reason for this difference is not known. In breast cancer cells and in a myeloid 
leukemia cell line apoptosis induction goes along with the activation of caspase-3 
(Nakagawa et al.  2001  ) . In prostate cancer cells and in colon carcinoma cells it was 
shown that the diallyl trisul fi de and the diallyl tetrasul fi de are more potent inducers 
of apoptosis than diallyl sul fi de and diallyl disul fi de (Xiao et al.  2004 ; Busch et al. 
 2010 ; Cerella et al.  2009  ) . The simultaneous activation of caspase-8 and caspase-9 
in myeloid leukemia cells indicated a crosstalk between the intrinsic and extrinsic 
pathway of apoptosis (Cerella et al.  2009  ) . Furthermore, diallyl tetrasul fi de induces 
the activation of Bcl-2 and Bim which trigger the intrinsic pathway of apoptosis. 
Activated Bim binds to the anti-apoptotic proteins Bcl-2 and Bcl-xL preventing 
them from regulating Bax and Bak, which results in their translocation to the mito-
chondria triggering the release of cytochrome c (Cerella et al.  2009  ) . The diallyl 
trisul fi de induced apoptosis in hormone sensitive prostate cancer cells correlates 
with a collapse of the mitochondrial membrane potential, an increase in the level of 
the Bak protein and a down-regulation of Bcl-2 and Bcl-xL (Kim et al.  2007  )  
whereas, the Bid level is not affected. The diallyl trisul fi de induced apoptosis was 
signi fi cantly attenuated by knocking down Bax and Bak whereas an overexpression 
of Bcl-2 and Bcl-xL had no effect. These results indicated that at least in hormone 
sensitive prostate carcinoma cells, the diallyl trisul fi de induced apoptosis is regulated 
by Bax and Bak but not by Bcl-2 and Bcl-xL (Fig.  13.5 ).  

 Treatment of hormone refractory prostate cancer cells with diallyl trisul fi de 
results in a rapid decrease of the phosphorylation of serine 473 and threonine 308 
of the Akt kinase, leading to a down-regulation of its kinase activity (Xiao and 
Singh  2006  ) . This down-regulation results in a down-regulation of the phosphory-
lation of Bad, promoting a translocation of Bad to the mitochondria. These results 
show a contribution of the Akt signalling pathway in the diallyl polysul fi de induced 
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apoptosis. Consequently, overexpression of constitutively active Akt confers a 
signi fi cant protection against diallyl trisul fi de induced apoptosis. 

 A few studies described an increase in the intra-cellular free Ca 2+  ion concentra-
tion after treatment of cells with diallyl polysul fi des (Karmakar et al.  2007 ; Sakamoto 
et al.  1997 ; Sundaram and Milner  1996a,   b  ) . In a human colon carcinoma cell line 
diallyl disul fi de induced a biphasic elevation of cytosolic Ca 2+  ion concentration, a 
rapid induction within 3 min followed by a slow and sustained elevation until 3 h 
after treatment (Park et al.  2002  ) . Apoptosis is blocked by intracellular Ca 2+  chelators, 
which results also in an inhibition of the formation of ROS and blockage of the 
caspase dependent apoptotic pathway. These data indicate that the increase in intra-
cellular free Ca 2+  ion concentration is an early signalling event. 

 Some of the studies have compared cellular responses and in particular apoptosis 
responses to diallyl polysul fi des in normal versus cancer cells. In general malignant 
cells appear more sensitive to diallyl polysul fi de treatment than normal non-trans-
formed cells. The mechanism behind the differential sensitivity of normal and cancer 
cells remains to be elucidated. 

 There are contradictory results concerning the role of p53 in diallyl disul fi de 
induced apoptosis in human colon cancer cells. Song et al reported no change in the 
expression of p53 by less than 12 h post-exposure (Song et al.  2009  )  whereas others 
reported an increase in the p53 level (Busch et al.  2010  ) . Furthermore, down-regulation 
of p53 by siRNA technology prevented the accumulation of cleaved PARP and 

  Fig. 13.5    Implication of diallyl sul fi des in the regulation of apoptosis       

 



340 M. Montenarh

sub-G 
1
  cells after diallyl disul fi de treatment (Song et al.  2009  )  whereas others have 

shown that diallyl disul fi de, diallyl trisul fi de and diallyl tetrasul fi de causes apoptosis 
in p53 negative colon carcinoma cells (Busch et al.  2010  ) . These results indicate a 
role of p53 in the apoptotic signalling, on the other hand p53 seems to be dispensable 
for apoptosis induction 

 In gastric cancer cells diallyl disul fi de induces the accumulation of phosphory-
lated chk1 but not of chk2 and a down-regulation of cdc25C and cyclin B which is 
in contrast to the situation in prostate and colon carcinoma cells (Arunkumar et al. 
 2006 ; Song et al.  2009  ) . chk1 is activated by ATM kinase and indeed an increase in 
phosphorylated ATM kinase, which means activated kinase, was demonstrated after 
diallyl disul fi de treatment (Ling et al.  2010  ) .  

    13.5   Concluding Remarks 

 A large number of reports have demonstrated a growth inhibiting and apoptosis 
inducing effect of diallyl polysul fi des mostly on cancer cells, whereas normal non-
transformed cells are rather unaffected. The sulfur chain rather than the diallyl 
groups are responsible for the observed effects on cells. Moreover, the activity of 
the diallyl polysul fi des increases with the length of the sulfur chains. Treatment of 
cells with diallyl polysul fi des leads to alterations in cell-cell communication, 
changes in the cytoskeleton organisation as well as multi- nucleation and altera-
tions of nuclear proteins. One of the immediate cellular events is the induction of 
reactive oxygen species, followed by alterations in intracellular signalling path-
ways. These alterations result in a G 

2
 /M-phase arrest of the cell cycle. Subsequently 

intracellular and extracellular pathways of apoptosis are induced and  fi nally cells 
go into apoptosis. So far it is an open question whether DNA double strand break 
is a direct consequence of ROS or whether it occurs in the course of apoptosis. 
Furthermore, it is not clear at all whether DNA repair mechanisms are turned on 
and whether apoptosis is the consequence of a failure in successful DNA repair. 
Another open question is the contribution of sulfur radicals to the activation of the 
apoptosis pathways. Although there are a number of open questions the present 
knowledge about the cellular effects of diallyl polysul fi de enables us to describe 
the bene fi t of garlic uptake for molecular processes  fi nally preventing or treating 
diseases such as cancer and others.      
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  Abstract   Deregulation of the cell cycle is one of the  fi rst events during malignant 
transformations that convert normal cells into tumor cells. Cyclin-dependent kinases 
(CDKs) are key elements of the mammalian genome surveillance machinery that 
controls the cell cycle. Their activity (which is normally regulated  via  cyclin binding, 
phosphorylation events and interactions with endogenous inhibitors of CDKs, CKIs) 
is frequently altered in human cancers. Therefore, strenuous efforts are being made 
to develop means to counter cell cycle malfunctions using pharmacological inhibi-
tors of CDKs. 

 Many of the most promising CDK inhibitors originate from natural sources, e. g. 
 fl avopiridol, staurosporine, indirubin and olomoucine. More selective and less cyto-
toxic analogues have also been developed, based on their chemical structures, that 
have anti-cancer potential operating through several mechanisms, including modu-
lation of the cell cycle, transcription and apoptosis in cancer cells. Some of the CDK 
inhibitors derived from natural compounds or their analogues are in clinical trials or 
already in use. Considering the huge numbers of compounds in plant species 
(~300,000), which might include powerful, as yet unidenti fi ed anti-cancer agents, it 
seems reasonable to assume that that even more potent and selective CDK inhibitors 
will be discovered and characterized in the future.  

  Keywords   Apoptosis  •  Cancer  •  Cell cycle  •  Cyclin  •  Kinase  •  Cytokinin  
•  Pharmacological CDK inhibitor  •  Roscovitine • Staurosporine • Transcription  
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  Abbreviations  

  Bcl-2    B-cell lymphoma 2   
  CAK    CDK-activating kinase   
  CDK    cyclin-dependent kinase   
  Chk1    checkpoint kinase 1   
  CKI    cyclin-dependent kinase inhibitor   
  CLL    chronic lymphocytic leukemia   
  c-myc    cellular homolog of avian myelocytomatosis virus oncogene   
  CTD    carboxy-terminal domain   
  DRB    5,6-dichlorobenzimidazole 1- b -D-ribofuranoside   
  DSIF    DRB sensitivity-inducing factor   
  EGF    epidermal growth factor   
  EGFR    epidermal growth factor receptor   
  EMA    European Medicines Agency   
  GSK3  b     glycogen synthase kinase 3  b    
  IAPs    inhibitors of apoptosis   
  MAT1    ménage-a-trois   
  Mcl-1    myeloid cell leukemia sequence 1   
  MDR    multi-drug resistance   
  NELF    negative elongation factor   
  NF- k B    nuclear factor- k B   
  p53AIP-1    p53 apoptosis-inducing protein 1   
  PARP-1    poly(ADP-ribose) polymerase-1   
  PKA    protein kinase A   
  PKC    protein kinase C   
  pRb    retinoblastoma   
  P-TEFb    positive transcription elongation factor b   
  XIAP    X-linked inhibitor of apoptosis     

       14.1   CDKs and the Cell Cycle 

 Accurate reproduction and transmittance of genetic information carried by cells to 
following generations is essential for any organism. Hence, cell division is a strictly 
regulated process. 

 The systematic regulation of this process minimizes the risk of genomic instability 
and aberrant chromosome segregation. Therefore, it is not surprising that deregulation 
of the cell cycle has fatal consequences and facilitates conversion of healthy cells 
into tumor cells. 

 The importance of regulation of the cell cycle (and the critical role of regulatory 
malfunctions in carcinogenesis) was highlighted when Leland Hartwell, Paul Nurse 
and Timothy Hunt were awarded the Nobel Prize in Physiology or Medicine in 2001 
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for elucidating eukaryotic cell cycling mechanisms, and identifying key molecules 
involved in the mechanisms (Nobelprize.org  2001  ) . 

 Key elements of the surveillance machinery controlling the cell cycle are cyclin-
dependent kinases (CDKs) and their regulatory partners, cyclins. Cyclins are peri-
odically synthesized and degraded, while CDKs are constantly expressed during the 
cell cycle, and the sequential activation of the CDK/cyclin complexes regulates the 
progression of cells through the phases of the cell cycle. In addition to their associa-
tion with cyclins, the activity of CDKs requires phosphorylation, catalyzed by 
CDK-activating kinase (CAK), of a strongly conserved threonine located within an 
activation loop. 

 CAK is a complex of CDK7, cyclin H and the RING  fi nger protein known as 
ménage-a-trois (MAT1). CDKs are also negatively regulated in several ways, including: 
inhibitory phosphorylation of residues within the ATP-binding pocket, and through 
binding to endogenous CDK inhibitors (CKIs), which can reversibly inhibit their 
enzymatic activity (reviewed by Satyanarayana and Kaldis  2009  )  (Fig.  14.1 ).  

 During the early G 
1
  phase of the cell cycle CDK4/CDK6/cyclin D complexes, and 

subsequently CDK2/cyclin E complexes, inactivate Rb pocket proteins (Sherr  1994  ) . 
G 

1
  progression is also regulated by members of the INK4 family of endogenous 

CKIs that speci fi cally inhibit CDK4 and CDK6. The proteins of another group of 
CDK inhibitors, belonging to the Cip/Kip family, contribute to G 

1
  arrest by inhibiting 

  Fig. 14.1    Scheme depicting the regulation of the different phases of the cell cycle. Progression 
through the cell cycle is driven by CDK/cyclin complexes. INK4 and Cip/Kip family members of 
endogenous CKIs negatively regulate cell cycle progression       
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CDK2 and CDK4/6 (Sherr and Roberts  1999 ; Gartel et al.  1996  ) . Active CDK2/
cyclin A and CDK1/cyclin A complexes are essential for S-phase progression 
(Petersen et al.  1999 ; Coverley et al.  2000  ) , S/G 

2
  transition is controlled by CDK1/

cyclin A (Furuno et al.  1999  ) , while G 
2
 /M transition and mitosis are controlled by 

CDK1/cyclin B complexes (Riabowol et al.  1989  ) . The Cip/Kip family also regulates 
these checkpoints (O’Connor  1997  ) . 

 However, this classical model has been challenged in recent years. Analyses of 
knockout mouse models have revealed that most of the CDKs and cyclins are largely 
dispensable because CDK1 can replace their functions in mitotic cycles (Ortega 
et al.  2003  ) . Cyclins A2 and B1 have emerged as the most non-redundant cyclins 
(reviewed by Satyanarayana and Kaldis  2009  ) . However, although CDK2 seems to 
be easily bypassed (Martin et al.  2005  ) , in some cases it might still be a potential 
target for therapy (Du et al.  2004  ) . 

 Hyperactivation of the positive cell cycle regulators and inactivation of their 
negative counterparts, which is frequently observed in malignancies, substantially 
contributes to uncontrolled cell proliferation and hence to tumor development. Thus, 
selective CDK inhibition is thought to provide a valuable therapeutic tool, which 
may (for instance) be bene fi cial for treating certain neoplasms.  

    14.2   CDKs and Transcription 

 Besides the cell cycle regulatory CDKs, other CDKs promote initiation and elonga-
tion of nascent RNA transcripts by phosphorylating the carboxy-terminal domain 
(CTD) of RNA-polymerase II (RNA-Pol II) (Prelich  2002 ; Palancade and Bensaude 
 2003 ; Meinhart et al.  2005  ) . CDK9/cyclin T (P-TEFb) and the previously men-
tioned CDK7/cyclin H complex (CAK) belong to this group (Fig.  14.2 ).  

 However, CDK7 cannot be classi fi ed so easily because it acts at a crossroads 
between the two cellular processes, cell cycling and transcription. It phosphorylates 
as CAK cell cycle-related CDKs thereby promoting cell cycle progression, and as a 
catalytic constituent of the general transcription factor TFIIH phosphorylates speci fi c 
serine residues of the CTD of RNA-Pol II (Palancade and Bensaude  2003  ) . These 
dual functions operate at different functional levels. On the one side CDK7 is an 
upstream cell cycle regulator, on the other side it acts as a downstream effector 
kinase. Interestingly, the two functions demand the capacity to recognize two types 
of substrates with different structures (Poon and Hunter  1995  ) . Moreover, it does not 
recognize the sequence around the phosphorylation site on its own activation T-loop, 
which shows similarity with target CDKs (Fisher  2005  ) . The activity and abundance 
of all three units of CAK are almost constant during all phases of the cell cycle 
(Brown et al.  1994  ) . It has been previously suggested that MAT1 association and 
dissociation/degradation or binding to THIIH could regulate the activity of the com-
plex (Adamczewski et al.  1996 ; Rossignol et al.  1997 ; Yankulov and Bentley  1997  ) . 
Later studies have revealed that since kinase activity targeting CTD is selectively 
stimulated, it occurs without loss of CAK activity. The formation of a stable unit 
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requires the presence of MAT1 and phosphorylation of at least one of two residues 
(Ser164 or Thr170) (Larochelle et al.  2001  ) . Further studies on fruit  fl ies substanti-
ated the conclusion that phosphorylation at Thr170 is essential for CTD activity 
(Larochelle et al.  2001 ; Leclerc et al.  2000  ) , and the importance of MAT1 has been 
demonstrated in experiments performed on  MAT1   −/−   mice and blastocysts (Rossi 
et al.  2001  ) . 

 Effective targeting of CDK7 for anti-cancer therapy would not only delay G 
1
 /S 

transition and prevent mitosis (Larochelle et al.  2007  ) , but would particularly affect 
the transcription of genes required for further steps of cell division (reviewed by 
Fisher  2005 ; Węsierska-Gądek et al.  2009 ; Wesierska-Gadek and Schmid  2006  ) . 
Therefore, CDK7 can be considered a very promising target for anti-cancer agents. 

 CDK9, in complexes with cyclin T or K, forms the positive transcription elongation 
factor b (P-TEFb) (Wang and Fischer  2008  ) . Since P-TEFb is a global transcription 
factor, its activity has to be tightly regulated. This is largely ensured by its dynamic 

  Fig. 14.2    The involvement of CDK/cyclin complexes in regulation of transcription. CDK7 and 
CDK9 in complex with their appropriate cyclins phosphorylate the CTD of RNA Pol II, thereby 
facilitating transcriptional elongation. Inhibition of these CDK/cyclin complexes results in block-
age of transcription elongation. Consequently diminished levels of some anti-apoptotic proteins 
(e.g. Mcl-1) promote apoptosis       
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recruitment to and release from activating and inhibitory complexes, although 
autophosphorylation and the involvement of small RNAs in its regulation have 
also been described (Marshall and Grana  2006 ; Wang and Fischer  2008  ) . P-TEFb 
promotes transcriptional elongation by phosphorylating the CTD of the largest 
subunit of RNA-Pol II, as follows. First, the general transcription factor TFIIH 
complex containing CDK7 phosphorylates the Ser5 residues of the CTD heptad 
repeats, initiating transcription and promoter escape. Shortly thereafter, two neg-
ative elongation factors – DRB sensitivity-inducing factor (DSIF) and negative 
elongation factor (NELF) – block the elongation of pre-mRNA, thereby ensuring its 
capping (Wen and Shatkin  1999  ) . This promoter-proximal pausing process seems 
to be a general rate-limiting step after transcription initiation (Core and Lis  2008  ) . 
Subsequently, active CDK9 phosphorylates both CTD at Ser2 residues and two 
elongation regulators (DSIF and NELF), thereby promoting elongation. Other 
functions of P-TEFb, involving pre-mRNA processing, synthesis and export of 
mRNA, and post-translational modi fi cation of histones have also been described 
(Bres et al.  2008  ) . 

 Given their involvement in basic cellular processes, targeting these CDKs may 
appear extremely toxic at  fi rst glance. However, it has been recently suggested that 
inhibition of CDK7 by pharmacological inhibitors mainly affects tumor cells via 
repression of their high CAK activity. Therefore, the limitation of mRNA synthesis 
may primarily affect cancer cells without shutting down transcription globally in 
non-dividing cells (Fisher  2005  ) . Moreover, current knowledge strongly suggests 
that targeting CDK9 is a promising strategy not only for cancer therapy but also for 
treating AIDS, cardiac hypertrophy and in fl ammation-associated diseases (Wang 
and Fischer  2008  ) .  

    14.3   CDKs and Cell Death 

 As yet, the ways in which CDKs may contribute to the induction of apoptosis are 
not clear; indeed whether their involvement is direct or indirect is uncertain. 
However, several lines of evidence indicate that there is a link between the activity 
of CDK/cyclin complexes and induction of programmed cell death. 

 It seems that the effector phase of cell death involves not only the caspase-3-like 
proteases, but also the nuclear recruitment and activation of  CDKs , which (in turn) 
depends on the caspase cascade (Harvey et al.  1998  ) . Activation of the cyclin 
A-dependent protein kinases CDK1 and CDK2 during apoptosis has been shown by 
Meinkrantz et al.  (  1994  ) , while Li et al. found evidence that HIV-Tat-induced apop-
tosis in T-lymphocytes is associated with enhanced activation of CDKs (Li et al. 
 1995  ) . Furthermore, site-speci fi c phosphorylation of survivin mediated by activated 
CDK1/cyclin B complexes in late G 

2
  phase prevents apoptosis (O’Connor et al. 

 2000  ) . Following phosphorylation at Thr34, survivin (a member of the protein family 
of inhibitors of apoptosis, IAPs), prevents  fi nal activation of caspase-3 (Altieri 
 2010  )  thereby protecting Wee1 kinase, which catalyzes phosphorylation of CDK1 
at Thr15, from degradation (Guzman et al.  2009  ) . 
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 These few (of many) examples clearly show that there is a link between CDKs 
and apoptosis, and there is evidence that targeting of CDKs by selective inhibitors 
can affect cell death  via  multiple mechanisms.  

    14.4   CDK5: A Special Member of the CDK Family 

 CDK5 is not directly involved in either cell cycle regulation or transcription, and 
unlike other CDKs it is not activated upon binding to cyclin D or E. Discovered in 
1992 by four independent groups, CDK5 was originally given several names 
(Dhariwala and Rajadhyaksha  2008  ) . However, within a year of identifying the 
30 kDa protein subunit of the active enzyme the nomenclature settled on CDK5 
(Kobayashi et al.  1993  ) . It has been identi fi ed as a part of a family showing >60% 
sequence homology to the mammalian CDK2 and yeast cdc2 (Hellmich et al.  1992 ; 
Meyerson et al.  1992 ; Lew et al.  1992  ) . Though it occurs ubiquitously, the highest 
expression of CDK5 has been found in post-mitotic neurons and glial cells. 

 The association of CDK5 with its activators, p35, the p35 isoform p39 and p25, 
leads to formation of a functional holoenzyme (Dhavan and Tsai  2001  )  .  These acti-
vators show little similarity to the classical cyclins, but they have three-dimensional 
domains resembling the cyclin CDK-binding domains (Dhariwala and Rajadhyaksha 
 2008  ) . p25 is a proteolytic fragment of p35 protein with a three-times longer half-
life, generated by calpain, a calcium-activated protease. Binding of p25 to CDK5 
activates it and facilitates translocation of the complex into the nucleus. Consequently, 
CDK5 persists in its hyperactive state, which is often associated with neurotoxicity 
(Patrick et al.  1999 ; Lee et al.  2000  ) . An analogous fragment of p39, p29, contrib-
utes to the deregulation of CDK5 (Patzke and Tsai  2002  ) . 

 The activity of CDK5 is modulated by its phosphorylation at speci fi c sites similar 
to those of other CDKs, but with markedly different effects. The phosphorylation of 
CDK5 at Thr15 enhances its activity, while phosphorylation at Thr159 (which is 
analogous to activating phosphorylation of mitotic CDKs) is not obligatory and may 
even have opposing effects. 

 CKIs seem to have little effect on CDK5 activity (reviewed by Dhariwala and 
Rajadhyaksha  2008  ) . CDK5 phosphorylates p35, its own activator, targeting it for 
polyubiquitination and subsequent proteasomal degradation. Therefore, under 
physiological conditions the activity of CDK5 is regulated by a negative feedback 
loop (Dhariwala and Rajadhyaksha  2008  ) . 

 CDK5 is most abundant in the nervous system, where it appears to be important 
in almost all basic processes of neuronal development, e.g. migration, formation of 
cell-cell contacts and apoptosis (Paglini and Caceres  2001 ; Tanaka et al.  2001  ) . 
CDK5 is also involved in axonal elongation and synaptogenesis (Dhariwala and 
Rajadhyaksha  2008  ) . It participates in neurophysiological processes such as asso-
ciative learning and memory (Fischer et al.  2002 ; Fischer et al.  2005  )  and regulation 
of pain reception (Wang et al.  2005  ) . CDK5 may cause apoptosis in two distinct 
ways: a cytoplasmic mechanism  via  cytoskeleton disruption and a nuclear mecha-
nism  via  interference with pro-survival genes (Dhariwala and Rajadhyaksha  2008 ; 
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Patrick et al.  1999  ) . The pro- or anti-apoptotic capabilities of CDK5 strongly depend 
on the cellular context, the cellular state and (clearly) the presence of distinct activators 
(Dhariwala and Rajadhyaksha  2008  ) . 

 Given the above observations, it is not surprising that CDK5 is involved in patho-
logical processes associated with neurodegenerative diseases. It plays a role in the 
formation of intraneuronal neuro fi brillary tangles and senile plaques in Alzheimer’s 
disease (Augustinack et al.  2002 ; Otth et al.  2002  ) , and it has been found in Lewy-
bodies in the midbrain of Parkinson’s disease patients (Brion and Couck  1995  ) . 
Aberrant activation of CDK5 also seems to be involved in the pathogenesis of amy-
otrophic lateral sclerosis (Nguyen et al.  2001  ) , and there is increasing evidence that 
CDK5 is linked to Huntington’s and Niemann-Pick diseases as well as neuronal 
injury, especially in post-ischemic and hypoxia-related conditions (Dhariwala and 
Rajadhyaksha  2008 ; Timsit and Menn  2007  ) .  

    14.5   CDK Inhibitors from Natural Origins 
and Their Derivatives 

 Proper function and activity of CDKs is essential for various cellular processes. 
Increases in the expression and/or activity of cell cycle regulators, and/or inacti-
vation of endogenous CDK inhibitors, are frequent events leading to enhanced 
proliferation and cell growth, especially (but not only) during malignant transfor-
mation. Furthermore, as mentioned above, impaired or improper CDK activity is 
linked to many diseases apart from malignancies. Therefore, there are broad 
potential applications of pharmacological CDK inhibitors;  inter alia  they are con-
sidered to be suitable for treating human malignancies and both viral and neuro-
degenerative diseases (Malumbres and Barbacid  2009 ; Schang  2005 ; Monaco and 
Vallano  2003  ) . Hence, there is a strong rationale for the extensive research on 
pharmacological CDK inhibitors and searches for new compounds that target 
CDKs potently and more selectively (Wesierska-Gadek and Krystof  2009 ; 
Wesierska-Gadek et al.  2011  ) . 

 Most of the recently developed CDK inhibitors compete with ATP for the kinase 
active site (Węsierska-Gądek et al.  2009 ; Senderowicz  2003  ) . However, another 
group of inhibitors in fl uence CDK activity by targeting the upstream pathways, 
altering the expression and synthesis of cyclins, manipulating the proteolytic 
machinery that regulates the catabolism of CDK complexes (or their regulators), or 
modulating the phosphorylation status of CDKs (Senderowicz  2003  ) . 

 Since the discovery of the  fi rst CDK inhibitor, dimethylaminopurine, in 1988 
(Meijer and Pondaven  1988  ) , a number of potential inhibitors have been described. 
Within 11 years, six classes of CDK inhibitors had been characterized and a number 
of new inhibitors had been identi fi ed, including  fl avopiridol, butyrolactone, suramin, 
9-hydroxyellipticine, olomoucine and its several analogues, staurosporine, and its 
related compound UCN-01 (Garrett and Fattaey  1999  ) . The number of patent appli-
cations for new CDK inhibitors has also risen, from one in 1992 to a peak in 2002 
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(114 applications). To date, 16 classes of CDK inhibitors have been described (Ip 
Overview - CDK Inhibitors  2009  ) . Known CDK inhibitors include a wide range of 
natural substances and their derivatives. Of the many CDK inhibitors derived from 
natural origins, the focus in this article is on  fl avopiridol, staurosporine, indirubin, 
olomoucine and some of their most potent and prominent derivatives (Fig.  14.3 ).   

  Fig. 14.3    Inhibitors of CDKs from natural origin and their derivatives       
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    14.6   Flavopiridol, the First CDK Inhibitor Administered 
to Patients 

 Flavopiridol (Alvocidib TM ; L86-8275; HMR 1275; NSC-649890), a semi-synthetic 
 fl avonoid derived from rohitukine, was the  fi rst compound to enter clinical trials 
(Senderowicz  1999  ) . This alkaloid was  fi rst isolated from the leaves and stems of 
 Amoora rohituka  (0.083% dry weight), and subsequently from stem bark of 
 Dysoxylum binectariferum  (0.9% dry weight), both belonging to the family 
Meliaceae, and endogenous in India (Garrett and Fattaey  1999 ; Mohanakumara 
et al.  2010  ) . 

 Flavopiridol was initially identi fi ed by screening for EGF receptor kinase (EGFR) 
and protein kinase A (PKA) inhibitors (IC 

50
  = 21 and 122  m M, respectively) (Sedlacek 

et al.  1996  ) . However, testing of 60 cell lines at the US National Cancer Institute 
revealed an IC 

50
  for growth inhibition of 66 nM; approximately 1,000-fold lower 

than the concentration required to inhibit PKA and EGFR (Sedlacek et al.  1996  ) . 
In further studies this anti-proliferative effect was attributed to inhibition of CDKs 
1, 2, 4 and 6 (Sedlacek et al.  1996 ; Losiewicz et al.  1994 ; Worland et al.  1993  ) . 
However, its inhibition of CDK9 seems to be even more potent (Chao et al.  2000 ; 
Chao and Price  2001 ; Shima et al.  2003  ) . Interestingly, whereas  fl avopiridol competes 
with ATP for binding to CDKs 1, 2 and 4, the inhibition of CDK9 is non-competitive 
(Chao et al.  2000  ) . Recently, the exact mechanism of this inhibition has been char-
acterized; binding of  fl avopiridol to the active site of CDK9 induces a conforma-
tional change of the glycine-rich loop, which closes and folds over the active site, 
preventing ATP binding (Baumli et al.  2008  ) . 

 This inhibition affects cellular transcription, predominantly that of transcripts 
with a short half-life (reviewed by Shapiro  2006  ) . The rapid degradation of these 
mRNAs and simultaneous inhibition of transcriptional initiation and elongation 
leads to their decrease and exhaustion. This process particularly affects transcripts 
of several gene classes, including immediate early transcription factor-, cytokine- 
and apoptosis-regulating genes. The last group includes genes encoding anti-apop-
totic proteins, such as Bcl-2, Mcl-1 and XIAP. Cell cycle regulators, like  c-myc , 
mitotic regulatory kinases, NF- k B target genes, and genes contributing to the p53 
pathway, are also involved (Lam et al.  2001  ) . 

 In the  fi rst clinical trial of  fl avopiridol, in patients with refractory neoplasms and 
disease progression, the compound elicited some minor responses and stabilized the 
disease to some degree. Moreover, one patient with refractory metastatic gastric 
cancer showed a complete, sustained response with no evidence of disease even 
>2 years after discontinuation of  fl avopiridol treatment. 

 However, in one of the  fi rst trials with continuous infusion unexpected secretory 
diarrhea, reversible hypotension and a signi fi cant pro-in fl ammatory syndrome with 
fever, fatigue, local tumor pain and modulation of acute phase reactants appeared. 
Another approach, administering  fl avopiridol as bolus, led to nausea, vomiting, neu-
tropenia, fatigue, diarrhea, local tumor pain and anorexia. 
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 Hence, although the mechanism whereby diarrhea was induced has been 
ascertained, and a successful anti-diarrhea prophylaxis has been developed, these 
trials provided the  fi rst evidence that applying wide-spectrum CDK inhibitors 
can be problematic (reviewed by Senderowicz et al.  1998  ) . 

 Interestingly, whereas prolonged infusion of  fl avopiridol was largely ineffective, 
bolus infusion led to cure in mice with lymphoma xenografts (Shapiro  2006  ) . 
Flavopiridol has a high capacity to bind to plasma proteins. Therefore, it is dif fi cult 
to achieve the required therapeutic concentrations  in vivo  (Shapiro  2006  ) . A further 
optimized schedule, consisting of 30 min bolus in combination with 4 h infusion 
used to treat refractory high-risk CLL patients achieved a response rate of 41% in 
22 assessable patients (Byrd et al.  2007  ) . Recently, a PEGylated liposomal formula-
tion of  fl avopiridol has also been developed. Such carriers have already been suc-
cessfully used to deliver other anti-cancer agents, and this formulation might further 
optimize the administration of  fl avopiridol to patients. (Yang et al.  2009  ) . 

 Flavopiridol is now being tested in more than 50 clinical trials as either a single 
agent or in combination with other chemotherapeutics (Solomon et al.  1991  ) . 
Clearly,  fl avopiridol treatment has not proved advantageous in every trial (Carvajal 
et al.  2009  ) . However, recently published  fi ndings show that  fl avopiridol adminis-
tered as a single agent or in combination with other drugs like oxaliplatin, 
 fl uorouracil, leucovorin,  fl udarabine and rituximab, is effective against some solid 
tumors like germ cell, pancreatic, gastric and sweat gland tumors, and in hemato-
logical neoplasms, like CLL, mantle-cell lymphoma and indolent B-cell non-Hodgkin 
lymphoma (Rathkopf et al.  2009 ; Phelps et al.  2009 ; Lin et al.  2009,   2010 ; Karp 
et al.  2010  ) . 

 In 2007 the European Medicines Agency designated  fl avopiridol as an orphan 
drug for chronic lymphocytic leukaemia (Węsierska-Gądek et al.  2009  ) . However, 
although knowledge of its mechanism of action, pharmacodynamics and pharma-
cokinetics has improved, further studies are required to overcome its negative side 
effects and to optimize  fl avopiridol therapy.  

    14.7   Staurosporine and Its Derivatives 

 Since it became known that protein kinase C (PKC) plays a pivotal role in cell 
proliferation, differentiation, malignant transformation and apoptosis, PKC inhibi-
tors have been intensively sought. An important lead, staurosporine, was discovered 
more than 30 years ago, by screening extracts from the bacterium  Streptomyces 
staurosporeus  (Omura et al.  1977  ) . 

 Staurosporine, an indolo[2,3-alpha]carbazole with an IC 
50

  for PKC inhibition of 
~1 nM, is still one of the leading compounds used to inhibit PKC. It has strong 
af fi nity for PKC’s ATP-binding site and binds to several kinases with little selectivity 
(Karaman et al.  2008  ) . However, its lack of selectivity, and consequently high cyto-
toxicity, has precluded its clinical application and promoted the development of 
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more speci fi c and less cytotoxic derivatives, including 7-hydroxystaurosporine 
(UCN-01) (Takahashi et al.  1987  )  and N-benzoyl staurosporine (CGP 41251) 
(Meyer et al.  1989  ) . 

 Although UCN-01 and CPG 41251 were initially developed as PKC inhibitors, 
their strong anti-proliferative effects seem to be related to CDK inhibition rather 
than to the repression of PKC activity (Gescher  2000  ) . Staurosporine and UCN-01 
signi fi cantly block the activity of multiple CDKs, including (for staurosporine) 
CDK2/cyclinA (Meijer  1996 ; Gadbois et al.  1992  )  and CDK4/cyclinD, with IC 

50
  

values of 7 nM and 3.10  m M, respectively, and (for UCN-01) CDK1 and CDK2 with 
IC 

50
  values of 31 and 30 nM, respectively. 

 In addition to its effects on PKC and CDKs, UCN-01 also inhibits checkpoint 
kinase 1 (Chk1). 

 The mechanism of the interference of staurosporine and its analogues with CDKs 
is highly complex and strongly depends on the cell type. In many cell types stauro-
sporine induces G 

1
  arrest (Gadbois et al.  1995 ; Kwon et al.  1997  ) , depending on 

pRb (Schnier et al.  1996  ) . Moreover, the endogenous CDK inhibitor p27 Kip1  is 
upregulated after staurosporine treatment, suggesting that the G 

1
  arrest strongly 

depends on the action of p27 Kip1  (Nishi et al.  1998  ) . 
 UCN-01 affects the CDK system in many ways. For example, it inhibits the 

activity of CDK2, leads to accumulation of the hypophosphorylated form of pRb, 
decreases expression of cyclins A and D1, and enhances expression of p21 Cip1  and 
p27 Kip1  in human epidermoid carcinoma cells (Akiyama et al.  1997  ) . UCN-01 also 
negatively affects the activity of CDK1, thus abrogating the G 

2
  checkpoint control 

in cells lacking functional p53 (Wang et al.  1996  ) . This may explain UCN-01’s ability 
to enhance the effects of DNA-damaging agents in cells lacking functional p53. 

 CDK inhibitors are known to especially affect rapidly dividing cells, which is 
normally a feature of cancer cells. However, slowly growing cancer cells pose espe-
cially major problems for anti-tumor therapy and often lead to a recurrence of cancer 
cells despite good initial responses to therapy. Kondoh et al. recently showed that 
UCN-01 is able to target slowly-proliferating as well as quiescent ovarian cancer 
cells, thus reducing the probability of latent disease (Kondoh et al.  2010  ) . 
Staurosporine (and to a lesser extent UCN-01) is not only a cell cycle inhibitor, but 
also a very potent inducer of apoptosis, primarily  via  activation of caspase-3 (Harkin 
et al.  1998  ) . Interestingly, CGP 41251 does not induce apoptosis when applied 
alone, but potentiates the apoptosis-inducing action of the anti-cancer drug cytosine 
arabinoside in leukaemia cells (Hunakova et al.  1996  ) . Staurosporine and UCN-01, 
but not CGP 41251, induce apoptosis, indicating that PKC inhibition alone is not 
suf fi cient to induce programmed cell death. 

 Belmokhtar et al. reported that staurosporine can induce at least two apoptosis 
pathways, depending on the cellular context: a rapid cell death pathway involving 
the activation of caspases, or a slow pathway without caspase involvement 
(Belmokhtar et al.  2001  ) . Since some cancer cells lack caspase activity, leading to 
increased resistance to conventional chemotherapy, the ability of staurosporine to 
induce either of these pathways could be bene fi cial for the treatment of cancer. 
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 Very recently, a phase I study in which UCN-01 was administered in combination 
with irinotecan to patients with resistant solid tumor malignancies showed it to have 
acceptable toxicity, target inhibition and anti-tumor activity (Fracasso et al.  2010  ) . 
Another study in which it was administered in combination with prednisone con fi rmed 
its good tolerability and ability to prolong stable disease in patients with refractory 
solid tumors and lymphomas (Kummar et al.  2010  ) . However, in some trials UCN-01 
has not shown convincing anti-cancer potential; notably in a phase II clinical study a 
combination of UCN-01 and topotecan did not show enhanced antitumor activity in 
patients with advanced recurrent ovarian cancer (Welch et al.  2007  ) . 

 However, the cited authors suggest that the negative outcome of the study may 
have been due to inappropriate sequences of the drug combination. 

 Taken together, these observations suggest that UCN-01 and CGP 41251 can be 
considered as potent anticancer agents, especially in combination with other agents, 
like cisplatin. The  fi ndings that UCN-01 potentiates the antitumoral effects of DNA-
damaging agents in cells lacking functional p53 (Wang et al.  1996  )  and that CGP 
42151 can modulate MDR (Utz et al.  1994  )  may offer real advantages for anti-
cancer therapy.  

    14.8   Indirubins 

 Indirubin is a 3, 2 ¢ -bisindole isomer of indigo that was initially discovered as the 
active compound in a traditional Chinese preparation consisting of 11 herbal con-
stituents, named Danggui Longhui Wan (Han  1994  ) . In 1985 a clinical study showed 
it to be highly effective against chronic myelocytic leukemia, with good tolerability 
and few side effects. 

 Indirubin inhibits CDKs by binding to their ATP binding site with high af fi nity 
(Hoessel et al.  1999  ) . Early studies with indirubin and its  fi rst derivatives showed 
that almost all investigated cell lines were arrested in the G 

2
 /M phase of the cell 

cycle. Jurkat cells were arrested at the G 
1
 /S transition, which is consistent with 

CDK2 inhibition and inhibition of pRb phosphorylation (Hoessel et al.  1999  ) . 
Indirubin-3 ¢ -monixime, a quite prominent derivative of indirubin, seems to affect 
the cell cycle at the G 

1
 /S and G 

2
 /M checkpoints, in accordance with its ability to 

inhibit both CDK2 and CDK1 (Marko et al.  2001  ) . Following cell cycle arrest most 
cell lines undergo apoptosis (Marko et al.  2001  ) , and derivatives of indirubin have 
recently been shown to sensitize melanoma cells to ligand-induced apoptosis 
(Berger et al.  2010  ) , suggesting that indirubin derivatives also have a chemosensi-
tizing effect. 

 Furthermore, indirubins are not only potent inhibitors of CDK2/cyclin A, CDK2/
cyclin E, CDK5/p25 and CDK1/cyclin B complexes (Hoessel et al.  1999  ) , but they 
also inhibit another kinase, glycogen synthase kinase 3  b  (GSK3  b ) (Leclerc et al. 
 2001  ) . A very recent report also indicates that GSK3  b  inhibition may have a car-
dioprotective role (Yadav et al.  2010  ) . 
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 Some unfavorable features of indirubin, like poor solubility, poor absorption and 
gastrointestinal toxicity led to the early development of several analogues (Hoessel 
et al.  1999  ) , such as N-methyl isoindigo, 5-chloro-indirubin and indirubin-3 ¢ -
monoxime (Marko et al.  2001  ) . The design and synthesis of new derivatives of 
indirubin is continuing (Choi et al.  2010 ; Moon et al.  2006 ; Cheng et al.  2010 ; Kim 
et al.  2009  ) . 

 The fact that indirubin derivatives can inhibit not only cell cycle regulatory 
kinases (CDK2 and CDK1), but also CDK5 and another kinase (GSK3  b ) broadens 
their potential applicability to Alzheimer’s disease (Ding et al.  2010  ) , atherosclerosis 
(Kim et al.  2010  ) , restenosis (Schwaiberger et al.  2010  ) , angiogenesis (Zahler et al. 
 2010  )  and dermatophytosis (Ponnusamy et al.  2010  ) .  

    14.9   Olomoucine – The First Speci fi c CDK Inhibitor 

 The broad speci fi city of staurosporine and  fl avopiridol towards numerous kinases 
led to the search for new more speci fi c inhibitors of CDKs. Notably, screening of 
the plant hormones cytokinins (N6-substituted adenine derivatives) showed that 
these compounds are also quite unspeci fi c protein kinase inhibitors. Surprisingly, an 
aromatic cytokinin derivative, olomoucine (a 2,6,9-trisubstituted purine; 
2-(2-hydroxyethylamino)-6-benzylamino-9-methylpurine) was the  fi rst discovered 
selective inhibitor of CDK1 and CDK2 (Vesely et al.  1994  ) . This  fi nding was con-
trary to the current dogma that no highly speci fi c inhibitor targeting the ATP-binding 
pocket of kinases would ever be discovered (Meijer and Raymond  2003  ) . 

 Indeed, olomoucine is a competitive inhibitor for ATP binding (Vesely et al. 
 1994  )  and has unexpectedly high selectivity. The compound was named olomou-
cine since one of its discoverers, Jaroslav Vesely, was based at Palacký University 
in Olomouc (the Czech Republic). 

 As expected, olomoucine strongly affects the cell cycle of various types of cancer 
cells and also induces apoptosis. For a few examples (of many) see references 
(Schutte et al.  1997 ; Wandl and Wesierska-Gadek  2009 ; Wesierska-Gadek et al. 
 2004,   2007a  ) . 

 However, soon after the discovery of olomoucine, new more potent derivatives 
were synthesized, one of the most prominent being roscovitine (2-(R)-(1-ethyl-2-
hydroxyethylamino)-6-benzylamino-9-isopropylpurine, CYC202, Seliciclib). 
This was the  fi rst 2,6,8-trisubstituted purine to enter clinical trials (Meijer and 
Raymond  2003  ) , following pre-clinical trials initiated by Sir David Lane, founder 
of Cyclacel Ltd. 

 Roscovitine proved to have good oral bioavailability, which is a pre-requisite for 
potential clinical applications, thus offering the possibility for oral treatment over 
extended periods of time at active plasma levels. In studies with a panel of 19 differ-
ent human cancer cell lines it showed an average cytotoxic IC 

50
  of 15.3  m M. 

Moreover, roscovitine primarily affects rapidly diving cells rather than non-prolif-
erating cells, thus offering selectivity for cancer cells over normal healthy cells 
(McClue et al.  2002  ) . 
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 In recent years strenuous efforts have been made to elucidate the precise mechanisms 
whereby roscovitine modulates biological functions, which include: accumulation of 
cells in G 

1
 , S or G 

2
  phase of the cell cycle, induction of apoptosis, inhibition of tran-

scription, inhibition of rRNA processing and disruption of nuclei (McClue et al.  2002 ; 
Alessi et al.  1998 ; Ljungman and Paulsen  2001 ; Lu et al.  2001 ; Sirri et al.  2002 ; David-
Pfeuty et al.  2001 ; Whittaker et al.  2004  ) . Apart from inhibiting the cell cycle regulatory 
CDKs, CDK2 and CDK1, roscovitine also inhibits CDK5 and the transcription regu-
lating CDKs, CDK7 and CDK9 (Havlicek et al.  1997  ) . Thus, roscovitine can repress 
the transcription of important anti-apoptotic proteins, leading to apoptosis. For 
instance, multiple myeloma cells that depend on the anti-apoptotic protein Mcl-1 are 
extremely sensitive to treatment with roscovitine (MacCallum et al.  2005  ) . MacCullum 
et al. also showed that roscovitine inhibits RNA Polymerase II via inhibition of CDK7, 
leading to blockage of transcription and hence down-regulation of Mcl-1. In addition, 
roscovitine not only promotes accumulation of G 

2
  phase cells in MCF-7 breast cancer 

cells, which are normally quite resistant to conventional chemotherapy (Janicke et al. 
 1998  ) , but concomitantly induces apoptosis in these cells (Maurer et al.  2009 ; 
Wesierska-Gadek et al.  2003,   2004,   2005,   2007b ; Wojciechowski et al.  2003  ) . 

 The potential applications of roscovitine are not limited to cancer therapy, but 
include the treatment of various other human diseases, including: viral infections 
(Guendel et al.  2010 ; Rowe et al.  2010  ) , neurodegeneration (Camins et al.  2006 ; 
Lopes et al.  2007  )  and cardiovascular diseases (Yarotskyy et al.  2010  ) . Phase I clinical 
studies with roscovitine have already been completed (McClue et al.  2002 ; Benson 
et al.  2007 ; de la Motte and Gianella-Borradori  2004 ; Fischer and Gianella-Borradori 
 2003 ; Le Tourneau et al.  2010  ) . Currently, roscovitine is in phase II clinical studies 
in combination with gemicitabine/cisplatin, for non-small cell lung cancer and as a 
single agent for hematological malignancies, including multiple myeloma (Fischer 
and Gianella-Borradori  2003,   2005 ; Meijer and Raymond  2003  ) . 

 To conclude, roscovitine is a pan-speci fi c and very potent inhibitor of CDKs 1, 
2, 5, 7 and 9 that can be considered for the treatment of diverse human diseases. 
However, this is not the end of the story; since the discovery of roscovitine the 
search for still more speci fi c, more potent and less cytotoxic CDK inhibitors has 
continued, and a number of roscovitine derivatives have been synthesized (Popowycz 
et al.  2009 ; Bettayeb et al.  2008a,   b ; Sroka et al.  2010  ) .  

    14.10   Future Perspectives 

 Since the discovery of the  fi rst, quite unspeci fi c, natural CDK inhibitor a large num-
ber of new natural compounds and derivatives targeting CDKs have been discovered 
and developed. There have been considerable efforts to elucidate the mechanisms 
whereby pharmacological CDK inhibitors exert their numerous cellular activities. 
However, we still need to increase our understanding of the cell cycle to develop 
even more potent and speci fi c CDK inhibitors, and to distinguish between inhibition 
of cell cycle regulatory and transcription regulatory CDKs. If there is an advantage 
of inhibiting one or the other or both depends on the nature of the disease. 
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 Furthermore, we have to assess the full capability of the CDK inhibitors in 
combination with other natural compounds or standard chemotherapeutics as they 
also act as chemosensitizers or might synergistically potentiate their bene fi cial effects. 

 Last, but not least, we have to further investigate and screen the existing pool of 
natural sources for potent new CDK inhibitors.      
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  Abstract   It is widely recognized that metabolites derived from plants behave as 
preemptive nutrients that provide cytoprotection or modify disease risk through 
processes regulating gene expression at the levels of transcription, DNA methyla-
tion as well as formation or bioactivation of proteins. In contrast, lipid-related 
terpenes, commonly referred to as isoprenoids, are bioactive secondary products of 
plant mevalonate metabolism that modulate mammalian cell growth, survival, 
differentiation and autophagic cell death through their effects on gene expression at 
the level of mRNA translation via the mammalian target of rapamycin (mTOR) 
pathway. Early  fi ndings from our laboratory established that isoprenoids such as 
perillyl alcohol suppressed 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) 
reductase, the rate-limiting enzyme of mevalonate/cholesterol biosynthesis, through 
a mechanism regulating mRNA translational ef fi ciency. Additionally, our studies 
found that perillyl alcohol suppressed 4E-BP1 phosphorylation in tumor cells via 
the mTOR pathway, and disrupted the m 7 GpppX mRNA cap binding complex, 
eIF4F, by suppressing interaction of eukaryotic initiation factor 4E (eIF4E) with 
eIF4G. Furthermore, isoprenoids exhibit certain rapamycin-like inhibitory effects 
on the rapamycin-sensitive mTORC1 complex, but also have distinct effects on the 
rapamycin-insensitive TSC1/2-mediated regulation of mTOR signaling. Overall, 
these effects on mTOR signaling suppress cap-dependent protein translation and 
set-up conditions for cap-independent translation that in part mediate isoprenoid-
induced tumor cell death through a caspase-independent mechanism similar to 
autophagy. Additionally, other studies have reported that polyphenols,  fl avonoids 
and triterpenes induced cell death through a similar mechanism.      
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    15.1   The Role of Isoprenoids as Dietary/Nutritional Factors 
in Cancer Prevention and Treatment 

 Epidemiological  fi ndings have shown a lower risk for a number of cancers among 
populations that consume large amounts of plant foods (Gullett et al.  2010  )  A large 
body of evidence indicates that anutrients (non-nutrient phytochemicals) such as 
anti-oxidants, dithiothriones, phenols, indoles,  fl avonoids, protease inhibitors and 
allium compounds can either block or suppress carcinogenic processes (Guilford 
and Pezzuto  2008 ; Khan et al.  2008 ; Gullett et al.  2010 ; Mehta et al.  2010  ) . Lipid-
related terpenes (commonly called isoprenoids) found in fruits and vegetables 
represent secondary products of plant mevalonate metabolism. The ~25,000 plant 
isoprenoids differ in size, complexity and function and have been widely recognized 
for their cancer preventive and treatment capability. Some are “pure” isoprenoids of 
varying structures but consisting only of multiples of the  fi ve-carbon isoprene unit  
(see Fig.  15.1  for examples and structures)   . “Mixed” isoprenoids comprise the iso fl avones 

β-Iononeββ-Ionone

OH

GeraniolGeraniol

HO

Perillyl alcoholPerillyl alcohol

FarnesolFarnesol

OH
O

H3COCO
O

OH

O
OCOCH3O

O

HO

O

O

HO

N
O

TaxolTaxol

CH3 CH3

CH3 CH3

CH3

H3C

H3C

HO

O

γ-Tocotrienolγ-Tocotrienol

α-Pineneα-Pinene

GeraniolGeraniol
d-Limonened-Limonene

  Fig. 15.1    Representative structures of pure and mixed isoprenoids       
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(genistein), prenylated coumarins,  fl avones,  fl avanols, chalcones, quinones, and 
chromanols, each with only a part of the molecule derived via the mevalonate pathway.  

 Numerous studies have established the anti-tumorigenic properties of pure 
isoprenoids. Limonene, perillyl alcohol,  g -tocotrienol,  b -ionone and farnesol all 
initiate apoptosis and concomitantly arrest tumor cells in the G1 phase of the cell 
cycle (Gould  1997 ; Elson et al.  1999 ; Mo and Elson  1999 ; Yu et al.  1999 ; McIntyre 
et al.  2000 ; Nesaretnam et al.  2000  ) . Tocotrienols are especially effective at inhibiting 
growth of both murine and human breast cancer cells in culture (Aggarwal et al. 
 2010 ; Hsieh et al.  2010 ; Park et al.  2010  )  as well as human prostate tumor cells 
(Fig.  15.2 ). Numerous groups have demonstrated that pure and mixed isoprenoids 
suppress growth of a vast number of whole animal tumor models including implanted 
leukemic cells, melanomas, pancreatic tumors and hepatomas (Gould  1997 ; Elson 
et al.  1999 ; Rabi and Bishayee  2009 ; Aggarwal et al.  2010  ) . Topical perillyl alcohol 
inhibited the development of squamous cell carcinomas and inhibited UVB-induced 
activator protein-1 activation (Barthelman et al.  1998  )  .  Additionally, topical admin-
istration of perillyl alcohol signi fi cantly reduced 7,12-dimethylbenz(a)antracene-
induced melanoma formation in an in vivo murine mouse model, suggesting 
that perillyl alcohol has chemopreventive properties for melanoma (Lluria-Prevatt 
et al.  2002  ) . In mouse tumor models, the incidence of isoprenoid-related toxic 
side effects is small if any (Mo et al.  1999  ) . Moreover, perillyl alcohol has been 
tested in clinical studies against a number of solid tumors (Hudes et al.  2000 ; Ripple 
et al.  2000  )  .  A Phase 2a study of topically applied perillyl alcohol cream demonstrated 
that perillyl alcohol was effective in reversing actinic damage in patients with 
sun-damaged skin, further supporting the ef fi cacy of perillyl alcohol as a chemopreven-
tive for skin cancer (Stratton et al.  2010  ) . The main toxicities in patients are minimal 

  Fig. 15.2    Isoprenoid-mediated suppression of cell growth. DU145 prostate tumor cells were 
treated with 20  m M  g -tocotrienol for the times indicated. Note the marked suppression of cell 
growth at 24 and 48 h       
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and include primarily gastrointestinal effects (Ripple et al.  1998,   2000 ; Hudes et al. 
 2000  ) . The mechanisms of isoprenoid-mediated suppression of tumor growth are 
unclear. Possible sites of action include inhibition of protein isoprenylation including 
small G proteins such as p21ras, and other member of the ras family that modulate 
signal transduction (Crowell et al.  1991 ; Ren et al.  1997 ; Stayrook et al.  1998  ) . 
Perillyl alcohol induces expression of transforming growth factor beta and the 
mannose 6-phosphate/insulin-like growth factor II receptor (Ariazi et al.  1999  ) , an 
effect associated with attenuated response to growth factors.   

    15.2   Role of Phytochemicals as Bioactive Nutritional Factors 
in Modulating Gene Expression 

 Lipophilic isoprenoids function through a process of nutritional preemption, whereby 
they act as either cytoprotectors or modi fi ers of disease risk by regulating signal 
transduction processes that control gene expression (nutrigenomics). The advent of 
various advanced molecular techniques in genomics and proteomics has permitted 
identi fi cation of speci fi c processes and genes modi fi ed by various plant metabolites. 
An early study by Ariazi et al. (Ariazi and Gould  1996  )  using subtractive display 
identi fi ed 42 monoterpene-induced genes and 58 monoterpene-repressed genes 
in perillyl alcohol-treated rat mammary carcinoma. Overall, this initial study dem-
onstrated that monoterpene-induced/repressed genes act in concert to regulate 
carcinogenesis through differentiation and cell death (Ariazi and Gould  1996  ) . 
A later study by Berchtold et al. (Berchtold et al.  2005  )  determined that perillyl 
alcohol decreased cellular calcium levels, rapidly decreased NF- k B DNA-binding 
activity and concomitantly repressed expression of NF- k B target genes in B lymphoma 
cells. These results indicated that perillyl alcohol suppresses the ability of NF- k B to 
modulate gene expression in lymphoma cells and affects cell survival (Berchtold 
et al.  2005  ) . More recently, a proteomic study on perillyl alcohol-treated glioblastoma 
cells has provided a compelling look into effects of this terpene on a tumorigenic 
proteome (Fischer Jde et al.  2010 ).    Cells were exposed for periods of time ranging 
from 1 min to 24 h after which a semi-quantitative proteomic analysis was employed. 
More than 4,000 proteins were identi fi ed and linked to Ras signaling, tissue homeo-
stasis, induction of apoptosis, metallopeptidase activity, and ubiquitin-protein ligase 
activity (Fischer Jde et al.  2010  ) . 

 Terpenes such as perillyl alcohol have profound cytostatic and cytotoxic effects 
on tumor cells and multiple reports indicate that perillyl alcohol also induces 
apoptosis in a variety of cell lines that include lung (Xu et al.  2004 ; Yeruva et al. 
 2007  ) , leukocyte (Clark  2006  ) , prostate (Chung et al.  2006  )  ,  and breast (Yuri et al. 
 2004  ) . However, as discussed below, we have observed that perillyl alcohol induces 
a caspase-independent cell death in human prostate tumor cells that closely resembles 
autophagy. Cytostatic effects from perillyl alcohol are linked in part to cell cycle 
arrest mediated via either p21Cip1 and p27Kip1 as reported by Wiseman et al. in 
pancreatic adenocarcinoma cells (Wiseman et al.  2007  ) . Similarly, studies from our 
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laboratory on human prostate tumor PC3 cells show robust induction of p21Cip1 in 
response to perillyl alcohol treatment (Fig.  15.3 ).  

 Epidemiological studies have also suggested that the structurally-related isoprenoid-
related iso fl avones, in particular genistein and daidzein, may provide chemopreventive 
effects against hormone-related cancers (Fournier et al.  1998  ) . An antiproliferative 
effect of genistein has been demonstrated against a wide variety of tumor cells 
including breast cancer (Pagliacci et al.  1994  ) , leukemia and lymphoma (Spinozzi 
et al.  1994  ) , melanoma (Constantinou and Huberman  1995  ) , lung cancer, and head 
and neck squamous carcinoma (Alhasan et al.  2001  ) . Soy extracts rich in genistein 
suppress transplanted and chemically-induced prostate cancer cells in rodents 
(Makela et al.  1995 ; Pollard and Luckert  1997  ) . The molecular effects of genistein 
are multifaceted and include inhibition of tyrosine protein kinases (Adlercreutz 
 1990  ) , topoisomerases I and II (Okura et al.  1988  ) , 5 a -reductase (Hiipakka et al. 
 2002  ) , and protein histidine kinase (Huang et al.  1992  )  as well as suppression of 
angiogenesis, growth factor-stimulated responses, oncogene activity, and prosta-
glandin synthesis. Genistein also induces a G2/M cell cycle arrest, which in turn 
suppresses cell growth (Matsukawa et al.  1993  ) . Other effects include downregu-
lation of cyclin B and upregulation of the growth-inhibitory protein p21WAF1 
(Davis et al.  1998  ) . Treatment of the androgen-responsive prostate tumor cell line, 
LNCaP, with genistein concentrations above 20  m M induces apoptosis, a response 
most likely associated with increased p21WAF1 expression (Shen et al.  2000  ) . 
Overall, reports have shown that genistein can inhibit growth of human prostate 
cancer cells in culture, but generally at supraphysiological concentrations (>50  m mol) 
(Zhou et al.  1999  ) . More recent studies have shown that genistein protects cells 
from oxidative stress by suppressing nuclear factor-kappa B activation and decreasing 
DNA adduct level in healthy volunteers (Davis et al.  2001  ) . A study by Handayani 
et al. (Handayani et al.  2006  )  using DNA microarrays demonstrated that genistein 
and daidzein upregulated 28 genes and downregulated 47 genes. Those signi fi cantly 
reduced included IL-8, matrix metalloproteinase 13, inhibin beta A, follistatin and 
 fi bronectin, which are involved in modulation of cell cycle progression, metastasis 
and angiogenesis. Conversely, the expression of p21Cip1, a cell cycle inhibitor, was 
increased signi fi cantly. Genistein also has a role in modifying obesity via effects on 

  Fig. 15.3    Western blot showing effects of isoprenoids, genistein or LVT on p21 levels in DU145 
prostate tumor cells. Cells were treated with perillyl alcohol ( PA ), lovastatin ( LVT ), the PI3 kinase 
inhibitor LY 94002 ( LY ) or genistein ( GEN ) as described. Treatment with Tocotrienol ( TOCO , 
20  m M) or the MEK1 inhibitor, PD098059 ( PD , 50  m M) was for 16 h. Rapamycin ( RAPA ) was 
used at 10 nM for 4 h . Cell lysis, electrophoresis and immunodetection with a p21 speci fi c anti-
body were conducted as described by Pef fl ey et al.  (  2007  ) .  PrEC  Normal human prostate epithelial 
cells, PHAS (4E-BP) was loaded as a control for antibody speci fi city       
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hepatic gene expression. Mice fed a high fat diet developed abnormal lipid pro fi les 
and accumulated visceral fat compared to low fat diet fed mice. Genistein supplemen-
tation improved lipid pro fi les and attenuated increased visceral fat accumulation 
in those mice. Microarray gene expression analysis showed that 97 genes were 
altered in mice on the high fat diet; genistein normalized 84 of these genes. Thus, 
genistein modi fi ed gene expression patterns that underlie maintenance of the 
obesity phenotype (Kim et al.  2005  ) . 

 An alternative mechanism of cytoprotection provided by nutritional factors has 
been postulated for isothiocyanates found in broccoli, turnips and watercress as well 
as phenolic compounds such as epigallocatechin-3-gallate from green tea, curcumin 
and resveratrol from grapes. These phytochemicals are thought to generate cellular 
stress and activate phase II detoxifying/antioxidant enzymes (Nair et al.  2007  ) . 
Such agents modulate levels of reactive oxygen species (ROS) in cells, which act 
as second messengers in the activation of several signaling pathways leading to 
mitogenesis or apoptosis (Forman et al.  2002 ; Trachootham et al.  2006  ) . The change 
in redox status is sensed by redox-sensitive transcription factors such as nuclear 
factor-E2-related factor 2 (Nrf2), AP-1, and NF-kappa B, which in turn modulate 
gene expression responses via sulfhydryl modi fi cation of speci fi c cysteine residues 
found on proteins involved in signal transduction (Nair et al.  2007  ) .  

    15.3   Impact of Isoprenoids on Mevalonate 
Regulation in Tumor Cells 

 In plants, both pure and mixed isoprenoids function in growth regulation, in host 
defense systems against insects and act as chemoattractants. In mammalian cells, 
many isoprenoid products derived from mevalonate via the cholesterol biosynthetic 
pathway—ubiquinone, dolichol, isopentenyl tRNA, farnesyl and geranylgeranyl for 
protein isoprenylation, and cholesterol—are essential for cell growth, for maintenance 
of cholesterol homeostasis, and for posttranslational modi fi cation and biological 
activity of more than 50 proteins including the Ras family of proteins, nuclear lamins 
A and B, and growth factor receptors (Coleman et al.  1997 ; Mo et al.  1999  ) . A  fi nely 
tuned metabolic feedback mechanism involving transcriptional and post-transcriptional 
input maintains the pool of mevalonate pathway intermediates mentioned above 
that are important for normal cell survival and homeostasis. 

 The major rate-limiting enzyme of the mevalonate/cholesterol pathway in mam-
malian cells is 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. 
HMG-CoA reductase is subject to negative feedback inhibition by both cholesterol 
and oxysterols as well as by isoprenoid or non-sterol mevalonate-derived metabolic 
intermediates (DeBose-Boyd  2008  ) , and is highly regulated at transcriptional 
(Espenshade and Hughes  2007  ) , translational (posttranscriptional) (Buechler and 
Pef fl ey  2004  )  and posttranslational levels (Goldstein and Brown  1990 ; Pef fl ey  1992 ; 
Correll and Edwards  1994 ; Correll et al.  1994 ; Pef fl ey and Gayen  1997,   2003 ; 
Pef fl ey et al.  1998  ) . 
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 The mevalonate pathway provides many small signaling molecules that trigger 
cellular events including proliferation and death (Prendergast et al.  1995 ; Lebowitz 
et al.  1997 ; Lebowitz and Prendergast  1998 ; Ghosh et al.  1999 ; Zerial and McBride 
 2001  ) . Farnesyl-PP and geranylgeranyl-PP intermediates of the cholesterol pathway 
are important lipid post-translational modi fi cations for protein activity (Liao  2002  ) . 
The Ras, Rab, Rac and Rho family of small GTP-binding proteins is an important 
regulator of signaling, vesicle traf fi cking, exocytosis and cytoskeletal organization 
in eukaryotic cells (Martinez and Goud  1998 ; Haluska et al.  2002  ) . Such proteins 
have a farnesylation or geranylgeranylation moiety near or at the carboxyl terminus 
that functions in anchoring or tethering vesicles to an acceptor membrane. Prenylation 
is also important in both protein:protein and protein:lipid interactions (Poon et al. 
 1995  ) . For example, prenylation of RhoB is required for its cell transforming function 
(Huang and Prendergast  2006  ) . Additionally, the Ser/Thr kinase Raf, a key mediator 
in cellular signaling, has a CAAX sequence at its carboxy terminus (Lebowitz et al. 
 1997  ) ; farnesylation may have a role in its association with cholesterol-rich caveolae 
domains in the cell membrane (Hekman et al.  2002  ) . Further, Rubio et al.  (  1997  )  
demonstrated that p21Ras farnesylation was essential for its interaction with phos-
phatidylinositol (PI) 3-kinase gamma .  

 Tumor cell growth and survival are highly reliant on attenuation of sterol-mediated 
reductase gene regulation, a phenomenon referred to as sterol-independent regulation 
of reductase. As a consequence, reductase mRNA levels are elevated in many tumor 
cell lines (Engstrom and Scho fi eld  1987 ; Azrolan and Coleman  1989 ; Hentosh et al. 
 2001  ) , and translational ef fi ciency of these transcripts is increased to ensure adequate 
isoprenoid production in a sterol-rich environment (Fritz et al.  1998  ) .  

    15.4   Isoprenoid-Mediated Effects on HMG-CoA 
Reductase Regulation 

 The Pef fl ey laboratory was the  fi rst to identify that exogenously added dietary 
monoterpenes to cultured cells modulated HMG-CoA reductase gene expression 
by attenuating the translational ef fi ciency of reductase transcripts (Table  15.1 ). 
Speci fi cally, with limonene and perillyl alcohol treatment, reductase synthesis was 
reduced by 70% and 80%, respectively compared to control or lovastatin-treated 
cells, but no such corresponding decrease in reductase mRNA levels was observed. 
The discrepancy between changes in reductase synthesis and mRNA levels is 
referred to as a translational effect on mRNA ef fi ciency mediated by these iso-
prenoids. Additionally, these monoterpenes did not enhance HMG-CoA reductase 
degradation, as was the case with mevalonate treatment (Table  15.1 ). Therefore, these 
plant-derived isoprenoids cannot mimic the effects of endogenously-derived iso-
prenoid intermediates from the cholesterol biosynthetic pathways required to initi-
ate binding of reductase to endoplasmic reticulum membrane Insig-1 and −2 proteins 
and subsequent ubiquination of reductase (Jo and Debose-Boyd  2010  ) . Further, the 
lack of mRNA suppression indicates that limonene and perillyl alcohol do not activate 
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SREBP cleavage proteases required for cleavage and transposition of SREBP into 
the nucleus and subsequent binding to the sterol regulatory element binding protein 
(SREBP) (Sato  2010  ) . An exception to the above  fi ndings was treatment with the 
acyclic monoterpene, geraniol, in which reductase mRNA levels were reduced by 66% 
suggesting that this isoprenoid exhibited transcriptional regulatory properties similar 
to those characteristic of side chain sterols.   

    15.5   Translational Control Mechanisms 

 Regulation of translation occurs at the level of both initiation (Kozak  2001a,   b,   c, 
  2005 ; von der Haar et al.  2004 ; Piccinelli and Samuelsson  2007  ) , and elongation of 
protein synthesis (Fernandez et al.  2005 ; Le Sourd et al.  2006  ) , and all reported 
mechanisms depend on speci fi c sequences and structural features of RNA transcripts, 
especially 5 ¢ -untranslated leader ( 5-UTL ) (Pelletier et al.  1991 ; Gayen and Pef fl ey 
 1995 ; Fritz et al.  1998 ; De Gregorio et al.  2001 ; Fernandez et al.  2001 ; Wilkie et al. 
 2003 ; Buechler and Pef fl ey  2004 ; Origanti and Shantz  2007  )  and 3 ¢  untranslated 
 (3 ¢ -UT)  sequences (Choi and Pef fl ey  1995 ; Izquierdo and Cuezva  2000 ; Cao and 
Richter  2002 ; Espel  2005 ; Kozak  2005 ; Komarova et al.  2006 ; van den Beucken 
et al.  2006 ; Halaby and Yang  2007  ) . In addition, speci fi c protein interactions with 
such RNA sequences have a role in translational control (van der Velden and Thomas 
 1999 ; Kozak  2005 ; Morley et al.  2005 ; Vary et al.  2005 ; Lee and Jeong  2006 ; van 
den Beucken et al.  2006 ; Halaby and Yang  2007  ) . 

 The 5 ¢ -UTL for HMG-CoA reductase is heterogeneous in length, GC-rich, and 
exhibits the potential to form stable secondary structures (Reynolds et al.  1985 ; 
Babendure et al.  2006 ; Kozak  2007  )  (Fig.  15.4 ). Secondary structure associated 
with 5 ¢ UTLs attenuates translation initiation, and ef fi cient translation of these mRNA 
sequences is regulated through cellular levels of the m7GpppX cap binding protein, 
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eukaryotic initiation factor 4E (eIF4E) (Svitkin et al.  2005 ; Van Der Kelen et al.  2009  ) . 
eIF4E is the rate limiting translation initiation factor and is part of the cap-binding 
complex, eIF4F, along with eIF4A and eIF4G (Lawrence et al.  1997 ; Mamane 
et al.  2004  ) .  

 The relationship between cellular eIF4E levels and translational control of HMG-
CoA reductase was demonstrated in a study by Buechler and Pef fl ey in which eIF4E 
over-expression in Chinese Hamster Ovary cells attenuated mevalonate-mediated 
suppression of HMG-CoA reductase synthesis (Buechler and Pef fl ey  2004  ) . 
Speci fi cally, over-expression of eIF4E increased HMG-CoA reductase protein 
levels  fi vefold compared to control cells, with no concomitant elevation in reductase 
mRNA levels. This effect was speci fi c for HMG-CoA reductase because general 
cellular protein synthesis was only increased by 15% in eIF4E over-expressing 
cells. Additionally, rapamycin, an inhibitor of the mammalian target of rapamycin 
(mTOR), suppressed HMG-CoA reductase signi fi cantly in lovastatin-treated cells 
(Buechler and Pef fl ey  2004  ) . These results linked regulation of HMG-CoA reductase 
mRNA translation to the PI3K/Akt/mTOR/4E-BP1 signaling pathway and as discussed 
below, this discovery was crucial in determining the mechanism of action for terpene-
mediated suppression of HMG-CoA reductase synthesis (Sonenberg and Hinnebusch 
 2009 ; Van Der Kelen et al.  2009  ) .  

    15.6   Isoprenoid-Mediated Effects on mTOR Signaling 

 In quiescent cells, most eIF4E is associated with its inhibitor, 4E-BP1 (Abraham 
and Gibbons  2007  ) . In response to mitogenic stimulation, 4E-BP1 becomes heavily 
phosphorylated via the phosphatidylinositol 3-kinase related kinase family of 
kinases (PIKK), mTOR, and releases eIF4E (Averous and Proud  2006  ) . The upstream 
sequence of effector proteins for mTOR includes PTEN, PI3 kinase, PDK1, and 
Akt/PKB (Corradetti and Guan  2006  ) . Release of eIF4E results in a small increase 
for basal protein synthesis, but a markedly greater stimulation of translation from 
speci fi c mRNAs, especially those coding for growth promoting factors such as orni-
thine decarboxylase (Shantz  2004 ; Origanti and Shantz  2007  ) , cyclin D1 (Graff and 
Zimmer  2003 ; Mamane et al.  2004  ) , vascular endothelial growth factor (Goldson 
et al.  2007  ) , ribonucleotide reductase (Abid et al.  1999  )  as well as HMG-CoA 
reductase (Buechler and Pef fl ey  2004  ) . The above mRNAs have as a common feature 
5 ¢ -UTL sequences that are GC-rich with extensive 2° structure (Kozak  2005  ) . 

 Speci fi c translational regulation also occurs via mTOR-mediated phosphory-
lation of p70 ribosomal S6 kinase (p70S6 kinase) (Corradetti and Guan  2006  ) . 
Phosphorylated p70S6 kinase dissociates from eIF3 and phosphorylates ribosomal 
protein S6 as well as eIF4B, which assists the eIF4F complex in translation initiation 
and increases translation of mRNAs with 5 ¢  terminal oligopyrimidine tract sequences 
(5 ¢ TOP) (Holz et al.  2005  ) . Examples of proteins coded by TOP mRNAs include 
components of the translational apparatus – ribosomal proteins, elongation factors 
eEF1A and eEF2, and poly (A)-binding protein (Stolovich et al.  2002  ) . It was previously 
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thought that p70S6 kinase increased translation of mRNAs with 5 ¢ TOP sequences 
(Lawrence and Abraham  1997  ) , but Stolovich et al.  (  2002  )  reported that mTOR 
regulates translation of these mRNAs through a mechanism independent of p70S6 
kinase and S6 ribosomal protein. 

 Mitogenic activation of cell proliferation can also phosphorylate eIF4E, the 
signi fi cance of which is under debate although it has been associated with modulation 
of ornithine decarboxylase mRNA IRES-mediated translation (Shantz  2004 ; Origanti 
and Shantz  2007  ) . eIF4E phosphorylation is mediated in vivo through the protein 
kinase mitogen- and stress-activated kinase, Mnk1 (Waskiewicz et al.  1999  ) . 
Tumorigenic cell lines characteristically express high eIF4E levels (Fig.  15.5 ) 
compared to normal counterparts where it behaves as a proto-oncogene (DeFatta 
et al.  1999,   2000,   2002 ; Berkel et al.  2001 ; Li et al.  2002 ; Defatta and De Benedetti 
 2003 ; Thornton et al.  2003 ; Chen et al.  2004 ; De Benedetti and Graff  2004 ; Byrnes 
et al.  2006 ; Salehi and Mashayekhi  2006 ; Trachootham et al.  2006  ) .  

 mTOR is a protein of ~289 kDA also belongs to the PIKK family (Corradetti and 
Guan  2006  ) ; but when puri fi ed by gel  fi ltration, it exists as a large multi-protein 
complex 1.5–2 MDa (Hekman et al.  2002  ) . The mTOR sequence has domains—HEAT 
repeats, focal adhesion targeting domain, FRB domain, kinase domain and a focal 
adhesion targeting C-terminal domain—that can form complexes with other proteins, 
although the nature and extent of these binding partners remain unclear (Levy et al. 
 1991 ; Chiu et al.  1994 ; Corradetti and Guan  2006  ) . 

 In mammals, there is one TOR protein that exists in two functional complexes–
mTORC1 and mTORC2 (Corradetti and Guan  2006  ) . mTORC1 is inhibited by 
rapamycin, a process that is mediated by binding of a rapamycin-FKBP12 complex 
(Chiu et al.  1994 ; Corradetti and Guan  2006  ) . Conversely, mTORC2 excludes binding 
of the rapamycin-FKBP12 complex and is resistant to rapamycin-mediated inhibition 
(Inoki and Guan  2006  ) . mTORC1 complexes with the proteins mLST8 (or G b L) and 
Raptor ( r egulatory- a ssociated  p rotein of m TOR ); this complex primarily regulates 
translation and cell proliferation in response to mitogenic stimuli (Sarbassov et al.  2005 ; 

  Fig. 15.5    Western blot analysis of eIF4E levels in PC-3, DU145, and normal PrEC cells treated 
with lovastatin ( Lvt , 1  m M for 16 h), perillyl alcohol ( PA OH ; 400  m M for 16 h), genistein ( Gen ; 
40  m M for 4 h), or LY 294002 ( LY  [PI3 kinase inhibitor]; 10  m M for 4 h). Cells were lysed and 
protein extracts quantitated. Aliquots (100  m g) were electrophoresed and transferred to PVDF 
membranes; eIF4E levels were detected with a eIF4E-speci fi c antibody by chemoluminescence 
using a Kodak Image Station       
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Corradetti and Guan  2006  ) . The mTORC2 complex is also associated with mLST8 
but differs from mTORC2 by binding Rictor ( r apamycin- i nsensitive  c ompanion of 
m TOR ) (Sarbassov et al.  2005 ; Inoki and Guan  2006  ) . The function of mTORC2 is 
to control actin cytoskeleton dynamics, cell morphology and cell adhesion (Kim 
et al.  2003 ; Sarbassov et al.  2005  ) . The mTORC1 component Raptor binds to 4E-BP1 
and p70S6 kinase 1 and facilitates their phosphorylation (Sumitani et al.  2002  ) . 
Conversely, Rictor in the rapamycin-insensitive mTORC2 complex functions to 
direct activity away from 4E-BP1 and p70S6 kinase 1 and facilitates activation 
of Akt/PKB (Sarbassov et al.  2004,   2005,   2006  ) . The protein component mLST8 is 
common to both complexes and enhances mTORC1 kinase activity towards 4E-BP1 
and S6 kinase 1 as well as facilitating the role of mTORC2 in actin polymerization 
and cell spreading (Kim et al.  2003 ; Jacinto et al.  2004  ).  

 The Pef fl ey laboratory recently established that perillyl alcohol,  g -tocotrienol 
and genistein differentially impact m 7 GpppX cap-dependent translation in human 
prostate tumor cell lines via effects on the PI3 kinase/Akt/PKB/mTOR cascade 
(Pef fl ey et al.  2007  ) . Speci fi cally, our experiments found that perillyl alcohol and 
genistein suppressed 4E-BP1(Ser65) phosphorylation in prostate tumor cell lines, 
DU145 and PC-3, and in Caco2 adenocarcinoma cells (Fig.  15.6 ). Suppressive 
effects were similar to or greater than that observed with a PI3 kinase inhibitor or 
rapamycin, an mTOR inhibitor (Fig.  15.7 ). Phosphorylation of 4E-BP1(Thr37) 
was also reduced by perillyl alcohol and genistein in DU145 cells (Fig.  15.8 ). 
Our results are signi fi cant because they provide a mechanism of action for terpenes on 
the mTOR-4E-BP1 pathway and cap-dependent translation. Because terpenes reduce 
4E-BP1 phosphorylation leading to eIF4E sequestering on 4E-BP1, cap-dependent 
translation is suppressed. Support for a link between terpenes and HMG-CoA 
reductase translation is further provided by the observation that perillyl alcohol 

  Fig. 15.6    Effects of perillyl alcohol and genistein on 4E-BP phosphorylation. PC-3, DU145 and 
CaCo2 cells were plated in RPMI plus 10% FBS and cells allowed to grow for 24 h. Medium was 
supplemented with lovastatin ( Lvt , 1  m M for 16 h), perillyl alcohol ( PA ; 400  m M for 16 h), genistein 
( Gen ; 40  m M for 4 h), or the PI3 kinase inhibitor LY 294002 ( LY ; 10  m M for 4 h). Cells were lysed 
in RIPA buffer and protein extracts quantitated. Aliquots (100  m g) were electrophoresed and transferred 
to PVDF membranes. Phospho-4E-BP1 (Ser65) was detected using an antibody speci fi c for phospho-
Ser65 (Cell Signaling). Speci fi c proteins were detected by ECL using a Kodak Image Station.  Ctrl  
Untreated control cells. Reprinted with permission from Elsevier (Pef fl ey et al. 2007)        
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blocks initiation of translation on HMG-CoA reductase mRNA when added to 
CHO  fi broblasts. In Fig.  15.9 , polysome-associated reductase mRNA was reduced 
in perillyl alcohol-treated cells while the amount of reductase mRNA in translationally 
inactive messenger ribonucleoprotein particles increased. The results are interpreted 
to mean that perillyl alcohol speci fi cally disrupted formation of the cap-binding 
complex.     

  Fig. 15.7    Western blot comparing the effects of perillyl alcohol ( PA ) and rapamycin ( RAPA ) on 
4E-BP1 (Ser65) phosphorylation in DU145 prostate cells. Perillyl alcohol treatment was done as 
described in Fig.  15.3 . Cells were incubated in rapamycin for 4 h. PVDF membranes were incubated 
with an antibody speci fi c for phospho-4E-BP1 (Ser65). Reprinted with permission from Elsevier 
(Pef fl ey et al. 2007)       

  Fig. 15.8    Western blot comparing the effects of genistein and perillyl alcohol on 4E-BP1 (Thr37) 
in human prostate tumor cells. DU145 cells were treated with either perillyl alcohol, genistein, or 
lovastatin as described in Fig.  15.3 . Cells were also treated with the PI3 kinase inhibitor LY294002 
or the MEK1 inhibitor PD098059. Cell lysates were prepared and equal amounts of protein were 
electrophoresed and transferred to PVDF membranes. Membranes were incubated with a phospho-
4E-BP1 (Thr37) speci fi c antibody. Reprinted with permission from Elsevier (Pef fl ey et al. 2007)       
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 Additional studies likewise reported effects of phytochemicals on signaling 
pathways that mediate regulation of protein synthesis. Beevers et al.  (  2006  )  found 
that curcumin blocked mTOR-mediated signaling in tumor cells and inhibited both 
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  Fig. 15.9    Autoradiogram of polysome-associated HMG-CoA reductase ( Red ) and RP S-17 
mRNA in CHO and the CHO cell line overexpressing eIF4E, or rb4E cells. Cells were incubated 
with or without perillyl alcohol as described in Fig.  15.3 . Postmitochondrial supernatants were 
prepared and fractionated on linear 15–45% sucrose gradients. RNA (4  m g) from each of 12 gradient 
fractions was electrophoresed on a 7 M urea polyacrylamide gel, and HMG-CoA reductase and RP 
S-17 mRNA measured by RNase protection. Fractions 1–5 represent initiation and preinitiation 
complexes, and translationally inactive messenger ribonucleotide particles (mRNPs). Fractions 
6–12 are polysome associate messenger RNAs that are translationally active       
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phosphorylation of p70 S6 kinase I and 4E-BP1. Another study has reported that 
phenethyl isothiocyanate–a component of cruciferous vegetables–inhibited cap-
dependent translation by regulating levels and phosphorylation of 4E-BP1 (Hu et al. 
 2007  ) . A more recent study found that curcumin-mediated inhibition of mTORC1 
signaling occurred independently of protein phosphatase 2A or AMP-activating 
protein kinase AMPK-tuberous sclerosis complex (Beevers et al.  2009  ).  

 Furthermore, curcumin dissociated raptor from mTOR, resulting in inhibition of 
mTORC1 activity (Beevers et al.  2009  ) . Overall, these results as well as our  fi ndings 
for perillyl alcohol support the role of phytochemicals in mediating the mTOR 
pathway and downstream translation of proteins.  

    15.7   Relationship of Terpenes to Cap-Independent Translation 
Through Internal Ribosomal Entry Sites 

 As discussed above, lipid-related terpenes such as isoprenoids,  fl avonoids and others 
exert their anti-proliferative effects in part by targeting cap-dependent protein 
translation. An expected effect would be changes in protein expression and protein 
posttranslational modi fi cations that would ultimately change key signal transduction 
pathways that mediate cell survival and cell stasis or death. 

 Elevated translational control of protein synthesis is mediated through increased 
eIF4E levels associated with cell proliferation, suppression of apoptosis and tumori-
genicity    (Gingras et al.  2001a, b    ) . Conversely, inhibition of eIF4E-mediated 
translational control via suppression of 4E-BP1 phosphorylation in transformed 
cells suppresses cell cycle progression, increases the pro-apoptotic potential, and 
decreases tumorigenicity (Gingras et al.  2001a, b    ) . Cellular treatments that suppress 
tumor cell growth and induce apoptosis suppress eIF4E-mediated cap-dependent 
protein synthesis through mechanisms that in part involve cleavage of translation 
initiation factors (Clemens and Bommer  1999 ; Herbert et al.  2000 ; Marissen et al. 
 2000 ; Polunovsky et al.  2000 ; Subkhankulova et al.  2001 ; Wittke et al.  2001 ; Jeffrey 
et al.  2002  ) . However, translation of certain mRNAs is not suppressed under eIF4F 
rate-limiting conditions. These mRNAs contain an  i nternal  r ibosomal  e ntry  s equence 
(IRES) element in their respective 5 ¢ -UTLs (Nevins et al.  2003  ) . Translation of such 
mRNAs is associated with cell cycle progression, apoptosis, amino acid availability 
and endoplasmic stress (Pyronnet et al.  2000 ; Gingras et al.  2001a, b   ; Nevins et al. 
 2003 ; Sonenberg and Dever  2003  ) . Examples of such proteins include XIAP (Holcik 
et al.  2003  ) , IGF-IR (Giraud et al.  2001  ) , FGF2 (Kevil et al.  1995 ; Humar et al. 
 2002  ) , PDGF (Bernstein et al.  1997  ) , IFGII (Teerink et al.  1995 ; van der Velden and 
Thomas  1999  ) , c-Myc (Schmidt  1999 ; Tan Tan et al.  2000 ; Subkhankulova et al. 
 2001  ) , c-JUN (Sehgal et al.  2000  ) , and DAP5 (Henis-Korenblit et al.  2000 ; Nevins 
et al.  2003  ) . mRNAs for these proteins contain long, GC-rich 5 ¢ -UTLs with secondary 
structure. Under normal cellular conditions, their translation occurs via a scanning 
mechanism that involves eIF4F binding (cap-dependent). However, under conditions 
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of cellular stress where eIF4F levels are depleted, translation is initiated through a 
mechanism independent of the cap structure. It is generally considered that transla-
tion via IRES elements in the 5 ¢ -UTL of these mRNAs has a critical role in determin-
ing cell fate (Nevins et al.  2003  ) . More importantly, up-regulation of IRES-mediated 
translation of pro-survival proteins such as XIAP results in resistance to cell death 
when tumor cells are treated with chemotherapeutic agents (Holcik et al.  2003  ) . 

 In addition, cellular stress-related responses result in the caspase-mediated cleavage 
of eIF4G family members (eIF4G, eIF4GII, and p97/DAP5) (Henis-Korenblit et al. 
 2000 ; Nevins et al.  2003  ) . The middle fragment of eIF4G (M-FAG/p76) can bind 
eIF3 and eIF4A and thus support translation initiation via IRES elements (De 
Gregorio et al.  2001  ) . The p86/DAP5 fragment has been shown to increase IRES-
mediated translation of pro-apoptotic Apaf-1 and DAP5 but not other IRES elements. 
Therefore, physiological stress can differentially regulate IRES elements of various 
proteins and modify protein expression (“protein quality”) to either support cell 
survival or promote cell death. It is believed that transient stress of tumor cells 
favors translation of pro-survival proteins such as XIAP (X-chromosome-linked 
inhibitor of apoptosis) (Perkins et al.  2000 ; Holcik et al.  2003  ) . Conversely, severe 
apoptotic conditions support translation of pro-death proteins such as DAP5 or 
Apaf-1 (Henis-Korenblit et al.  2000 ; Nevins et al.  2003  ) . 

 Findings from the Pef fl ey lab (unpublished results) support the role of both ter-
penes and genistein in mediating a switch from cap-dependent to cap-independent 
translation. The most compelling evidence supporting this function was the  fi nding 
that isoprenoids and genistein mediate cleavage of Death-associated protein 5 
(DAP5/p97/NAT1) to DAP5/p86. DAP5—also known as p97 or NAT1—is a 97-kDa 
protein that has homology to eIF4G1 (Henis-Korenblit et al.  2000,   2002 ; Nevins 
et al.  2003  ) . Unlike eIF4G1, DAP5 lacks an eIF4E-binding site and is unable to sup-
port cap-dependent translation (Henis-Korenblit et al.  2000,   2002 ; Nevins et al. 
 2003  ) . However, like eIF4G, DAP5 interacts with both eIF4A and eIF3 and supports 
cap-independent translation through its own IRES (Henis-Korenblit et al.  2000, 
  2002 ; Nevins et al.  2003  ) . During programmed cell death, DAP5 is cleaved by cas-
pases to yield DAP5/p86 (Henis-Korenblit et al.  2002  ) . The p86 fragment of DAP5 
is capable of supporting translation through the death IRESs of DAP5, c-Myc, and 
Apaf-1 (Henis-Korenblit et al.  2000,   2002 ; Nevins et al.  2003  ) . Consequently, DAP5 
cleavage is an important regulatory step in programmed cell death that facilitates 
death IRES-mediated translation. As shown in Fig.  15.10 , in DU145 and Caco2 
cells, perillyl alcohol, genistein and tocotrienol enhanced cleavage of DAP5 to its 
p86 form. These results indicate that isoprenoids and genistein induce cleavage of 
DAP5/p97 to p86, which promotes cap-independent translation of death-associated 
proteins. We also noted a persistence of the DAP5/p86 fragment in control (untreated) 
cells. Although the presence of DAP5/p86 would suggest a pro-death condition, the 
effects of this translation factor in control cells could be negated by the relatively 
high levels of pro-survival proteins XIAP and Bcl-X 

L
  measured in DU145 and PC3 

cells (Li et al.  2001 ; Yang et al.  2003  ).    
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    15.8   Isoprenoid-Induced Cell Death via a Caspase-
Independent Mechanism Resembling Autophagy 

 Lipid-related terpenes affect gene expression at the level of mRNA translational 
ef fi ciency and modulate several key protein factors involved in cell stasis and 
autophagic (non caspase-mediated) cell death (Pef fl ey and Gayen  2003 ; Buechler 
and Pef fl ey  2004 ; Pef fl ey et al.  2007  ) . mTOR is a key regulator of autophagy and 
growth and coordinately controls the balance between growth and autophagy as 
mediated through cellular stress (Jung et al.  2010  ) . Suppression of mTOR either 
through rapamycin treatment or nutrient starvation is a critical step in autophagy 
induction in mammalian cells (Codogno and Meijer  2005 ; Jung et al.  2010  ) . 
Availability of either cellular amino acids or glucose regulates mTOR activity(Jung 
et al.  2010  ) . Loss of amino acid transport function inhibits cell growth and initiates 
autophagy in response to leucine deprivation and mTOR suppression (Nicklin et al. 
 2009  ) . Glucose is also an important signaling molecule in mediating cell homeostasis 
because it regulates the cellular energy state and subsequently mTORC1 (Corradetti 
et al.  2004 ; Shaw et al.  2004  ) . Glucose deprivation decreases the ratio of ATP and 
AMP and consequently activates AMPK (Corradetti et al.  2004 ; Shaw et al.  2004  ) . 
This results in phosphorylation and activation of TSC2, which is a negative regulator 
of mTORC1(Jung et al.  2010  ) . The suppression of mTORC1 and activation of AMPK 
results in activation of autophagy (Meigs and Simoni  1997 ; Meley et al.  2006 ; Jung 
et al.  2010  ) . 

  Fig. 15.10    Western blots demonstrating effects of isoprenoids and genistein on cleavage of DAP5/
p97 to DAP5/p86 .  DU145 cells were treated as described in Fig.  15.3 . Cell lysis, electrophoresis, 
and transfer to membranes were done as described in Fig.  15.3 . Membranes were incubated with a 
DAP5 antibody that recognizes both the p97 and p86 forms       
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 Nutrient-mediated signaling upstream of mTORC1 is also regulated through 
human ortholog of yeast vacuolar protein sorting 34 (hVps34) or phosphoinositide 
3-kinase class III (PI3KIII), a lipid kinase conserved in eukaryotes (Petiot et al. 
 2000 ; Galluzzi et al.  2008  ) . PI3KIII catalyzes the phosphorylation of phosphati-
dylinositol (PtdIns) into phosphatidylinositol-3-phosphate (PtdIns(3)P), a molecular 
signal that promotes formation of phagophores by facilitating recruitment of autophagy 
(Atg) proteins (Nobukuni et al.  2007 ; Yan and Backer  2007  ) . In contrast, class I PI3K 
acts an inhibitor of autophagy, an effect presumably mediated by phosphoinositides 
which activate mTOR by its upstream regulator     Akt1/PKB (Yorimitsu and Klionsky 
 2005  ) . Phagophore formation and induction of autophagy under these conditions 
also involves association of Atg proteins with the multiprotein complex that includes 
Beclin 1 (Bcn-1–the mammalian ortholog of Atg6), UV irradiation resistance-asso-
ciated tumor suppressor gene (UVRAG) and the myristylated kinase p150 (ortholog 
of Vps15) (Galluzzi et al.  2008  ) . 

 Compelling evidence that supports the role of isoprenoids and genistein in medi-
ating autophagic cell death is that neither of these phytonutrients initiates cleavage 
of caspase 3 or 7 in prostate tumor cells (Fig.  15.11 ). We estimated caspase 3 and 7 
cleavage by western blot analyses using antibodies that recognize procaspase 3 and 
7 as well as cleaved caspase. Procaspase 3 was readily detectible in both prostate 
cell lines but no apparent cleavage was detected in treated and untreated cells 
(caspase 7 data not shown).    Detection of cleaved caspases may be confounded by 
the relatively high XIAP levels (Yang et al.  2003  )  in prostate tumor cells. Not only 
does XIAP interact with and block caspase 3 activity but it also enhances degradation 
of cleaved caspase via the proteosome complex (Suzuki et al.  2001  ) . However, the 

  Fig. 15.11    Western blots illustrating the effects of isoprenoids and genistein on caspase 3 cleav-
age (activation) in human prostate tumor cells. Cells were treated with perillyl alcohol ( PA ), 
 g -tocotrienol (  g -TOCO ), LY294002 ( LY ) or rapamycin ( RAPA ) as described in Fig.  15.3 . Antibodies 
used recognize both procaspase (inactive) and cleaved (active) fragments       
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absence of proteins corresponding to cleaved and activated caspases does not preclude 
low level caspase-mediated eIF4G cleavage. It is also important to point out that 
activation of other non-caspase proteases such as calpains, cathepsin B, D and L, and 
granzymes A and B also cooperate with caspases in programmed cell death (Kitanaka 
and Kuchino  1999 ; Blagosklonny  2000  ) . Consequently, eIF4G cleavage may be due 
to these proteases as well. Overall, these results suggest that isoprenoid and genistein-
mediated programmed cell death in human prostate tumor cells is caspase-independent. 
This is also in agreement with other studies that now recognize that programmed 
cell death can occur in the absence of caspase activity (Blagosklonny  2000  ) . This type 
of cell death is referred to as programmed cell death II or autophagic cell death 
(Lefranc et al.  2007  ) .  

 Nutrient-mediated induction of autophagy has been reported in several other cell 
systems, and in all cases it is associated with mTOR suppression. In malignant 
glioma cells, curcumin induced G2/M arrest, inhibited the Akt/mTOR/p70S6k 
pathway and activated the ERK1/2 pathway, and induced autophagic cell death 
(Aoki et al.  2007  ) . Phenethyl isothiocyanate is a cancer chemopreventive that was 
shown to induce Atg5-dependent autophagic cell death in human prostate cancer 
cells (Bommareddy et al.  2009  )  . This effect was due in part to suppressed activating 
phosphorylations of Akt and mTOR. However, ectopic expression of active Akt or 
overexpression of the mTOR-positive regulator Rheb only partially reversed 
phenethyl isothiocyanate-induced autophagy indicating that other pathways were 
involved (Bommareddy et al.  2009  ) . A related isothiocyanate from cruciferous 
vegetables, sulforaphane, induced autophagy in human prostate tumor cells (Herman-
Antosiewicz et al.  2006  ) . Sulforaphane-induced autophagy was unique because 
it inhibited the cytosolic release of cytochrome c and apoptotic cell death in prostate 
cancer cells. These results suggest that autophagy may be a defense mechanism 
against isothiocyantate-induced apoptotic cell death (Herman-Antosiewicz et al. 
 2006  ) . The plant phytoalexin resveratrol was shown to trigger autophagy in imatinib-
sensitive and imatinib-resistant chronic myelogenous leukemia cells, an effect associated 
with inhibition of the mTOR pathway (Puissant et al.  2010  ) . Likewise, prostate tumor 
cells exposed to the dietary  fl avonoid,  fi setin, underwent autophagic cell death, a process 
linked to suppression of the mTOR pathway (Suh et al.  2010  ) . Overall, these studies 
support the hypothesis that autophagy is a principle mechanism through which 
nutrients act as cancer chemopreventives.  

    15.9   Conclusion 

 Nutritional patterns are intimately associated with major disease development 
and mortality arising from those diseases including cancer, obesity, diabetes, and 
cardiovascular disorders (Walker and Blackburn  2004  ) . The  fi elds of nutrigenomics 
(understanding how genes and bioactive food components interact) and nutriproteom-
ics (understanding how food components affect protein synthesis and protein:protein 
interactions) have resulted to unravel the complexities of responses to dietary factors 
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at a molecular level. This overview has provided insight into novel molecular targets 
for nutritional preemption, i.e., for optimizing health, reducing one’s risk for disease 
and/or limiting disease progression. Studies from the Pef fl ey group have de fi ned 
how simple lipophilic compounds like perillyl alcohol regulate gene expression 
through modulation of a key nutrient sensing pathway, mTOR. Speci fi cally this 
group has de fi ned the unique effects of dietary isoprenoids on translational processes 
that are aberrantly up-regulated in tumor cells (Graff et al.  2008 ; Sonenberg  2008  ) . 
The mTOR pathway is important not only in cell proliferation but also in physiologic 
and pathologic tissue hypertrophy (Lee et al.  2007  )  of both skeletal and cardiac 
muscle, vascular restenosis and compensatory nephritic hypertrophy. The health 
relatedness of the mTOR signaling pathway is supported by its demonstrated role 
in the etiology of cancer, Huntington’s and cardiovascular disease, as well as metabolic 
syndromes such as diabetes and obesity (Lee et al.  2007  ) . Clearly, other studies 
on nutritional preemption of cancer and other diseases will uncover more details 
linking the mTOR pathway to autophagic cell death.      
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 MicroRNAs (miRNAs) are    evolutionarily conserved short (19–22 nucleotides) 
noncoding RNA sequences that bind to target mRNAs, leading to their degradation 
or inhibition of translation. They have received a lot of attention in recent years as 
 fi ne regulators of gene expression thus in fl uencing many biological processes 
including the development and progression of cancers. Many miRNAs with a role 
in cancer including invasion and metastasis as well as those having tumor suppressor 
activities have been characterized. Expression pro fi ling of miRNAs classi fi es cancers 
and even serves to predict prognosis. Aberrations in miRNA expression affect that 
of their target proteins eventually altering the chemosensitivity of tumor cells. 
Targeting miRNAs for cancer therapy is thus an emerging  fi eld for treatment optimiza-
tion aiming to inhibit proliferation of cancer cells and/or to increase their sensitivity 
to conventional chemotherapy by inducing apoptosis. Natural compounds and dietary 
constituents such as curcumin, epigallocatechin-3-gallate, ellagitannin, folates, 
retinoids and some iso fl avones are known to have antiproliferative and/or apoptotic 
effects in cancer cells and have been shown to modulate the miRNA expression 
pro fi les. However, detailed mechanisms as to how curcumin or other natural compounds 
regulate miRNAs are not known. The natural compounds are relatively non-toxic 
and their combination with conventional chemotherapy could be a novel and safer 
approach to eliminate the resistant cancer stem cells or those undergoing epithelial 
to mesenchymal transition (EMT) and realize the ultimate goal of improving the 
drug sensitivity (Kawasaki et al.  2008 ; Kakarala et al.  2010 ; Tang et al.  2010a  ) . Deep 
understanding on the mechanisms of miRNA regulation by natural compounds would 
offer promising hopes to overcome anticancer drug resistance. 
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    16.1   MicroRNAs 

 In recent years, there has been a great deal of interest in studying the role of microRNAs 
(miRNAs) as tiny regulators of gene expression that in fl uence various cellular 
processes including development, proliferation, differentiation, apoptosis and survival. 
miRNAs are 19–22 nucleotide-long evolutionarily conserved RNA molecules which 
act by binding to complementary sequences on the 3 ¢ -untranslated regions (3 ¢ -UTRs) 
of target mRNAs leading to their degradation or translational inhibition (Bartel 
 2009  ) . Approximately 3% of human genes encode for miRNAs, and up to one-third 
of human protein-coding genes may be regulated by miRNAs (Lewis et al.  2005  ) . 
The miRNA genes are present in the intergenic regions or are hosted within the 
introns and exons of other protein coding genes. The intragenic miRNAs are usually 
transcribed along with the host genes whereas the intergenic miRNA genes have 
their own promoters and regulatory elements (Lagos-Quintana et al.  2001 ; Rodriguez 
et al.  2004 ; Kim and Kim  2007  ) . The expression of miRNAs may also be affected 
by epigenetic changes, such as DNA methylation, histone acetylation and chromatin 
remodeling (Saito and Jones  2006  ) . miRNA genes are transcribed by RNA polymerase 
II and sometimes by RNA polymerase III to give pri-miRNAs which can be 200 
bases to several kilobases in length with 5 ¢  7-methylguanosine cap and 3 ¢  poly(A) 
tail. This pri-miRNA may have multiple stem loops when it is transcribed from a 
miRNA cluster (Lee et al.  2004 ; Altuvia et al.  2005 ; Cai et al.  2004 ; Faller and Guo 
 2008  ) . The pri-miRNA is then cleaved by the nuclear RNase III (Drosha) – DGCR8 
complexes at regions  fl anking the stem-loop structure to form ~70 nucleotides long 
precursor called ‘pre-miRNA’ having a hairpin structure with a monophosphate at 
the 5 ¢  end and a 2-nucleotide overhang at the 3 ¢  end (Gregory et al.  2006  ) . The miRNAs 
transcribed from introns may bypass the Drosha machinery and the pre-miRNAs 
are formed after splicing (Berezikov et al.  2007  ) . This precursor is exported out into 
the cytoplasm by the exportin-Ran GTP complex where it is processed by Dicer 
(endonuclease III) forming ~21 bp miRNA duplex. The miRNA strand which has an 
energetically less stable 5 ¢  end is considered to be the ‘guide strand’ which is loaded 
onto the RISC (RNA-induced-silencing complex) for processing while the other 
strand is considered as inactive or carrier strand called miRNA* (miRNA star) or 
passenger strand that is usually degraded (Murchison and Hannon  2004 ; Lund and 
Dahlberg  2006 ; Ji  2008 ; Pratt and MacRae  2009  ) . The main components of the 
RISC complex are the argonaute proteins having two conserved RNA binding 
domains: the PAZ and PIWI domains which bind to the 3 ¢ - and 5 ¢ -end of the guide 
strand, respectively, and orient the miRNA to bind to the complementary sites on 
the mRNA. The double stranded RNA is then cleaved by the argonaute proteins or 
accessory proteins are recruited to the RISC complex to enable translational repression 
(Pratt and MacRae  2009  ) . However, recently, some miRNA* sequences have been 
shown to function as mature miRNAs and their expression varies dramatically during 
developmental stages (Okamura et al.  2008 ; Ro et al.  2007  ) . In animals, miRNAs 
are partially complementary to their mRNA targets at the seed sequence, a heptameric 
sequence beginning at the  fi rst or second position from the 5 ¢  end of the miRNA 
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(Ambros  2004 ; Doench and Sharp  2004  ) . This partial complementarity prevents 
translation of the mRNA but in some cases, can also cause acceleration of deadeny-
lation and mRNA degradation (Eulalio et al.  2009  ) . Some miRNAs have binding 
sites in the 5 ¢ -UTRs or the coding or promoter regions (causing histone modi fi cation 
and/or DNA methylation) ultimately affecting the expression of the target genes 
(Hawkins and Morris  2008  ) . Each miRNA has multiple targets and each mRNA 
is targeted by multiple miRNAs and various bioinformatics programs score the 
predictions based primarily on the extent of sequence complementarity between the 
target mRNA and miRNA and the stability of the hybrid. Other considerations include 
conservation of target sites across species, correlation of available expression 
pro fi les, proximity to stop codon and AU rich regions on the 3 ¢ -UTRs and the proximity 
to sites targeted by co-regulated miRNAs (Stark et al.  2003 ; Robins et al.  2005 ; Krek 
et al.  2005 ; Lewis et al.  2005 ; Long et al.  2007 ; Grimson et al.  2007  ) . Many recent 
reviews on miRNA biogenesis, mode of action and their therapeutic potential in 
cancer are available (Fabian et al.  2010 ; Sotiropoulou et al.  2009 ; Esquela-Kerscher 
and Slack  2006 ; Voorhoeve  2010 ; Cho  2010  )  and further discussion here is focused 
on the involvement of miRNAs in apoptosis and cancer.  

    16.2   Role of MicroRNAs in Cancer and Apoptosis 

 Aberrant miRNA expression in cancer can be the result of several different mechanisms, 
including chromosomal abnormalities, genomic mutations and polymorphism, 
epigenetic changes, and alterations in miRNA biogenesis. Many miRNA genes in 
humans are located at fragile sites or chromosomal break points, regions of loss of 
heterozygosity or viral integration sites which are associated with cancer. Cancer 
cells from every type of tumor analyzed have signi fi cantly different miRNA expression 
pro fi les as compared to normal cells from the same tissue underlining the biological 
signi fi cance of miRNA function in cancer progression. Tumor samples of epithelial 
origin differed in miRNA expression pro fi les from those of hematopoietic origin 
(Lu et al.  2005 ; Yanaihara et al.  2006 ; Volinia et al.  2006  ) . Microarray technologies 
for analysis of miRNAs enabled rapid identi fi cation of miRNAs that are up or down-
regulated in various cancers. Cancer subtypes can be identi fi ed by using such 
expression pro fi ling of miRNAs more accurately than using the expression pro fi les 
of protein-coding genes and hence miRNA pro fi ling also has the potential to become 
a powerful tool for diagnosis and treatment of cancer (Esquela-Kerscher and Slack 
 2006 ; Calin et al.  2004  ) . miRNAs promoting cell proliferation or tumour formation 
are called oncomirs and their expression is often upregulated in cancers. miRNAs 
that act as tumor suppressors by downregulating the expression of oncogenes and/
or antagonizing tumor formation are called antioncomirs and are usually underex-
pressed in cancers (Goga and Benz  2007  ) . miR-15 and miR-16 are antioncomirs 
encoded in the 13q14 chromosomal region that is often deleted in Chronic Lymphocytic 
Leukemia (Calin and Croce  2006a  )  and the miR-99a/let-7c/miR-125b2 cluster 
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and the homologous cluster, miR-100/let-7a/miR-125b, are found in regions whose 
deletion is associated with lung cancers and breast carcinoma, respectively (Calin 
et al.  2004  ) . Malignant lymphomas are often characterized by ampli fi cation/overex-
pression of miR-17-92 gene cluster (Ota et al.  2004 ; He et al.  2005  )  and miR-155 
(Metzler et al.  2004 ; Eis et al.  2005  ) , both of which are typical oncomirs. Oncomirs 
generally target proapoptotic genes and antioncomirs target the antiapoptotic genes 
stabilizing the apoptotic pathways contributing to the regulation of cancer progression 
(Voorhoeve and Agami  2007  ) . miR-15 and miR-16 that target the antiapoptotic factor 
BCL2 (Cimmino et al.  2005  ) , miR-34 that targets genes like CDK6, CCND1, SIRT1, 
E2F3, MYCN (Sun et al.  2008a ; Yamakuchi et al.  2008 ; Welch et al.  2007 ; Wei et al. 
 2008  )  involved in cell proliferation, miR-29a/b/c that target antiapoptotic factors 
like MCL1 and TCL1 (Mott et al.  2007 ; Pekarsky et al.  2006  )  and let-7 that targets 
Bcl-xL (Shimizu et al.  2010  )  are typical antioncomirs and are thus proapoptotic 
when ectopically expressed in cancer cells. In contrast, miR-21, a typical oncomir, 
exerts an antiapoptotic effect by downregulating the proapoptotic factors like PDCD4, 
TPM1, and MARCKS (Frankel et al.  2008 ; Zhu et al.  2007 ; Li et al.  2009a  )  and 
miR-17-92 cluster downregulates the proapoptotic factor BIM and confers resistance 
to apoptosis (Xiao et al.  2008  ) . However, contradictory roles for some miRNAs 
have also been observed. For instance, let-7 (antioncomir) downregulated caspase-3 
expression by directly binding to the 3 ¢ UTR of its mRNA and increased the resis-
tance of A431 (human squamous carcinoma) and HepG2 (hepatocellular carcinoma) 
cells to apoptosis induced by therapeutic drugs (Tsang and Kwok  2008  )  whereas 
the miR-17-92 microRNA cluster, contrary to its demonstrated role as an oncomir 
in lymphomas, targets the oncogene AIB1 in breast cancer cell lines (Hossain 
et al.  2006  ) . Hence, the characterization of miRNAs as oncomirs/antiapoptotic 
or antioncomirs/proapoptotic is highly context-dependent (Croce  2009  ) . Some well 
known miRNAs involved in the regulation of apoptosis and their respective validated 
targets are listed in Table  16.1 .  

 In recent years, a number of miRNA microarray pro fi ling studies have been 
carried out to study the alteration of the miRNA signatures of the cells upon treat-
ment with anticancer drugs as well as some natural compounds that are inducers 
of cell death to try and correlate their pharmacological activities to the miRNA 
pro fi les. As one of the mechanisms, many natural compounds such as genistein, cur-
cumin, resveratrol and epigallocatechin-3-gallate can also cause epigenetic changes 
(Meeran et al.  2010  )  that can then in fl uence the miRNA expression. For example 
mir-127 upregulation was observed upon treatment with chromatin-modifying 
drugs in human cancer cells (Saito et al.  2006  ) . The chemical structures of some of 
the natural compounds known to induce alterations in miRNA pro fi les are shown 
in Fig.  16.1 . The present review summarizes the recent available information on 
the alterations in miRNA expression pro fi les induced by natural compounds known 
to regulate apoptosis (Table  16.2 ) and discusses the implications of such alterations 
for cancer therapy.    
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  Fig. 16.1    Chemical structures of natural compounds known to alter miRNA expression pro fi les       
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    16.3   Regulation of miRNA Expression by Curcumin 

 Curcumin (Diferuloyl methane) is an active polyphenolic ingredient present in the 
rhizomes of  Curcuma longa , used over several centuries in culinary and medical 
practices in Asia. Curcumin is a potent antioxidant, antiin fl ammatory, chemopre-
ventive and chemotherapeutic agent (Hatcher et al.  2008  ) . Anticancer activity of 
curcumin has been demonstrated in cancer cell lines of different tissue origin, 
including breast, cervical, colon, brain, gastric, hepatic, leukemia, oral epithelial, 
ovarian, pancreatic, melanoma, and prostate (Karunagaran et al.  2007  ) . Anticancer 
effects of curcumin are mainly attributed to its ability to induce apoptosis in cancer 
cells by in fl uencing multiple signaling pathways including those mediated by STAT, 
p53, NF- k B, MAPK, jun and cyclooxygenase (Karunagaran et al.  2005  ) . Curcumin 
also potentiates the effects of chemotherapy in animal models and is safe as it is 
tolerated in doses as high as 8,000 mg/day in human patients (Cheng et al.  2001 ; 
Sharma et al.  2001  ) . As  fi ne regulators of cellular functions including apoptosis, 
miRNAs are expected to be involved in curcumin-induced apoptosis in cancer 
cells. Curcumin indeed upregulated the expression of miR-22 and consequently 
downregulated its target genes (ESR1 and SP1) in BxPC-3 (human pancreatic cancer) 
cells (Sun et al.  2008b  ) . miR-22 is a proapoptotic miRNA that targets and downregu-
lates ESR1 (estrogen receptor 1) (Pandey and Picard  2009  )  and cMYB (Xiong et al. 
 2010  )  leading to a decrease in proliferation of MCF7-SH and MCF7 breast cancer 
cells, respectively. Curcumin also upregulated miR-34a in BxPC-3 cells having a 
mutant p53 (Sun et al.  2008b  ) . miR-34a is a p53-inducible miRNA that promotes 
apoptosis (Chang et al.  2007  )  and restoration of its expression in p53 mutant pancreatic 
cancer cells (BxPC-3 and MiaPaCa2) induced apoptosis and sensitized them to 
chemotherapy and radiation (Ji et al.  2009  ) . Interestingly, B-RAF induced miR-34a 
in immortalized  fi broblasts independent of p53 (Christoffersen et al.  2010  )  but 
curcumin decreased B-RAF protein in canine kidney cells (MDCK) exposed to 
forskolin (Gao et al.  2011  ) . Differences in cell types and experimental conditions used 
by different workers make it dif fi cult to provide a mechanistic basis for curcumin-
mediated upregulation of miR-34a. Nevertheless, the ability of curcumin to induce 
this miRNA highlights its potency as an inducer of apoptosis independent of p53. 
Curcumin also upregulates miR-15 and miR-16 in MCF7 cells thereby downregulating 
Bcl-2 (Yang et al.  2009a  ) . Bcl-2 was shown to be a direct target of miR-15 and miR-
16 and overexpression of these miRNAs induced apoptosis in a leukemia cell line 
model (Cimmino et al.  2005  ) . Curcumin also downregulates miR-21 by repressing 
AP-1 transcription factor in colon cancer cells (Mudduluru et al.  2010  ) . miR-21 
is most often upregulated in human tumors and inactivation of miR-21 leads to total 
tumor regression in animal models (Medina et al.  2010  ) . Although curcumin down-
regulates the expression of miR-199a* in BxPC-3 pancreatic cancer cells (Sun et al. 
 2008b  ) , transfection of miR-199a and/or -199a* mimetics into several cancer cell 
lines caused prominent apoptosis with miR-199a* being more proapoptotic 
(Kim et al.  2008  )  suggesting the complex nature of curcumin-mediated regulation 



41116 Regulation of MicroRNAs by Natural Compounds: Implications for Cancer Therapy

of miRNAs. However, the greatest hurdle for use of curcumin as a drug is its very 
low bioavailability and a great deal of work has been done to develop more effective 
strategies of delivery and new analogues of curcumin with higher bioavailability. 
CDF, a di fl ouro analog of curcumin with greater bioavailability (Padhye et al.  2009  )  
upregulated miR-200b and miR-200c and downregulated the expression of miR-21 
in gemcitabine-resistant pancreatic cancer cell lines and sensitized the cells to 
gemcitabine (Ali et al.  2010  ) . The antimetastatic and proapoptotic nature of the 
miR-200 family of miRNAs has been demonstrated in many studies. miR-200 
prevents TGF- b -induced EMT of NMuMG mouse mammary epithelial cells (Korpal 
et al.  2008  )  and miR-200c increases the susceptibility of HCT116 (human colorectal 
carcinoma) and CAKI-1 (human renal cell line) cells to apoptosis mediated by 
CD95 (Schickel et al.  2010  ) . In A549/DDP multidrug-resistant human lung ade-
nocarcinoma cells, curcumin downregulated miR-186* and induced apoptosis. 
The same effect was observed with a speci fi c inhibitor of this miRNA whereas 
ectopic expression of the miRNA blocked curcumin-induced apoptosis (Zhang et al. 
 2010a  ) . This demonstrates that curumin-induced downregulation of miR-186* is 
required for its apoptotic effects. miR-186* acts as an antiapoptotic factor by targeting 
caspase-10 (Zhang et al.  2010b  ) . Human lung cancer cells (A549/DDP) treated with 
curcumin showed upregulation of miR-29a and downregulation of miR-34a (Tang 
et al.  2010b  )  both of which are proapoptotic in cancer cell lines of epithelial origin. 
It is apparent that regulation of miRNA expression is an important and novel mech-
anism by which curcumin induces apoptosis. It is hoped that a deeper understanding 
on curcumin-mediated regulation of miRNAs would offer novel and safer approaches 
to eliminate the resistant cancer cells and realize the ultimate goal of improving the 
drug sensitivity.  

    16.4   Role of Epigallocatechin Gallate 
in the Regulation of miRNAs 

 Epigallocatechin gallate (EGCG), a  fl avanoid found in green tea leaves, is well 
known for its antioxidant and anticancer properties. EGCG induced apoptosis in 
breast, cervical and pancreatic cancer cells, and human osteogenic sarcoma cells 
(Thangapazham et al.  2007 ; Qanungo et al.  2005 ; Siddiqui et al.  2010 ; Ji et al.  2006  ) . 
It has been suggested that EGCG may increase the potency of other chemotherapeutic 
drugs when used in combination though it is contraindicated for patients undergoing 
treatment with Bortezomib (Velcade) (Golden et al.  2009  ) . A microarray analysis of 
HepG2 (human hepatocarcinoma) cells showed that EGCG deregulated the expression 
of 61 miRNAs. miR-16, one of the miRNAs upregulated by EGCG, is known to 
target the antiapoptotic factor Bcl-2. EGCG-induced apoptosis was reduced when 
miR-16 was inhibited suggesting that the apoptotic effect of EGCG, at least in part, is 
carried out through the induction of miR-16 (Tsang and Kwok  2010  ) . Other miRNAs 
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upregulated by EGCG in HepG2 cells include the let-7 family of miRNAs (Tsang and 
Kwok  2010  )  that targets the RAS family of oncogenes (Johnson et al.  2005  ) . In contrast, 
some miRNAs upregulated by EGCG (miR-20a and miR-25) are known to have 
antiapoptotic effects (Tsang and Kwok  2010  ) . Inhibition of miR-20a of the mir-17-92 
cluster impedes cell cycle progression by a G 

1
  checkpoint involving p21, p53 and 

53BP1 (Pickering et al.  2009  ) . miR-25 from the miR-106b-25 cluster, overexpressed 
in gastric cancers, downregulated the expression of Bcl-2-interacting mediator of 
cell death (BIM), which is essential for TGF- b -dependent apoptosis (Kan et al. 
 2009  ) . In addition, miRNAs downregulated by EGCG include miR-29b, miR-34b, 
miR-200a and miR-199a which have been shown to be proapoptotic. miR-29b 
downregulates Mcl-1 (Mott et al.  2007  )  and upregulates p53 (Park et al.  2009  )  promoting 
apoptosis and miR-34b is a p53-inducible proapoptotic miRNA (Corney et al.  2007  ) . 
Transfection of miR-199a mimetics into PC3 (prostate cancer cell line), KB (oral 
epidermoid carcinoma) and MCF7 (breast carcinoma) cells caused prominent apoptosis 
(Kim et al.  2008  ) . These results suggest that the apoptotic effect of EGCG in HepG2 
cells cannot be clearly explained by looking at the changes in the miRNA pro fi le 
alone as there is no discernible pattern to the induction or repression of miRNAs 
by it. Furthermore the results may vary in a time or concentration dependent manner 
and are complicated by the variations in miRNA-mRNA target pairs induced by 
EGCG. Two miRNA-mRNA target pairs (miR-125b, miR-27a) changed in a time-
dependent manner and nine pairs (miR-100, miR-182*, miR-224, miR-23a, miR-24, 
miR-31, miR-498, miR-miR-93, miR-99b) changed in a concentration-dependent 
manner and four pairs changed in a time and concentration dependent manner 
(miR-15b, miR-27b, miR-20a, miR-767-5p) upon treatment with EGCG in HepG2 
cells (Ahn et al.  2010  ) . In spite of these con fl icting results by EGCG in HepG2 cells, 
the overall effect of this compound in many cell types including HepG2 appears 
to be proapoptotic (Thangapazham et al.  2007 ; Qanungo et al.  2005 ; Siddiqui et al. 
 2010 ; Ji et al.  2006  ) . This shows that the regulation of cellular processes by miRNAs 
is more complicated and a better understanding of such regulatory circuits is required 
to elucidate the mechanism of action of EGCG.  

    16.5   Effects of Genistein on the Expression of miRNAs 

 Genistein, an iso fl avone isolated from soybean, inhibited the growth of uveal 
melanoma cells and their tumor xenografts in nude mice and its antiproliferative 
activity, at least in part, is due to the downregulation of miR-27a expression and 
increase in its target (ZBTB10) expression with genistein treatment in a concentration-
dependent manner (Sun et al.  2009  ) . miR-27a had oncogenic activity in ER- a  negative 
MDA-MB-231 cells and this effect was partly attributed to the suppression of its 
direct targets, ZBTB10 and MYT1 (Mertens-Talcott et al.  2007  ) . miR-27a induced 
the expression of P-glycoprotein (encoded by the MDR1 gene), known to be associated 
with the resistance of cancer cells to chemotherapeutic drugs (Zhu et al.  2008  ) . 
Drug resistance is also associated with EMT (Fuchs et al.  2008 ; Cheng et al.  2007 ; 
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Sabbah et al.  2008  ) . miR-200 and let-7 families of miRNAs are negative regulators 
of EMT (Park et al.  2008 ; Peter  2009  )  and were downregulated in gemcitabine-
resistant pancreatic cancer cells (Li et al.  2009b  ) . G2535, an iso fl avone mixture 
(70.54% genistein, 26.34% diadzin, and 0.31% glycitein), upregulated miR-200 
and let-7 miRNAs in gemcitabine-resistant pancreatic cancer cells thereby reversing 
the EMT and sensitizing the cells to gemcitabine, an effect that was also observed 
upon ectopic expression of these miRNAs (Li et al.  2009b  ) . Genistein, nutlin and 
miR-16 synergistically induced apoptosis in malignant B-1 cells from New Zealand 
Black mice with chronic lymphoblastic leukemia (Salerno et al.  2009  ) . It will be 
of interest to know whether the genistein-mediated regulation of miRNAs would 
be useful to sensitize cancer cells to many other chemotherapeutic agents.  

    16.6   Modulation of miRNA Expression by Resveratrol 

 Resveratrol (3,4 ¢ ,5-trihydroxy-trans-stilbene) is a polyphenol that is found mainly 
in red grapes, berries, plums, peanuts, pines and other plant sources. It has been 
shown to induce apoptosis in human prostate carcinoma cells, human breast cancer 
xenografts, transformed follicular lymphoma cells, human retinoblastoma cells and 
other cancer cell lines (Aziz et al.  2006 ; Benitez et al.  2007 ; Garvin et al.  2006 ; 
Faber and Chiles  2006 ; Sareen et al.  2006  ) . Preclinical  in vivo  studies highlighted 
the potential of resveratrol to be used as an anticancer agent for breast cancer (Levi 
et al.  2005  ) . Treatment of SW480 (human colon adenocarcinoma) cells with 50  m M 
resveratrol signi fi cantly increased the expression levels of 22 miRNAs and decreased 
that of 26 other miRNAs many of which are oncomirs (miR-17, miR-21, miR-25, 
or miR-92a-2) (Tili et al.  2007,   2010a ; Calin and Croce  2006b  )  known to be over-
expressed in colorectal carcinomas (Rossi et al.  2010 ; Yang et al.  2009b  ) . Resveratrol 
also downregulated miRNAs that target Dicer1 (miR-103-1 and miR-103-2) (Tili et al. 
 2010a  ) . The lower levels of miR-103 in SW480 cells correlated with the lower 
metastatic potential of these cells as compared to SW620 cells, derived from the 
metastatic sites of the same patient from whom SW480 cells were derived (primary 
tumor cells) (Martello et al.  2010  ) . Targeting Dicer1 by miR-103 may result in a 
global downregulation of miRNAs, a trend seen in cancer cells (Lu et al.  2005  ) . 
Resveratrol also downregulated two proapoptotic miRNAs (miR-16-1 and miR-29c) 
(Tili et al.  2010a  ) . CAY10512, an analog of resveratrol decreased NF- k B-dependent 
activation of miR-146a promoter though the effect of this compound on the levels 
of mature miRNA was not studied (Lukiw et al.  2008  ) . Resveratrol upregulated 
miR-663, in human THP-1 monocytic cells and blood monocytes and decreased 
endogenous AP-1 activity and impaired the upregulation of miR-155 by lipopoly-
saccharide in a miR-663-dependent manner. Considering the role of miR-155 in the 
innate immune response and its upregulation in many cancers, these results suggest 
that one can optimize the use of resveratrol as anti-in fl ammatory and/or anticancer 
agent against tumors with high levels of miR-155 by manipulating miR-663 levels 
(Tili et al.  2010b  ) .  
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    16.7   Effects of Indole-3-Carbinol (I3C) 
and Its Derivative on miRNAs 

 Indole-3-carbinol (I3C), a naturally occurring component of  Brassica  vegetables 
(cabbage, broccoli and brussels sprouts), and its di-indole derivative 3-3 ¢ -diindolyl-
methane (DIM), are known to have antiproliferative effects on cancer cells (Rahman 
et al.  2000 ; Srivastava and Shukla  1998 ; Hong et al.  2002 ; Leong et al.  2001  ) . DIM 
induced the expression of miR-200 and let-7 family of miRNAs (miR-200b, miR-200c, 
let-7b, let-7c, let-7d, and let-7e) in pancreatic cancer cells making them more suscep-
tible to gemcitabine-induced cell death and reversed the EMT observed in the 
gemcitabine-resistant cells (Li et al.  2009b  ) . Dietary administration of Indole-3-
carbinol reversed the carcinogenic effects of vinyl carbamate-induced lung tumors 
in A/J mice partially by downregulating miR-21, miR-31 and miR-146a which were 
upregulated by vinyl carbamate. Levels of these miRNAs were higher in A549 lung 
adenocarcinoma cells and hTERT immortalized normal human bronchial epithelial 
(NHBE) cells as compared with the non-immortalized NHBE cells. Indole-3-carbinol 
signi fi cantly downregulated miR-21 and upregulated its targets (PTEN, PDCD4 
and RECK) in A549 cells (Melkamu et al.  2010  ) . These results suggest that I3C and 
DIM have the ability to alter miRNA expression and, if carefully exploited, this 
could serve to sensitize the cancer cells resistant to chemotherapy.  

    16.8   miRNAs Regulated by All-Trans-Retinoic Acid (ATRA) 

 All-trans-retinoic acid (ATRA)-treated pregnant rats showed downregulation of 
Bcl-2, miR-9/9*, miR-124a/125b and P53 expression in their fetuses showing spina 
bi fi da and further studies may reveal the mechanisms by which ATRA induces cell 
death (Zhao et al.  2008  ) . ATRA induced granulocytic differentiation of acute 
promyelocytic leukemia cells and downregulated miR-181b but upregulated 
let-7a-3, let-7c, let-7d, miR-16-1, miR-223, miR-15a, miR-15b, miR-342, miR-
107d, and miR-147d. Similar changes except for the downregulation of miR-181b 
were seen after ATRA treatment of primary blast cells isolated from acute promyelo-
cytic leukemia patients (Fazi et al.  2005  ) . miR-181 family had a tumor suppressor 
role in human glioma cells (Shi et al.  2008  )  but acted as an oncomir in acute myeloid 
leukemia cells (Chen et al.  2010  ) . Interestingly, ATRA-induced miR-107 targeted 
NF1-A transcription factor (negative regulator of miR-223) thereby upregulating 
miR-223 (Fazi et al.  2005  ) . miR-107 acted as a tumor suppressor in human non 
small cell lung cancer cell lines (Takahashi et al.  2009  )  and also inhibited tumor 
angiogenesis (Yamakuchi et al.  2010  ) . miR-223 is a myeloid speci fi c miRNA that 
inhibited hematopoietic cell proliferation and  fi ne tuned granulocytic differentiation 
and erythropoiesis (Sun et al.  2010 ; Johnnidis et al.  2008 ; Felli et al.  2009  ) . NF- k B-
induced transcription of the let-7a-3/let7b cluster was upregulated by ATRA in human 
acute promyelocytic leukemia. ATRA-mediated downregulation of antiapoptotic 
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proteins, RAS and Bcl-2, correlated with the activation of known miRNA regulators 
of those proteins, let-7a and miR-15a/miR-16-1, respectively (Garzon et al.  2007  ) . 
Retinoic acid induced the binding of NF- k B to the promoter of miR-10a and the 
resultant increase in miR-10a enhanced smooth muscle cell differentiation from 
embryonic stem cells via repression of HDAC4, a negative regulator of differentiation 
(Huang et al.  2010a  ) . A recent report has shown that upon treatment with ATRA, 
402 gene promoters became demethylated whereas, 88 were hypermethylated (Das 
et al.  2010  ) . mRNA expression microarrays revealed that 82 of the demethylated 
genes were overexpressed by >twofold, whereas 13 of the hypermethylated genes 
were underexpressed in neuroblastoma cells. miRNA-mediated DNA demethylation 
changes contributed to the process of ATRA-induced differentiation resulting in 
the activation of NOS1, a critical determinant of neural cell differentiation (Das 
et al.  2010  ) . These results clearly suggest that ATRA-mediated miRNA modulation 
in fl uences several cellular processes such as differentiation, apoptosis and epigenetic 
changes relevant in cancer.  

    16.9   In fl uence of Dietary Factors and Other Natural 
Compounds on miRNAs 

 Quercetin is a phytochemical found in the skins of apples and red onions and is sold 
as a dietary supplement. Quercetin and its metabolite, isorhamnetin, counteracted 
lipopolysaccharide-induced increase in proin fl ammatory microRNA-155 in murine 
RAW264.7 macrophages whereas quercetin-3-glucuronide, another metabolite of 
quercetin, did not change the miR-155 levels (Boesch-Saadatmandi et al.  2010  ) . 
Ellagitannin (1,3-Di-O-galloyl-4,6-(s)-HHDP- b -D-glucopyranose), a polyphenolic 
compound isolated from  Balanophora japonica  upregulated 17 miRNAs and down-
regulated 8 miRNAs in HepG2 cells. Most of the proapoptotic let-7 family members 
were downregulated upon treatment with ellagitannin (Wen et al.  2009  ) . A diet 
de fi cient in Vitamin E, reduced the levels of miR-125b and miR-122a in the liver. 
miR-122a is known to be associated with lipid metabolism (Esau et al.  2006  )  and 
hepatocellular carcinoma (Kutay et al.  2006  )  and miR-125b with cancer progression 
and in fl ammation (Ozen et al.  2008 ; Porkka et al.  2007  ) . Prenatal ethanol exposure 
is known to cause teratogenesis and out of the total 509 miRNAs screened, miR-10a, 
miR-10b, miR-9, miR-145, miR-30a-3p and miR-152 were upregulated, whereas 
miR-200a, miR-496, miR-296, miR-30e-5p, miR-362, miR-339, miR-29c and miR-
154 were downregulated in fetal mouse brains that developed teratogenesis due 
to prenatal ethanol exposure as compared to the controls. Increased miR-10a levels 
caused by ethanol exposure were accompanied by a decrease in the protein levels of 
its target, HOXA1, and folic acid supplementation in the diet partially counteracted 
the upregulation of miR-10a and downregulation of HOXA1 (Wang et al.  2009a  ) . 
miR-10a also plays a role in apoptosis by inducing caspase-3 activity in a tumor 
necrosis factor-related apoptosis-inducing ligand-dependent manner (Ovcharenko 
et al.  2007  )  and the de fi ciency of folate resulted in the accumulation of TK-6 (human 
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immortalized lymphoblast) cells in S phase followed by apoptosis with the upregulation 
of other proapoptotic miRNAs like miR-145, miR-34a and miR-22 (Pandey and 
Picard  2009 ; Chang et al.  2007 ; Marsit et al.  2006 ; Ostenfeld et al.  2010  ) . 

 It is clear from the above examples that many natural compounds that are known 
to induce apoptosis do so partly by modulating the expression of several miRNAs 
and their targets (Fig.  16.2 ). The natural compounds are relatively non-toxic and their 
combination with conventional chemotherapy could be a novel and safer approach 
to eliminate the resistant cancer stem cells or those undergoing EMT through 
the induction of apoptosis in cancer cells. As miRNAs are a novel class of regulators 
of signaling network and apoptosis, an understanding on the mechanisms of miRNA 
regulation by natural compounds would offer promising hopes to overcome anticancer 
drug resistance.       
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  Abstract   ER- a , a major estrogen receptor, is a ligand-regulated factor that is involved 
in the transcriptional control of various physiological processes, including cell 
proliferation (by inducing progression through the G 

1
  phase of the cell cycle in 

estrogen-responsive tissues) and other effects that appear to occur too rapidly to be 
mediated by transcriptional activation of genes. Furthermore, increased levels of cyclin 
D 

1
  in breast cancer cells correlate with overexpression of ER- a . Epidemiological data 

have suggested that the consumption of some dietary components offers bene fi cial 
health effects due to their estrogenic activity, and several classes of natural products 
that can modulate ER- a  activity and promote apoptosis have been identi fi ed. 
Interference with ER- a  activity affects a  fi ne balance between cell proliferation and 
cell death, and might have signi fi cant chemopreventive effects. Thus, the activities 
of natural compounds that in fl uence ER- a  activity, especially dietary components, 
warrant thorough characterization and evaluation.  

  Keywords   Breast cancer  •  Contraceptives  •  Estrogens  •  Estrogen receptors  •  Genistein  
•  Hormone replacement therapy  •  Multi-drug resistance  •  Phytoestrogens  •  Sex 
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  DBD    DNA binding domain   
  ER    estrogen receptor   
  LBD    ligand-binding domain   
  MAPK    mitogen-activated protein kinase   
  MDR    multi-drug resistance   
  PTEN    phosphatase and tensin homologue deleted on chromosome ten         

    17.1   A Causal Link Between Exposure to Sex Hormones 
and Development of Breast Cancer 

 Breast cancer is the most frequently-observed malignancy in women and is the second 
most common cause of death among women worldwide (Glass et al.  2007  ) . According 
to recent statistics for the United States, more than 200,000 new cases of breast 
cancer are diagnosed each year, and more than 40,000 women die of the disease 
(Jemal et al.  2010  ) . It is widely accepted that breast cancer is a very complex disease, 
arising from the presence of speci fi c alleles and the interactions between them 
and various environmental factors that seem to affect the accumulation of mutations 
in essential genes (Ford et al.  1994 ; Hulka and Stark  1995 ; Nathanson et al.  2001 ; 
Peto et al.  1999  ) . 

 It has been well established in numerous epidemiological studies that inherited 
mutations in certain genes represent risks for developing cancer. Mutations of two 
genes,  BRCA1  and  BRCA2  (on the long arms of chromosomes 17 and 13, respec-
tively), induce genomic instability and confer susceptibility to cancer development 
(Mavaddat et al.  2010 ; Coate et al.  2010 ; O’Donovan and Livingston  2010 ; Kwei 
et al.  2010 ; Peto et al.  1999  ) . Together, they give rise to approximately 90% of 
inherited breast cancers. However, mutations in these two genes account for only 
5–10% of all breast cancer cases, clearly indicating that other factors play 
important roles in breast carcinogenesis. Indeed, in recent years, numerous risk 
factors for the development of breast cancer have been identi fi ed, many of which are 
linked to hormones (Hilakivi-Clarke  2000 ; Russo et al.  2006 ; Russo and Russo 
 2006,   2008  ) . Notably, various studies have found indications that contraceptives 
and hormone replacement therapies involving administration of estrogens and/or 
other steroids (e.g. synthetic progesterone derivatives) signi fi cantly increase the risk 
of developing breast cancer (Key and Verkasalo  1999 ; Magnusson et al.  1999 ; Ross 
et al.  2000 ; Collaborative Group on Hormonal Factors in Breast Cancer  1996  )  . In 
addition, very recent experiments in which  medroxyprogesterone acetate (a synthetic 
progesterone derivative applied in hormone therapy   ) (el Mahgoub et al.  1972 ; Hofseth 
et al.  1999  )  was administered  in vivo  to an animal model have con fi rmed that steroid 
hormones can induce breast cancer, and provided indications of the underlying 
mechanisms (Gonzalez-Suarez et al.  2010  ) . The treatment strongly induced the 
osteoclast differentiation factor RANKL (a receptor activator of the NF- k B ligand) 
in mammary gland epithelial cells, while inactivation of the RANKL receptor in these 
cells abolished their hormone-induced proliferation (Schramek et al.  2010  ) .  
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    17.2   Expression and Regulation of Estrogen Receptors 

 It is not surprising that administration of estrogens (and other steroid hormones) 
can have potent, sometimes undesirable, effects since they regulate diverse cellular 
processes during growth, development, differentiation and subsequent events, 
acting  via  signalling pathways induced by their binding to speci fi c receptors (for 
reviews, see Enmark and Gustafsson  1999 ; Matthews and Gustafsson  2003  ) . 
Estrogens are required for the proliferation and differentiation of healthy breast 
epithelium, and control of metabolic processes, thus they have bene fi cial effects on 
the brain, heart and bones (Sherwin  2009 ; ESHRE Capri Workshop Group  2006  ) . 
Two main estrogen receptors (ERs) are known: ER- a  (Green et al.  1986a,   b ; Greene 
and Press  1986  )  and ER- b  (Kuiper et al.  1996 ; Mosselman et al.  1996  ) . 

 The ERs are hormone-stimulated transcription factors that belong to a large family 
of receptors, including ( inter alia ) receptors for thyroid and steroid hormones (Evans 
 1988  ) . These proteins bind to speci fi c estrogen response elements (EREs) in the 
promoter region of responsive genes (Beato et al.  1989 ; Ham and Parker  1989  ) , 
which include tumor suppressor genes (Gudas et al.  1995 ; Hurd et al.  1997 ; Spillman 
and Bowcock  1996  ) , oncogenes (Dubik et al.  1987  ) , TGF- a  and IGF-1 (El-Ashry et al. 
 1996  ) . They also strongly affect the expression of several downstream genes that 
are components of the cell cycle machinery (e.g.  CCND1 ), thereby promoting the 
proliferation of cells expressing ER (Clarke et al.  1997 ; Herman and Katzenellen-
bogen  1994 ; Prall et al.  1998 ; Petre et al.  2002  )  and/or other cellular targets involved 
in the regulation of cell death (Arnold and Papanikolaou  2005 ; Nass and Dickson 
 1997 ; Wakeling et al.  1991 ; Sabbah et al.  1999 ; Hartman et al.  2009  ) . 

 Close functional links between hormone signalling and the cell division cycle 
have been demonstrated by experiments performed on transgenic mice (Lubahn 
et al.  1993  ) . ER- a  knock-out female mice are infertile and display marginal develop-
ment of mammary glands as well as atrophy of the uterus (Lubahn et al.  1993  ) . 
An animal experimental model established by Sicinski et al. (Sicinski et al.  1995  )  
has also provided evidence of a close functional link between the major G 

1
  cyclin 

and sex steroid hormone - regulated processes. Cyclin D 
1
  knock-out mice display 

defects in hormone-responsive proliferation of the epithelium during pregnancy 
(Sicinski et al.  1995  ) . This action of female sex hormones explains their roles in both 
the physiological regulation of normal mammary gland development and reproductive 
tracts, and the development of breast cancer. 

 ER- a , the  fi rst member of the steroid hormone receptor protein family to be 
identi fi ed, is the major estrogen receptor (Mangelsdorf et al.  1995  )  and functions as 
a ligand-dependent transcription factor (Katzenellenbogen and Katzenellenbogen 
 1996  ) . ER- a  has a number of splice variants, some of which affect the activity and 
function of the regularly-spliced ER- a  form (Hopp and Fuqua  1998 ; Jazaeri et al. 
 1999  ) . Estrogen receptors are present in discrete subcellular locations in the cell, 
including the nucleus and several extra-nuclear compartments (Hammes and Levin 
 2007  ) . The major extra-nuclear pool of ERs is in the plasma membrane (Szego and 
Davis  1967 ; Pietras and Szego  1977  ) . 
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 However, ERs have also been found in other cellular organelles, including the 
endoplasmic reticulum and mitochondria (Hammes and Levin  2007  ) , which may 
explain the rapidity of some biological effects that are induced by estrogen too 
quickly (within seconds or minutes) to be mediated by “classic” genomic pathways 
involving the transcriptional activation of genes (Revelli et al.  1998 ; Hammes and 
Levin  2007  ) . These rapid, extra-nuclear (“non-genomic”) mechanisms of ERs, 
more accurately termed “membrane-initiated steroid signalling” are still subject 
to intense debate (Hammes and Levin  2007 ; Moriarty et al.  2006  ) . The ability to 
stimulate endothelial nitric oxide synthase (eNOS) is one of the best characterized 
rapid effects of estrogen. However, estrogens have also been proposed to promote 
energy production in mitochondria (oxidative phosphorylation) while decreasing 
mitochondrial production of free radicals (reactive oxygen species). 

 Thus, the differential subcellular localization of the estrogen receptors and the 
tight regulation of their intracellular traf fi cking seem to contribute to the  fi ne-tuned 
regulation of estrogen action and broaden the biological effects of estrogens. 

 Like other members of the receptors superfamily, ERs have a modular structure that 
includes functional domains for ligand- and DNA-binding as well as two regions that 
modulate their transcriptional activity (Katzenellenbogen et al.  1996  )  (Fig.  17.1 ). 
One of these regions, designated transcription activating function-1 (AF-1), is located 
in the NH 

2
 -terminal part of the protein and functions in a ligand-independent 

manner. The other (AF-2) is located in the COOH-domain and is ligand-dependent. 
The ligand-dependent activation of ERs requires recruitment of various coactivators 
to the promoters (Lonard and O’Malley  2006 ; Brzozowski et al.  1997  )  (Fig.  17.2 ).   

  Fig. 17.1     Structural organization of ER- a  . Scheme illustrating structure of ER- a  and the serine 
residues (S) whose phosphorylations are catalyzed in response to estrogen signalling or activation 
of second messenger signaling pathways. The kinases known to catalyze these modi fi cations are 
indicated. Structural domains correlate with the functions.  AF  activating function,  DBD  DNA 
binding domain,  LBD  ligand binding domain       
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 In addition, ERs are regulated by interaction with estrogen-responsive promoters 
and the recruitment of various cofactors to these promoters (Brzozowski et al.  1997  ) . 
The presence of two separate AFs facilitates  fi ne-tuning of the receptor’s activity 
(Brzozowski et al.  1997  ) . ER- a  undergoes distinct posttranslational modi fi cations, 
such as acetylation, methylation, palmitoylation, phosphorylation and sumoylation 
that have been found to regulate ER translocation, interactions with distinct proteins 
(e.g. caveolin-1), rapid signalling and transcriptional activity (Razandi et al.  2003  ) . 

  Fig. 17.2     Mechanism of transcriptional regulation of estrogen-dependent genes . Two types 
of action are shown: classic and non-classic. In the  fi rst type, ER directly binds to estrogen response 
elements ( EREs ) in the promoter region of target genes. The change of the activity of the complex 
depends on recruitment of additional co-regulators. Estrogen-bound ER forms complexes with 
co-activators what leads to activation of gene expression. ER bound to antagonist T (e.g. tamoxifen) 
recruits co-repressor proteins resulting in the block of transcription. In a non-classical mode 
of action, direct protein-protein interaction occurs at DNA sites occupied by other transcription 
factors e. g. AP-1       
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 ER- a  is a phosphoprotein, and its phosphorylation is strongly enhanced in 
responses to ligand -  and growth factor signalling pathways (Aronica and Katzene-
llenbogen  1993 ; Kato et al.  1995  ) . It is phosphorylated at several residues by various 
protein kinases (Washburn et al.  1991 ; Ali et al.  1993 ; Lannigan  2003  ) , and its 
phosphorylation status in human breast cancer biopsies was recently determined 
(Murphy et al.  2009  ) . Phosphorylated ER- a  variants appear to be associated with 
prognosis and treatment outcome parameters (Murphy et al.  2004a,   b  )  (Fig.  17.1 ). 

 ER- a  has several phosphorylation sites that seem to be important in the therapy 
and prognosis of breast cancer, including serines 104/106, 118, 167, and 305, which 
are reportedly modi fi ed  inter alia  by mitogen-activated protein kinases (MAPK), 
AKT, protein kinase A (PKA), ribosomal kinases and p21Pak1 kinase. 

 There are two highly conserved serine residues (Ser 106  and Ser 118 ) in the amino-
terminal AF-1 domain (Joel et al.  1995  ) . Estradiol has been found to trigger extensive 
phosphorylation of Ser 118  (Joel et al.  1995  ) , which seems to be catalyzed by several 
cellular kinases (for a review, see Lannigan  2003  ) . Kato and colleagues reported 
that Ser 118  is phosphorylated by mitogen-activated protein kinases (MAPKs) both 
 in vitro  and in COS-1 cells exposed to EGF and IGF growth factors in a ligand-
independent manner (Kato et al.  1995  ) . However, Joel and colleagues found that 
ligand-dependent phosphorylation of ER- a  at the same serine residue (Joel et al.  1998  )  
seems to be catalyzed by cyclin-dependent kinase 7 (CDK7) (Chen et al.  2000  ) . 
Although Ser 118  is located in the amino-terminal ligand-independent AF-1, it has 
been shown to be involved in the modulation of estrogen-induced ER- a  activation, 
since its mutation markedly reduces transactivation by ER- a  (Ali et al.  1993 ; 
Le Goff et al.  1994 ; Kato et al.  1995  ) .  

    17.3   Phytoestrogens, Their Properties and Action 
on Mammary Glands 

 Phytoestrogens comprise a diverse group of naturally occurring compounds, found 
in more than 300 plant species, that have structural similarities to 17- b -estradiol, 
and hence estrogenic and/or anti-estrogenic effects. Scienti fi c interest in phytoestro-
gens, especially soya bean iso fl avones, has strongly increased in the last decade, 
partly due to epidemiological observations that the incidence of hormone-related 
disorders, especially some cancers, is much lower in China and Japan (where soya 
beans are common constituents of the diet; (Setchell  1998  ) ) than in USA and Europe. 
This has led to the hypothesis that the high soya intake among Asian women might 
explain their low breast cancer risks (Trock et al.  2006 ; Wu et al.  2008  ) . 

 There is accumulating evidence that phytoestrogens may have bene fi cial, metabolic 
effects, including tendencies to reduce cholesterol levels, facilitate the maintenance 
of normal bone density and provide protection against diverse disorders (via equally 
diverse and in some cases controversial mechanisms) such as cancers, cardiovascular 
and brain diseases, and osteoporosis. 
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 There are three main classes of phytoestrogens: non-steroidal iso fl avones (Reinli 
and Block  1996  ) , lignans (Thompson et al.  1991  )  and coumestans (Thompson et al. 
 2006  )  (Fig.  17.3 ). Genistein and daidzein (the two major iso fl avones found in red 
clover, soya beans and other legumes) are the best characterized and most extensively 
studied of these compounds (Albertazzi and Purdie  2002  ) . Soya beans and soya 
foods are by far the most signi fi cant dietary sources of iso fl avones (Coward et al. 
 1993 ; Wang and Murphy  1994 ; Murphy and Hendrich  2002  ) .  

 Genistein and daidzein are present in plants as the glycosides genistin and daidzin, 
respectively (Walter  1941 ; Murphy et al.  1997  ) . These glucose conjugates are not 
estrogenically active (Miksicek  1995  ) , but upon consumption they are hydrolyzed 
to the corresponding aglycones by  b -glucosidases in the human small intestine 
and liver and by the gut micro fl ora (Coldham and Sauer  2001  ) . Since the biological 
properties of the precursor compounds and their hydrolyzed metabolites differ, 
and the gut enzymes and micro fl ora play crucial roles in phytoestrogen metabolism, 
inter-individual differences in the metabolism of phytoestrogens may occur, with 
accompanying variations in cancer risks. 

 Phytoestrogens with unique diphenolic structures conferring increased stability 
(Adlercreutz and Mazur  1997  )  bind to ERs and induce estrogen signaling pathways, 
including kinase activation and transcriptional gene modulation. Notably, genistein 
has been shown to affect the cell cycle, proliferation, apoptosis, invasion and metastasis 
in numerous  in vitro  and  in vivo  studies. It has been shown to exert biphasic effects on 
the proliferation of ER(+) breast cancer cell lines; stimulating proliferation at concen-
trations up to 10  m M (Wang and Kurzer  1997 ; Zava and Duwe  1997  )  and blocking cell 
divisions at higher concentrations (Peterson and Barnes  1991 ; Monti and Sinha  1994  ) . 
In contrast, phytoestrogens do not appear to promote the proliferation of ER(-) breast 
cancer cell lines. Genistein also induces cell cycle arrest in ER(+) MCF-7 cells in a 
concentration-dependent manner. At low dosage (10  m M) it causes reversible G 

2
 /M 

arrest, while at higher concentrations ( ³ 50  m M) it decreases the frequency of S-phase 
cells associated with a prolonged G 

2
 /M block. In addition, prolonged treatment with 

genistein (>48 h) has been found to induce apoptosis (Pagliacci et al.  1994 ; Choi et al. 
 1998 ; Constantinou et al.  1998  ) , and to affect (in a similar manner) the cell cycle 
progression of ER(−) breast cancer cell lines (MDA-MB-231, MDA-MB-468) and 
human non-malignant mammary epithelial MCF-10F cells (Frey et al.  2001  ) . 

 The genistein-mediated blockage of breast cancer cells in the G 
2
 /M transition is 

probably due to induction of the p21 waf1  protein and deregulation of the activity of the 
CDK1/cyclin B complex (Cappelletti et al.  2000  ) . Interestingly, genistein also strongly 
affects some tumor suppressor proteins. Notably, expression of the phosphatase and 
tensin homologue deleted on chromosome ten (PTEN) in mammary gland epithelial 
cells can be induced by dietary exposure to the iso fl avone  in vivo  and by supplying it 
to MCF-7 cells  in vitro  (Dave et al.  2005  ) . PTEN encodes a dual-speci fi city phos-
phatase that negatively regulates phosphatidylinositol 3-kinase (PI3K), thereby pre-
venting activation of the pro-survival protein kinase B/AKT pathway (Stambolic et al. 
 1998  ) . Exposure of the nonmalignant human mammary epithelial cell line MCF-10A 
to genistein at physiologically relevant concentrations reportedly induces nuclear 
accumulation of PTEN and p53 tumor suppressor proteins (Rahal and Simmen  2010  ) , 
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  Fig. 17.3    Structure of the major groups of phytoestrogens. Iso fl avonoids (genistein, daidzein and 
glycitein), lignans and coumestans are shown       
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probably through an autoregulatory loop whereby PTEN’s increased interaction with 
nuclear wt p53 enhances PTEN promoter activity (Rahal and Simmen  2010  ) . 
Genistein-induced PTEN-p53 cross-talk seems to decrease cyclin D 

1
  and pleiotrophin 

gene expression, thus markedly enhancing cell cycle arrest, and the early formation of 
mammary acini, which is indicative of lobuloalveolar differentiation (Rahal and 
Simmen  2010  ) . Moreover, genistein inhibits the activity of topoisomerase II, and in 
turn decatenation of DNA, thereby inducing DNA strand breaks (Markovits et al. 
 1989  ) . It can also contribute to induction of apoptosis. For instance, in Brca1 mutant 
mammary tumor cells, which are more sensitive to genistein than other cancer cells, it 
can reduce proliferation, induce cell cycle arrest and activate DNA damage check-
points, resulting in mitotic catastrophe and apoptosis (Tominaga et al.  2007  ) . Finally, 
several  in vivo  studies have shown that iso fl avones can protect animals from chemi-
cally induced cancer (Barnes et al.  1990 ; Serraino and Thompson  1991  ) . However, the 
protective effects of iso fl avones strongly depend on the dose and time of exposure; 
notably the latent period preceding the appearance of chemically generated tumors in 
animals is reportedly longer if the treatment is neonatal or prepubertal rather than 
postpubertal (Barnes  1997 ; Murrill et al.  1996  ) .  

    17.4   Mechanisms of Action of Genistein 
on Mammary Gland Epithelial Cells 

 As previously mentioned, genistein stimulates cell divisions of ER(+) but not 
ER(−) breast cancer cells, suggesting that genistein operates  via  the ERs, and it has 
biphasic effects on the former (Zava and Duwe  1997  ) . 

 Accordingly, genistein binds to ER- a  and ER- b   in vitro  with several-fold lower 
binding af fi nities than 17- b  estradiol (Muthyala et al.  2004  ) . Moreover, at natural 
dietary levels genistein induces the transcriptional activation of both ERs in transient 
transfection assays (Mavaddat et al.  2010 ; Jemal et al.  2010 ; Gonzalez-Suarez 
et al.  2010 ; Eshre Capri Workshop Group  2006  ) . At low concentrations genistein 
has been shown to be a full agonist for both ER- a  and ER- b  (Maggiolini et al. 
 2001  ) , in accordance with the observation that iso fl avones can induce pS2 expression. 
However, since genistein appears to have anti-proliferative effects on breast cancer 
cells irrespective of their ER status, its growth inhibitory effects do not appear to be 
mediated by an ER-dependent pathway, but rather  via  activation of tumor suppressors 
and induction of cell cycle arrest.  

    17.5   Reversal of Drug Resistance in Breast Cancer 
by Phytoestrogens 

 Multidrug-resistance (MDR), i.e. cross-resistance to structurally unrelated drugs, 
frequently arises during chemotherapy and causes severe complications since patients 
developing it become nonresponsive to treatment (Gottesman et al.  1995  ) . Breast 
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cancer resistance protein (BCRP) is an ATP-binding cassette half-transporter (Doyle 
et al.  1998  )  that mediates concomitant resistance to chemotherapeutics such as 
SN-38 (an active metabolite of CPT-11), topotecan and mitoxantrone, probably 
by pumping the drugs out of the cells and thus reducing their anti-cancer action. 

 Interestingly, iso fl avones including genistein have been found to strongly reverse 
BCRP-mediated drug resistance and, thus, increase the toxicity of drugs. It has 
been suggested that genistein is one of various natural substrates of BCRP, which 
competitively inhibits BCRP-generated drug ef fl ux (Sugimoto et al.  2003 ; Imai 
et al.  2004  ) .  

    17.6   Exposure to Phytoestrogens and Breast Cancer Risk 

 The evidence collected to date implies that the intake of soy phytoestrogens in the 
amounts traditionally consumed in Asian populations may have protective effects 
against the development of breast cancer (Warri et al.  2008  ) . However, results of 
some animal studies do not support this hypothesis (Hilakivi-Clarke et al.  1999 ; Pei 
et al.  2003  ) . Furthermore, in human intervention studies the administration of 
100 mg iso fl avone per day to premenopausal women for a year did not reduce mam-
mographic density, which is linked to four- to six-fold variations in risks of breast 
cancer (Maskarinec et al.  2003  ) , and exposure to 50 mg iso fl avone daily for 2 years 
had no apparent effect on circulating steroid hormones or sex hormone-binding 
proteins (Maskarinec et al.  2004  ) . 

 In summary, reports on the positive and negative effects of phytoestrogens seem 
to be, at least partially con fl icting, re fl ecting the complexity of the relationships 
between phytoestrogens and breast cancer. The timing of exposure to phytoestrogens 
(exposure early in life appears to be bene fi cial), their digestion and the ways in 
which individual phytoestrogens are metabolized all appear to in fl uence their impact 
on breast cancer risks. Further elucidation of the mechanisms involved may be 
valuable for both explaining the variations in responses to them and for identifying 
possible therapies (Tempfer et al.  2009  ) .      
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  Abstract   Triterpenoids are compounds extensively distributed in numerous plants 
used in traditional medicine. Olive oil and specially pomace olive oil are important 
sources of pentacyclic triterpenoids such as oleanolic acid and maslinic acid. 
Because of their ability to interfere at different signalling pathways, triterpenoids 
from olives seem to be promising therapeutic strategies in terms of cancer and cell 
proliferation, cardiovascular complications, in fl ammation, and hepatotoxicity. Recently, 
an intensive research has been focused on the anti-cancer properties exhibited 
by olive oil triterpenoids, particularly effective against experimental colon and brain 
cancer. Although the exact mechanisms by which these triterpenoids induce 
the anti-tumor effects are not fully understood, recent investigations have provided 
evidence about their effect at different stages of carcinogenesis including: pro-
apoptotic activity via the mitochondrial pathway (e.g.: Bax activation, caspase-3 
activation), cell cycle arrest, modulation of mitochondrial ROS production, anti-
angiogenesis and protective effects on in fl ammation related to cancer. Different 
approaches are in progress in order to improve bioavailability of these triterpenic 
compounds, thus making them more suitable for animal studies and clinical trials. 
Therefore, pentacyclic triterpenoids from olives and olive oil show a promising 
pharmacological pro fi le that may provide future pharmaceutical development and 
clinical investigations against chronic diseases such as cancer.      
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    18.1   Diet and Chronic Diseases 

 Experimental and clinical studies have provided strong evidence suggesting that 
nutrition, dietary factors and physical activity compromise the prevalence of chronic 
diseases including cancer and cardiovascular pathologies, which are major causes 
of death worldwide. In this context, the conventional Mediterranean dietary pattern 
has been rediscovered as the one that best represents the need for nutrition and 
health promotion. Epidemiological studies have revealed that countries where 
populations consume the traditional Mediterranean diet have a lower incidence of 
major illnesses such as cancer and cardiovascular diseases than countries from 
Northern Europe, North America, and Australia (La Vecchia et al.  1995 ; Trichopoulou 
et al.  2000 ; La Vecchia  2004,   2009  ) . 

 Despite con fl icting results, most of the epidemiological data suggest that there is 
an association between dietary fat intake and risk of cancer (Kushi and Giovannucci 
 2002  ) . There is also evidence suggesting that it is not only the amount but also 
the type of dietary fat that is important in the aetiology of some cancers (Owen 
et al.  2004  ) . The traditional Mediterranean diet is characterized by a high consumption 
of plant-derived foods, relatively low intake of red meat, and consumption of olive 
oil as the main source of fat. Several studies have reported that intake of olive oil is 
more bene fi cial against cancer than other forms of lipids (Trichopoulou et al.  2000  ) . 
The bene fi cial properties of olive oil have often been attributed to its high levels of 
monounsaturated fatty acids (MUFA), namely in the form of oleic acid (18:1, n−9).  

    18.2   Olive Oil and Cancer 

 Although clinical investigations have provided contradictory results, most of experi-
mental and cohort studies have supported that consumption of diets enriched in 
olive oil and oleic acid are related to a decreased risk of cancer compared to dietary 
prototypes containing saturated fatty acids or linoleic acid as the main source of 
fat, which possess tumor-enhancing properties (Bosetti et al.  2009 ; Rodriguez-
Rodriguez and Ruiz-Gutierrez  2009 ; López-Miranda et al.  2010  ) . The protective 
effects attributed to olive oil intake and its fatty acid content have been suggested in 
different types of cancer, specially breast tumor in experimental animals (Costa 
et al.  2004 ; Escrich et al.  2006  )  and in epidemiological studies (Willett  2001 ; 
Flynn and Reinert  2010  ) . Nevertheless, the role of oleic acid and olive oil on cancer 
is still under discussion due to inconsistent results derived from several studies 
including non-promoting, weak promoting or even promoting actions on tumor 
growth (Stark and Madar  2002 ; Escrich et al.  2007  ) . Nowadays, investigations 
on the mechanisms by which dietary fat and high olive oil diets modulate cancer 
are in progress. Such protecting action has been proposed to involve several 
pathways including an in fl uence on different stages of carcinogenesis, modulation 
of the immune system and hormonal balance, alterations on composition and struc-
ture of tumor cell membranes, changes in eicosanoid biosynthesis, gene expression 
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modi fi cations, reduced oxidative stress and DNA injuries (Colomer and Menéndez 
 2006 ; Escrich et al.  2007  ) . 

 Olive oil is, however, more than a monounsaturated fat. In contrast to other 
vegetable oils, olive oil contains other biologically active minor components 
besides MUFA. Moreover, the content of oleic acid alone cannot fully explain the 
healthful properties of olive oil. These minor components constitute only 1–2% of 
the total composition of virgin olive oil and are classi fi ed in two subgroups: (a) the 
unsaponi fi able fraction, described as the fraction extracted with solvents after 
saponi fi cation of the oil (including terpenoids and sterols), and (b) the soluble frac-
tion, which includes phenolic compounds (Rodriguez-Rodriguez and Ruiz-Gutierrez 
 2009  ) . The amount of these minor components on olive oil and olives vary depending 
on numerous factors such as growing and climatic conditions, oil extraction process 
and storage (Pérez-Camino and Cert  1999  ) . Although they are in limited proportion 
compared to fatty acids, the presence of these minor components in olive oil is 
crucial not only in terms of olive oil stability and protection from auto-oxidation 
but also to confer important biological activities to olive oil. The bene fi cial effects 
of olive oil in cancer is considered to be mediated by a synergy of all its major and 
minor components generating a variety of cell responses involved in cancer prevention 
or treatment of cancer development at different stages (López-Miranda et al.  2010  ) . 

 Particularly, several minor components from olive oil and olives have shown 
signi fi cant anti-cancer activities by themselves. For instance,  in vivo  and  in vitro  
studies on the activity of phenolic derivatives from olive oil such as hydroxytyrosol 
and oleuropein have demonstrated, in addition to their antioxidant properties, 
antiangiogenic actions and the capacity of regulating the cell cycle inducing apop-
tosis (Fabiani et al.  2002 ; Hamdi and Castellon  2005  ) . Besides, squalene has been 
considered to be responsible for the lower incidence of skin cancer exhibited in 
populations consuming olive oil (Newmark  1997  ) . Among minor components from 
olive oil, interest on its triterpenic fraction on cancer has gained evidence in the last 
few years, as it will be described in the following sections.  

    18.3   The Triterpenic Fraction from Olive Oil 

 The triterpenic fraction in olive oil and olive skin is mainly constituted by pentacyclic 
triterpenic acids (oleanolic and maslinic acid) and diols (erythrodiol and uvaol) 
(Fig.  18.1 ), which have shown numerous biological activities (Herrera et al.  2006  ) . 
The concentration range of these triterpenoids reaches values up to 400 mg kg −1  in 
the skin of the olive fruit whereas concentrations in olive oil are 25–50 mg kg −1  or 
even up to 200 mg kg −1  in virgin olive oil for triterpenic acids, and 6–18 mg kg −1  for 
erythrodiol and uvaol, depending on acidity and olive variety (Pérez-Camino and 
Cert  1999  ) . The process applied for olive oil extraction is also determining the 
content of triterpenoids and other minor constituents. Thus, pomace olive oil (called 
“orujo” olive oil in Spain) is obtained from the residue that remains after virgin 
olive oil mechanical extraction. Despite of the lack of polyphenols, pomace olive oil, 
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extracted using a new process (patent number 200400755) contains higher concen-
trations of triterpenic acids and alcohols than virgin olive oil exceeding values of 
200 mg kg −1  (   Pérez-Camino and Cert  1999 ; Rodriguez-Rodriguez et al.  2007,   2009  ) . 
Therefore, pomace olive oil and virgin olive oil are both rich sources of these bioac-
tive triterpenic compounds.  

 A growing interest is focused on the pharmacological potential of these penta-
cyclic triterpenoids and related derivates, mainly in terms of in fl ammation, cancer 
and cardiovascular pathologies (Laszczyk  2009 ; Rodriguez-Rodriguez and Ruiz-
Gutierrez  2010 ; Mullauer et al.  2010  ) . In addition, many studies are currently inves-
tigating the mechanisms underlying their pharmacological activities. Figure  18.2  
is summarizing the most important pharmacological properties exhibited by olive 
and pomace olive oil triterpenoids.  

 In vitro studies have revealed that triterpenic acids and diols from olive oil induce 
vasodilatation in isolated arteries from both normotensive (Rodriguez-Rodriguez 
et al.  2004,   2008  )  and hypertensive rats (Rodriguez-Rodriguez et al.  2006  ) . In this 
context, endothelial NO was the main relaxing factor contributing to this response, 
especially in the vasodilatation induced by oleanolic acid. This NO-mediated dilatation 
evoked by oleanolic acid occurs by calcium-independent mechanisms via phospho-
inositide-3-kinase-dependent phosphorylation of Akt-Ser 473  followed by activation 
of endothelial NO synthase (eNOS)-Ser 1177  (Rodriguez-Rodriguez et al.  2008  ) . 
Furthermore, the vasoactive effects of oleanolic acid and related olive oil triterpenoids 
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  Fig. 18.1    Chemical structures of the major pentacyclic triterpenoids from olive and pomace olive 
oil: two acids (oleanolic and maslinic acid) and two alcohols (erythrodiol and uvaol)       
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such as erythrodiol are also associated to an in vitro upregulation of cyclooygenase-2 
(COX-2) and prostacyclin release in human coronary smooth muscle cells, without 
any effect on the synthesis of the vasoconstrictor eicosanoid thromboxane A2 
(Martínez-González et al.  2008    ). Following the line of investigations elucidating the 
mechanisms mediating cellular effects of olive oil triterpenoids, the main objective 
of our review will be directed to the potential effects of these triterpenoids on cancer 
and cell proliferation. 

    18.3.1   Anti-cancer 

 The process of carcinogenesis involves the sequence of the following events: tumor 
initiation, promotion and progression. Although chemoprevention is crucial to avoid 
cancer promotion, agents acting on the promotion and progression phases are also 
relevant. In general, natural products and food-derived chemicals can act as both 
chemopreventive and chemotherapeutic agents (Milner  2008 ; Mehta et al.  2010  ) . 
In the early 1960s, two relevant types of natural compounds, vinca alkaloids and 
taxanes were discovered and successfully applied for treatment of cancer, with some 
accepted toxicity derived from their use (Johnson et al.  1963 ; Schiff et al.  1979  ) . 
In line with subsequent investigations, chemopreventive agents can be effectively 
supplied within the foods or as dietary supplements with low values of toxicity (Khan 
et al.  2007 ; Mehta et al.  2010  ) . 
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  Fig. 18.2    Main functional activities induced by olive oil triterpenoids: anti-cancer, cardiovascular 
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 Particularly, plant-derived pentacyclic triterpenoids gained attention as promising 
anti-cancer drugs because of their cytotoxicity against cell cancer lines and their 
promising results at experimental and preclinical level (Ovesná et al.  2004  ) . In addition, 
the wide range of pharmacological activities induced by triterpenoids including 
antioxidant and anti-in fl ammatory actions, vasoprotection and anti-angiogenesis 
are importantly contributing to their potential therapeutic role in chronic diseases 
such as cancer (Rodriguez-Rodriguez and Ruiz-Gutierrez  2010  ) . 

 According to the anti-tumor effects attributed to olive oil triterpenoids, most of 
the research has focused on brain and colon cancer cell lines as well as other cancer 
types as leukaemia. The broad anticancer effects of these natural compounds involve 
numerous targets and molecular pathways as it will be reported below. Results 
derived from these investigations reveal that triterpenoids from olive oil may act at 
three different stages of carcinogenesis including tumor initiation (e.g. scavenging 
ROS), promotion (e.g. action on apoptosis) and progression (e.g. inhibition of 
angiogenesis), thus modifying cancer risk and tumor behaviour by several pathways. 
Considering the development of cancer, the most ef fi cient therapeutic intervention 
would be at the promotion stage, thus eliminating premalignant cells before they 
become malignant or altering this transformation. Nowadays, the main therapies aim 
to eradicate cancer cells by inducing apoptosis or cell cycle modi fi cations. 

    18.3.1.1   Apoptosis and Cell Cycle 

 Throughout the carcinogenesis, as a consequence of speci fi c mutations in genes 
regulating cell cycle, the tumor promotion involves a deregulation of the signalling 
pathways that normally control cell proliferation and apoptosis. Apoptosis is de fi ned 
as a well organized intrinsic mechanism of protection by which undesirable or 
damaged cells (pre-malignant or malignant cells) are eliminated from the system. 
The apoptotic process provides a normal development, turnover and replacement of 
healthy cells and also protects the organism against tumor development (Hengartner 
 2000  ) . Therefore, induction of apoptosis by pro-apoptotic agents plays a key role 
in cancer therapy. 

 Two major pathways promote apoptosis: the extrinsic (death-receptor mediated) 
and the intrinsic (mitochondrial mediated) (Fig.  18.3 ). The death-receptor pathway 
is activated when a “death ligand” binds to its speci fi c cell-surface death receptor 
that belongs to the tumor necrosis factor (TNF) receptor superfamily, followed by 
the caspase-8 activation through the adaptor molecule Fas-associated death domain 
(FADD) and  fi nally activating caspase-3, which is the key executioner of programmed 
cell death (Hengartner  2000 ; Mita et al.  2008  ) . Conversely, the mitochondrial 
or intrinsic pathway is mobilized in response to an external or internal stimulus 
(e.g. DNA damage) and is regulated by the Bcl-2 family members including 
proapoptotic (Bax/Bak; BH3-only proteins) and prosurvival proteins (e.g. Bcl-2) 
(Hengartner  2000 ; Cory and Adams  2002 ; Mita et al.  2008  ) . An increased induction 
of the proapoptotic members promotes mitochondrial membrane permeabilization 
and release of cytochrome c that along with Apaf-1 and caspase-9, subsequently cleave 
the effector caspase-3 thus inducing apoptosis (Hengartner  2000 ; Mita et al.  2008  ) .  
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 Triterpenoids contained in olive and pomace olive oil have been demonstrated to 
trigger apoptosis with subsequent cell death by different mechanisms of action in 
several types of cancer. Accordingly, in the last few years an emerging interest has 
been directed towards the in vitro effects of maslinic acid on cell cycle and prolif-
eration, being considered even more effective than oleanolic acid against some type 
of cancer cells (Juan et al.  2008a  ) . 

      Triterpenic Acids and Apoptosis 

 Promising results have been provided from recent investigations with these olive 
oil triterpenic acids on colon cancer cell lines (Reyes et al.  2006 ; Juan et al.  2006, 
  2008a ; Reyes-Zurita et al.  2009  ) . In these studies, the isolated oleanolic and maslinic 
acids and an olive oil extract containing both triterpenoids, inhibited cell growth 
and proliferation in different colon cancer cell lines. The authors reported that 
the anti-proliferative activity evoked by these pentacyclic triterpenoids was not a 
consequence of their cytotoxicity but appeared to result from either inhibition of 
cell cycle progression or the induction of the apoptotic machinery, or both. It has 
recently been shown that maslinic acid inhibits selectively colon adenocarcinoma 
cells by cell cycle arrest in the G0 phase and direct activation of the mitochondrial 
apoptotic pathway (Reyes et al.  2006 ; Juan et al.  2008a ; Reyes-Zurita et al.  2009  ) . 
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  Fig. 18.3    The main actions of olive oil triterpenoids on the two apoptotic pathways in mammalian cells       
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They also found morphological changes in maslinic acid-treated cells that are typical 
in apoptosis: cell shrinkage, chromatin condensation, loss of normal nuclear structure 
and disruption of cell membrane integrity (Reyes et al.  2006  ) . The intrinsic 
pro-apoptotic effect by maslinic acid in HT29 colon cancer cells involves the inhibition 
of the prosurvival protein Bcl-2 and a simultaneous induction of Bax expression 
with the subsequent mitochondrial permeabilization and release of cytochrome c, 
 fi nally leading to caspase-9 and caspase-3 activation and death of the malignant 
cells (Reyes-Zurita et al.  2009  ) . Moreover, Juan et al.  (  2008a  )  suggested that maslinic 
acid is able to increase mitochondrial ROS production as a previous step for the 
disruption of the function of the mitochondria in the pro-apoptotic action in colon 
cancer cells. Although oleanolic acid was also able to inhibit colon cancer cell 
proliferation, this effect was not mediated by caspase-3 in contrast to the results 
observed with maslinic acid (Juan et al.  2008a  ) . The inability of oleanolic acid to 
either induce mitochondrial ROS or to activate caspase-3 explains the lack of effects 
of oleanolic acid on colon cancer cell lines (Juan et al.  2008a  ) . According to several 
investigations on colon carcinoma, the growth-inhibition of oleanolic acid on this 
cancer type may be partly related to cell cycle arrest (Li et al.  2002 ; Juan et al.  2008a  )  
and to its anti-in fl ammatory effects, as it will be discussed below. 

 The pro-apoptotic effects induced by oleanolic and maslinic acid from olive oil 
were also demonstrated in malignant astrocytic tumors, a common primary brain 
tumor (Martín et al.  2007  ) . They found that oleanolic acid and maslinic acid inhibit 
DNA synthesis and promote the intrinsic apoptotic pathway in human astrocytoma 
cell lines showing similar effectiveness. The brain cell apoptosis induced by these 
triterpenic acids involved morphologic and cytoskeletal alterations, accumulation of 
intracellular ROS with loss of mitochondrial membrane integrity and  fi nal activation 
of caspase-3 (Martín et al.  2007  ) . The described anti-proliferative and pro-apoptotic 
actions of these active triterpenes on brain cancer are in concordance with other 
investigations in different types of cancer including human colon adenocarcinoma 
(see above) (Li et al.  2002 ; Juan et al.  2006,   2008a ; Reyes et al.  2006 ; Reyes-Zurita 
et al.  2009  )  and leukaemia cells (Ovesná et al.  2006 ; Zhang et al.  2007  ) . According 
to the latter, oleanolic acid elicited apoptosis in human leukaemia HL60 cells via 
activation of caspase-9 and caspase-3 accompained by the cleavage of the caspase-3 
substrate poly(ADP-ribose) polymerase (PARP) (Zhang et al.  2007  )  or by scavenging 
ROS (Ovesná et al.  2006  ) .  

      Triterpenic Diols and Apoptosis 

 Regarding to the pentacyclic triterpenic diols, erythrodiol and uvaol (Fig.  18.1 ), they 
have shown promising activities in terms of arterial dilatation (Rodriguez-Rodriguez 
et al.  2004,   2006  ) , anti-in fl ammation (De la Puerta et al.  2000  )  and antioxidation 
(Marquez-Martin et al.  2006 a). It has been recently reported that erythrodiol from 
olives induces anti-proliferative and pro-apoptotic activity in HT-29 human colon 
adenocarcinoma cells. This pro-apoptotic action was associated to a reduced 
number of adherent cells and an increased caspase-3 activity (Juan et al.  2008b  ) . 
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An anti-proliferative effect induced by both erythrodiol and uvaol was also found in 
human astrocytoma cells. In this brain cancer cell line, the terpenic diols effectively 
inhibited cell cycle and proliferation with apoptosis promotion through ROS-
mediated mitochondrial depolarization and activation of c-Jun N-terminal kinases 
(JNK) (Martín et al.  2009  ) , where the action of erythrodiol and uvaol on ROS pro-
duction plays a crucial role. Thus, the investigation of anticancer effects of erythrodiol 
and uvaol are limited.   

    18.3.1.2   Effects on ROS 

 ROS are involved in different physiological processes acting as mediators in signal 
transductions pathways or activating proteins such as mitogen-activated protein 
kinases (MAPK). An overproduction of ROS mainly in the mitochondria causes 
oxidative stress with cell and mitochondrial damage, disruption of membrane integrity 
by lipid peroxidation, which is commonly associated to cardiovascular pathologies, 
autoimmune diseases, or in fl ammation (Valko et al.  2007  ) . Therefore, regulation of 
ROS levels may be a crucial preventive biomarker and may be an important target 
for anti-cancer therapies by ameliorating oxidative stress and thus DNA damages. 

 Levels of ROS are tightly regulated antioxidant mechanisms that are classi fi ed 
in enzymatic (e.g. superoxide dismutase and catalase) and non-enzymatic (e.g. glu-
thatione) systems in living cells. In general, pentacyclic triterpenoids are known 
for their antioxidant activities. Particularly, olive oil triterpenoids have been shown 
as potential antioxidants acting as ROS scavenger as well as increasing the activity 
of antioxidant enzymes (Allouche et al.  2010 ). In addition, the protective effect 
against oxidative stress provided by these triterpenoids in vivo and in vitro has been 
related to their bene fi cial action on cardiovascular pathologies (Somova et al.  2003 ; 
Rodriguez-Rodriguez et al.  2004 ; Herrera et al.  2006  )  and in fl ammation (Marquez-
Martin et al.  2006 a). 

 Substances able to produce cell damage especially DNA injuries and in fl ammatory 
responses, are considered as potential carcinogens, which cause oxidative stress, 
glutathione depletion and decrease the activity of antioxidant enzymes. The so 
called chemopreventive agents act against the deleterious effects derived from 
the carcinogens or against the substance per se. Olive oil triterpenoids have been 
identi fi ed as chemopreventive molecules showing protection at different levels. 
For instance, oleanolic acid decreased cell damage derived from oxidative stress 
in rat colon carcinoma induced by 1,2-dimethylhydrazine (Furtado et al.  2008  ) . The 
hepatoprotective effect elicited by pentacyclic triterpenoids against toxic substances 
have been related to increased levels of antioxidant substances such as glutathione 
and metallothionein as well as simultaneous protective actions on liver mitochondria 
(Herrera et al.  2006  ) . In terms of cancer, the antioxidant action of olive triterpenoids 
have been revealed as a crucial mechanisms for inhibition of tumor proliferation. 

 It has been reported that mitochondrial ROS are involved in cell death acting as 
mediators of apoptosis at different levels, and this participation could be even caspase- 
and Bax-independent (Fleury et al.  2002  ) . Thus, an increased production of ROS at 
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the mitochondria is activating the apoptotic machinery. As it has been reported in 
the preceding section, pentacyclic triterpenoids from olive oil cause ROS accumulation 
as a previous step for the pro-apoptotic response in cancer cell lines (Martín et al.  2009 ; 
Juan et al.  2008a  ) .  

    18.3.1.3   In fl ammation 

 It is accepted that there is a strong link between in fl ammation and cancer. In fact, 
epidemiological data have suggested that chronic in fl ammation predisposes individu-
als to several types of cancer (Mantovani et al.  2008  ) . Therefore, the targeting of 
key in fl ammatory mediators (chemokines and cytokines, such as TNF- a  and IL-1 b ), 
transcription factors involved in in fl ammation (e.g. NF-k b ) or in fl ammatory cells 
may attenuate incidence and promotion of cancer (Mantovani et al.  2008  ) . 

 The anti-in fl ammatory effect is a common property of many triterpenoids. 
Accordingly, numerous studies have reported that olive oil pentacyclic triterpenes 
have bene fi cial effects in the in fl ammatory response. Different mechanisms are 
involved such as phospholipase A 

2
  inhibition (De la Puerta et al.  2000  ) , 5-lipooxygenase 

inhibition (Safayhi and Sailer  1997  )  and attenuation of the complement system 
(Lee et al.  2004  ) . In addition, a promising effect of the olive oil triterpenoids on 
in fl ammation mediated by macrophages has been reported. In these studies, maslinic 
acid induced a signi fi cant reduction in the generation of interleukine (IL)-6 and 
TNF- a  in lipopolysaccharide (LPS)-stimulated murine peritoneal macrophages 
(Marquez-Martín et al.  2006 b). The modulation of in fl ammatory cytokine and 
chemokine secretion by olive oil triterpenoids in human mononuclear cells was also 
found: oleanolic acid, erythrodiol and uvaol inhibited IL-1 b  and IL-6 production, 
both oleanolic acid and uvaol exhibited a biphasic response in terms of TNF- a , whereas 
maslinic acid only attenuated IL-6 production at high concentrations (Marquez-Martin 
et al.  2006 a). 

 The expression of these in fl ammatory cytokines is regulated by the transcription 
factor NF-k b . Carcinogen- and in fl ammation-induced activation of NF-k b  is an impor-
tant step for cellular promotion, transformation and progression of cancer cells that 
often involves apoptosis inhibition (Van Waes  2007  ) . 

 Although inhibition of NF-k b  has been found to be an important mechanism of 
action of several anti-cancer drugs, newer agents have also revealed anti-cancer 
activity by inducing NF-k b  activation (Van Waes  2007  ) . The role of olive oil triterpenoids 
in the regulation of NF-k b  involves either activation or suppression of the action of 
this transcription factor. On the one hand, maslinic acid can potentiate the anti-tumor 
activity exhibited by TNF- a  in pancreatic cancer cells through promoting apoptosis 
and suppressing NF-k b  activation (Li et al.  2010  ) . In contrast to this, oleanolic acid 
activated NF-k b  expression in resting macrophages leading to increased levels of 
TNF- a  and IL-1 (Choi et al.  2001  ) . However, these triterpene-induced effects are 
critically affected by experimental conditions. For instance, different observations 
may depend on concentration-dependent effects, as described for oleanolic acid on 
production of TNF- a  in human mononuclear cells (Marquez-Martin et al.  2006 a).  
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    18.3.1.4   Bioavailability Limitations 

 In general, the main limitation of natural triterpenoids is that they are lipophilic 
substances and consequently they have a poor solubility in aqueous solutions 
thus determining a limited bioavailability in vivo (Mullauer et al.  2010 ). In terms of olive 
oil triterpenoids, only pharmacokinetic and delivery studies on oleanolic acid have 
been reported. In this regard, it has been recently evidenced some of the pharma-
cokinetic parameters by which oleanolic acid is metabolized in vivo (Song et al.  2006 ; 
Jeong et al.  2007 ; Ji et al.  2009  ) . Although these predictions have been considered 
useful for designing a dosage schedule of oleanolic acid in clinical trials in the 
future (Ji et al.  2009  ) , additional approaches have been developed for enhancing the 
triterpenoid solubility. On the one hand, Xi et al.  (  2009  )  have suggested the potential 
use of a self-nanoemulsi fi ed drug delivery system to improve dissolution and oral 
bioavailability of oleanolic acid. Alternatively, more promising results have derived 
from investigations developing new synthetic oleanolic acid derivatives showing 
higher solubility, lower toxicity and better bioavailability and effectiveness. Among 
these new derivatives, it is worthy to mention the 2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oic acid (CDDO) as a methyl ester or ethyl amide form. Forms of CDDO 
have successfully demonstrated an enhanced bioavailability and a better bioactive 
pro fi le compared to oleanolic acid against in fl ammation and cancer (Sogno et al.  2009 ; 
Honda et al.  2010  ) . Finally, administration of triterpenoids as part of combination 
treatments has been proved as another strategy to ensure higher effectiveness of the 
therapy in cancer (Mullauer et al.  2010  ) . For instance, a bene fi cial and synergistic 
effect of combining triterpenoids such as oleanolic acid and betulinic acid with 
5- fl uorouracil was reported against esophageal squameous cell carcinoma cell lines 
in vitro (Yamai et al.  2009  ) .    

    18.4   Conclusion 

 Triterpenoids are compounds extensively distributed in numerous plants used in 
traditional medicine. Olive oil and specially pomace olive oil are important sources 
of pentacyclic triterpenoids such as oleanolic acid and maslinic acid. Because of 
their ability to interfere at different signalling pathways, triterpenoids from olives 
seem to be promising therapeutic strategies in terms of cancer and cell proliferation, 
cardiovascular complications, in fl ammation, and hepatotoxicity. Particularly, these 
triterpenes have gained attention as potential anti-cancer drugs in relation to their 
ef fi ciency against different types of cancer such as colon, brain or prostatic tumor at 
experimental or even preclinical level. Although the exact mechanisms by which 
olive oil triterpenoids induce the anti-tumor effects are not fully understood, recent 
investigations have evidenced their actions at different stages of the carcinogenesis 
process including: pro-apoptotic activity via the mitochondrial pathway (e.g.: Bax 
activation, cytochrome c release and  fi nally caspase-3 activation), cell cycle arrest, 
modulation of mitochondrial ROS production, anti-angiogenesis and protective 
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effects on in fl ammation related to cancer. The poor water solubility of these pentacyclic 
triterpenoids is probably the main limitation for  fi nding a formulation suitable 
for their application in humans. Nevertheless,  fi nding novel approaches for the 
administration of these triterpenes in humans and the discovery of new derivatives 
have been proved as successful strategies to ensure higher effectiveness of these 
olive triterpenoids in the therapy of cancer even in clinical trials. In addition, 
investigations in animal models and humans are required to further con fi rm the 
potential anti-cancer effects of olive oil and its triterpenic fraction. We can conclude 
that olives and olive oil are a rich natural pool of promising anti-cancer pentacyclic 
triterpenoids that, together with their pharmacological pro fi le, may provide future 
pharmaceutical development and clinical investigations against chronic diseases such 
as cancer.      
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  Abstract   Programmed cell death (PCD), sometimes referred to as apoptosis, is a 
natural biological process that plays a key role in tissue maintenance and cellular 
homeostasis. Although PCD occurs as a normal biological process in multicellular 
organisms, it is highly regulated by a series of genetic elements which incidentally 
have also been implicated in carcinogenesis in humans. Thus any anomaly in the 
expression of the gene will result in the disruption of the highly organized physio-
logical events of PCD resulting in the continuous proliferation and growth of cells, 
a condition known as carcinogenesis. In fact, most cancer cells exhibit characteristic 
mutations in the P 53  gene. 

 While the events of PCD are normally triggered by physiological stimuli, it has 
been shown that they can also be induced by exogenous factors such as bioactive 
compounds of plant origin. Some natural plant products have been shown to have 
anti-tumorigenic properties through the induction of apoptosis. Fruits, vegetables 
and condiments such as herbs and spices are naturally rich in bioactive compounds 
which have been shown to exhibit some cytotoxic effect mediated through apoptosis 
on various tumor cells. 

 In this chapter, we review pertinent information on dietary sources of natural inducers 
of cell death and important considerations for cancer prevention and therapy. While 
studies on their chemopreventive and chemotherapeutic potentials are ongoing, 
there is a need to consider the effect of processing, gastrointestinal digestion and 
metabolism on the structural modi fi cation of these compounds as well as their 
bioavailability given their dependency on structure for functionality.     
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     19.1   Cancer Development and Natural Cell Death 

 Cancer is the second leading cause of death in the US accounting for one in every 
four deaths. Cancer development (carcinogenesis) was  fi rst described by Armitage 
and Doll  (  1954  )  as a multi-stage process in which cells transform into tumors due to 
genetic alterations and become progressively malignant overtime (Armitage and 
Doll  1954  ) . The  fi rst step, generally referred to as the initiation stage, involves the 
molecular alteration of genetic elements by reactive species leading to DNA mutations. 
This causes a cell to deviate from activities of a normal cell cycle and proliferate to 
form clonal cells otherwise called a tumor. Over time, additional genetic alterations 
occur resulting in the development and growth of clonal cells containing the aberrant 
genes which causes their inability to respond to cellular signals that control growth 
resulting in malignancy. This stage is called the tumor promotion stage and it precedes 
the third and  fi nal stage, which is the progression stage. Aberrant malignant cells 
with the capacity to proliferate rapidly lose their cell adhesion properties which 
allows them to migrate to other sites in the body were they invade other tissues 
(metastasis) including the blood and lymphatic system. 

 Apoptosis is a genetically controlled process for normal development and tissue 
homeostasis. Characterized by a series of morphological changes such as chromatin 
condensation, nuclear fragmentation, cell shrinkage and blebbing of cell membrane, 
it can be activated intrinsically via the mitochondrial pathway or extrinsically by 
molecular factors. Activation of the mitochondrial pathway occurs through oxidative 
stress caused by accumulation of reactive oxygen species (ROS) generated by drugs, 
toxicants, by products of electron transport chain and other oxidizing agents. 
Oxidative stress results in the reduction of the mitochondrial membrane potential 
leading to the subsequent release of cyctochrome c, apoptotic protease-activating 
factor 1 (Apaf-1), endonuclease G and Apoptosis-Inducing Factor (AIF) into the 
cell cytosol. These compounds form a supramolecular complex with deoxy-ATP 
and procaspsase-9 that activates capsase-9 by autohydrolysis which initiates a 
cascade of activation events of caspases that degrades the cell cytoskeleton and 
activates DNAses. 

 While intrinsic elicitors of PCD involve stress stimuli such as DNA damage, 
extrinsic pathway involves the molecular activation of caspases 8 or 10 by cell 
surface death receptors of certain members of the pro-in fl ammatory cytokines (TNF, 
APO-1L, CD95L, CD178 and TNF-related apoptosis-inducing ligand (TRAIL))   . 
Key proteins such as nuclear factor-kappa B (NF- k B), phosphatidylinositol-3-kinase 
(PI3K), and mitogen-activated protein kinase (MAPKs), related to cellular proliferation 
and survival transduction pathways are upregulated with the downregulation of the 
caspases, proapoptotic members of  bcl -2 family genes (Manson  2003 ; Surh  2003  ) . 

 Although apoptosis or lack of it thereof is central to the development of cancer, 
chronic in fl ammation induced by the activation of NF- k B which regulates tumor 
cell development, is a major mediator of the progression of tumor cells (Lu et al. 
 2006  ) . Ninety percent of all cancer deaths are linked to metastasis of the tumor and 
thus prevention of chronic in fl ammation through bioactive dietary components can 
also reduce the incidence and mortality of cancer.  
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    19.2   Natural Inducers of Cell Death 
and Their Dietary Sources 

 Current studies in the area of nutrigenomics have established a link between diet 
and health (McGinnis and Foege  1993  ) . This has increased awareness among 
individuals on foods that contain biologically active components that promote 
health. Epidemiological studies have shown that diet and lifestyle are key environ-
mental factors in the etiology, incidence and prevention of chronic diseases such as 
cancer (Willett  2002  ) . It is an established fact that 35% of all cancers can be prevented 
by dietary changes (World Cancer Research Fund and The American Institute for 
Cancer Research  1997  ) . Also, that the frequent consumption of plant based foods 
such as fruits, vegetables and nuts rich in bioactive compounds has substantial 
health bene fi ts especially in the reduction of risk of development of chronic diseases 
(Block et al.  1992 ; Benetou et al.  2008 ; Steinmetz and Potter  1996  ) . Although studies 
to understand the full extent of their biological activities and mechanisms of action 
are ongoing, some bioactive compounds have been investigated extensively and 
their chemopreventive/therapeutic potential evaluated (Kelloff et al.  2000 ; Khan 
et al.  2008  ) . Bioactive dietary components have been implicated in the mitigation 
and chemoprevention of cancers of the gastrointestinal tract, prostate, lungs, breast 
and skin (Syed et al.  2008 ; Haseen et al.  2009 ; Bougnoux et al.  2010 ; Cranganu and 
Camporeale  2009 ; Goralczyk  2009 ; Bjelakovic et al.  2008  ) . Although a vast number 
of naturally biologically active exist in the diet, a number of these have been shown 
to induce cell death as well as inhibit the activation of NF- k B by in fl ammatory 
cytokines. Among these are polyphenols, the largest group of phytochemicals 
(Peterson and Dwyer  1998  ) . They are a diverse group of compounds synthesized by 
plants of which  fl avonoids are the largest class (Fig.  19.1 ).  

 Polyphenols can affect the overall process of carcinogenesis by several mecha-
nisms. Exogenous polyphenols obtained through a plant-based diet, counteract 
oxidative stress via their antioxidative and free radical scavenging mechanism thus 
preventing the onset of tumorigenesis. They also have the added ability to modulate 
oxidative stress in cancer cells, thereby affecting signal transduction, activation of 
redox-sensitive transcription factors and expression of speci fi c genes that in fl uence 
cell proliferation, invasion and apoptosis (Kaefer and Milner  2008  ) . A growing 
body of evidence indicates that polyphenols can directly interact with speci fi c steps 
and/or proteins responsible for the regulation of apoptotic process such as the release 
of cytochrome c with subsequent activation of caspases-9 and caspases-3. Notable 
compounds among them are the  fl avanols found in tea and cocoa, iso fl avones in 
legumes and the stilbene resveratrol predominant in grapes. Other compounds 
implicated in the modulation of carcinogenesis include carotenoids, bioactives from 
herbs and spices such as cucumin and gingerol (Kaefer and Milner  2008  ) . Table  19.1  
provides an inexhaustive list of natural compounds found in various foods with anti-
in fl ammatory, anti-carcinogenic and apoptotic activities. Given their chemical 
diversity, they target various stages in tumor cell development. Components of 
green and black tea, such as the  fl avanol epigallocatechin-3-gallate (EGCG) and 
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thea fl avins, induced apoptosis and blocked cell cycle progression in a variety of 
cancer cells (Mimoto et al.  2000 ; Chen et al.  2004  ) . EGCG has been shown to inhibit 
carcinogenesis in a variety of tissues including lung, bladder, skin, small intestine, 
prostate and breast (Mantena et al.  2005 ; Stuart et al.  2006 ; Thangapazham et al. 
 2007  ) .The apoptotsis induced by EGCG has been shown to be dose dependent and 
appears to be mediated by the reversible induction of the p57 gene depending on the 
cell type (Hsu et al.  2001  ) . Another compound found in the diet that has been exten-
sively studied is resveratrol. Naturally occurring in abundance in grapes, studies 
have shown that it has pro-apoptotic properties in addition to other bioactivities 
such as antioxidative and anti-in fl ammatory properties (Goswami and Das  2009  ) . 
Resveratrol induces apoptosis in cancer cells via cell signaling mechanism. It promotes 
the phosphorylation of p38 MAP kinase as well as induces the redistribution death 
receptors in colon cancer cells thereby sensitizing TNF-related apoptosis inducing 
ligand (Goswami and Das  2009  ) . The iso fl avone, genistein, found in soy and other 
members of the  leguminosae  family, has been shown to inhibit carcinogenesis in 
animal and human models. It has also been identi fi ed as a dietary component that 
plays a key role in the reduced risk of development and incidence of hormone related 
cancers such as breast and prostrate cancer in Asian countries were soy is largely 
consumed (Lampe et al.  2007 ; Adlercreutz et al.  1993 ; Mills et al.  1989 ; Kurahashi 
et al.  2007 ; Jacobsen et al.  1998 ; Peterson and Barnes  1993,   1996  ) .  

 Studies on the mechanism of action of soy genistein have shown that its anti-
carcinogenic properties are effected through the modulation of genes that control 
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  Fig. 19.1    Classi fi cation of biologically active compounds found in plant-based foods       
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   Table 19.1    Some biologically active compounds found in the diet and their dietary sources   

 Polyphenol  Biological activity  Dietary sources 

  Flavonols   Down-regulation of NF- k B, 
induce cell cycle arrest, inhibit 
TNF- a  

 Onions, chokeberry, elderberry, 
hot yellow pepper, cilantro  Quercetin 

 Kaempferol 
  Flavan-3-ols   Down-regulation of NF- k B  Cocoa, cinnamon, apple skin, 

tea, cranberry, red kidney & 
pinto beans, sorghum, nuts 
(almonds, hazelnut, 
pistachios, pecans) 

 Proanthocyanidins, 
Catechin, Epicatechin, 
Epicathechingallate, 
Epigallocatechingallate 
(EGCG) 

 Inhibit IL-1 b ,TNF- a , and IL-6 
production, LOX, COX, iNOS 
synthase, decreased expres-
sion of  Bcl -2 proteins 

  Iso fl avones   Inhibit IL-2 production, induce 
apoptosis, inhibit NF- k B 
transcription 

 Soy and soy products, legumes 
(peanuts, clover)  Genistein 

  Stilbenes   Inhibition of NF- k B activation, 
TNF- a  induced proliferation 
down-regulation of COX-2, 
surviving, induce apoptosis, 
Inhibition of lipid 
peroxidation 

 skin of red grapes, red wine, 
itadori tea, peanut, 
mulberries 

 Resveratrol,  a -Viniferin 

  Glucosinolates   Suppress NF- k B activa-
tion ⇒ down-regulation of 
COX-2, LOX and iNOS 
expression; inhibits TNF-  a , 
interleukin (IL) -1, -2, -6, -8, 
and −12 production 

 Cabbage, broccoli and 
cauli fl ower  Indole-3-carbinol 

 Sulphoraphane 

  Anthocyanins   Inhibit IL-1 b ,TNF- a , and IL-6 
production 

 Blackberry, blackcurrant, 
blueberry, chokeberry, 
elderberry, red cabbage, 
black beans, cherries, 
black plum 

 Monounsaturated fatty 
acids (MUFA) 

 Inhibition of nuclear factor kappa 
B (NF- k B) activation via 
PPAR a -dependent pathway 

 Oily  fi sh (salmon), peanut, 
olives, tree nuts 

  n -3 Polyunsaturated fatty 
acids (PUFA) 

 Curcumin  Suppress NF- k B activa-
tion ⇒ down-regulation of 
COX-2, LOX and iNOS 
expression; inhibits TNF- a , 
interleukin 

 Tumeric (spice) 

 (IL) -1, -2, -6, -8, and −12 
production 

 Capsaicin  Suppress NF- k B activa-
tion ⇒ down-regulation of 
COX-2, LOX and iNOS 
expression; inhibits TNF-  a , 
interleukin 

 Hot Pepper 

 (IL) -1, -2, -6, -8, and −12 
production 
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cell cycle and apoptosis (Spinozzi et al.  1994 ; Kyle et al.  1997 ; Moiseeva et al. 
 2007 ; Szkudelska and Nogowski  2007 ; Huang et al.  1992  ) . These mechanisms 
involve the antagonism of the estrogen- and androgen-mediated signaling pathways 
that are involved in the processes of carcinogenesis as well as the inhibiting the 
activation of NF- k B (Li and Sarkar  2002 ; Takimoto et al.  2003  )  which maintains the 
homeostasis of cell cycle and apoptosis. In addition to these, genistein is known to 
inhibit angiogenesis and metastasis in already developed cancer cells (Krinsky  1989  ) . 

 Carotenoids with or without provitamin A have also been shown to inhibit 
nuclear damage at physiological concentrations (Pung et al.  1988 ; Bendich and 
Olson  1989  ) . Animal model studies have shown their chemoprotective and chemo-
preventive effects against UV-induced skin cancer (Hansen and Maret  1988  ) . For 
chemically induced cancers which occur in tissues not exposed to UV rays, high 
doses of retinoids seem to be more effective (in rodents) as they block the development 
of neoplastic lesions in the promotion stage of cancer development (Pung et al. 
 1988 ; Bendich and Olson  1989 ; Ziegler  1989  ) . Carotenoids quench free radicals 
which otherwise will attack cell membrane lipids causing damage not only to the 
membrane lipids but ultimately to proteins and nucleic acids. Epidemiological studies 
have shown an inverse relationship between development of lung cancer in healthy 
individuals and high serum carotenoid levels as well as consumption of carotenoid-rich 
fruits and vegetables (Wald et al.  1988 ; Gey et al.  1987 ; Ziegler et al.  1986  ) . The 
presence of other antioxidants present in fruits and vegetables may also play a role 
in the chemoprevention of cancer development. 

 While many animal and human (epidemiological, observational and case 
controlled) studies show the bene fi ts of consuming a plant-based diet due to the 
presence of bioactive compounds, care must be taken as these compounds especially 
those with antioxidant properties can be pro-oxidant as high doses as well as act as 
a mutagen (Li et al.  2008 ; Skibola and Smith  2000  ) . This must be emphasized as the 
vitamin supplement and nutraceutical market is currently saturated with puri fi ed 
bioactive compounds.  

    19.3   Structure-Activity Relationship (SAR) 

 All  fl avonoids derive their 15-carbon ring structure the primary plant metabolites, 
malonyl-CoA and  p -coumaroyl-CoA Three molecules of malonyl-CoA and one 
molecule of  p -coumaroyl-CoA condense to form an intermediate chalcone, which 
undergoes isomerisation to form  fl avanone (Harborne and Baxter  1999  )  Flavanones 
are 3-ring compounds from which other  fl avonoid classes are synthesized (Fig.  19.2 ).  

 These include their immediate products  fl avones, iso fl avones,  fl avanols, and 
dihydro fl avanols, together with metabolites of the latter two compounds (Martens 
and Mithöfer  2005  ) . Further modi fi cation occurs at various stages, resulting in alter-
ations in the extent of hydroxylation, methylation, isoprenylation, dimerization and 
glycosylation (producing O- or C-glycosides). The sugar most commonly involved in 
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glycoside formation is glucose, although galactose, rhamnose, xylose and arabinose 
also occur, as well as disaccharides such as rutinose. Most  fl avonoids exist in nature 
as glycosides, thus making them more water-soluble and consequently less reactive 
toward free radicals. Flavonoids can act as antioxidants with mechanisms involving 
both free radical scavenging and metal chelation due to their structural chemistry. 
The structural features considered essential for effective radical scavenging activity 
are the C2, 3 double bond in conjugation with a 4-oxo function in the C-ring. 
Additionally, the positions of its phenolic hydroxyl groups at positions C-5 and C-7 
on the A-ring and C-4 ¢  on the B-ring favor a high antioxidant activity Some 
 fl avonoids have been shown to be more effective antioxidants  in-vitro  than vitamins 
E and C on a molar basis (Rice-Evans and Miller  1996  ) . 

 In addition to their anti-oxidative activity, many polyphenols have shown cyto-
toxic activity resulting in apoptosis. One suggested mechanism is DNA-laddering 
which is common among polyphenols with a pyrogallol-like B ring (Fig.  19.3 ) 
enhanced by a gallate moiety attached in a  cis -conformation at position 3 such as is 
the case with epigallocatechin (EGC), (−)-epigallocatechin gallate (EGCG) and 
gallic acid (Mitsuhashi et al.  2008 ; Saeki et al.  2000  ) .  

O
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  Fig. 19.3    Structures showing 
backbone of polyphenol rings 
and pyrogallol       

  Fig. 19.2    The malonate–shikimate biosynthetic pathway of  fl avonoids. Phenylalanine lyase 
( PAL ), chalcone synthetase ( CHS ), chalcone isomerase ( CHI ), and iso fl avone synthetase ( IFS )       
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 These compounds are naturally found in tea and reported to induce apoptosis in 
human ovarian cancer cells (Rao and Pagidas  2010  ) . Other compounds in this category 
are procyandins found in cocoa cocoa products and grape seeds,  trans -resveratrol in 
grapes and quercetin in apples and onions (Kyle et al.  2010  ) .  

    19.4   Effect of Processing and In-Vivo Metabolism 

 Given structure activity relationship that exists with most bioactive compounds, it is 
important that they are chemically stable if they naturally exist in the bioactive con-
formation and if not, are modi fi ed through processing or metabolism to a biologically 
active form to be effective. Therefore the ef fi cacy of any bioactive compound from 
dietary sources will depend on their structural conformation at their target sites. 
An example will be iso fl avones in soybeans. These compounds naturally exist as 
their glycosides which are not biologically active but are water-soluble thus enhanc-
ing their solubility in the aqueous microenvironment of the gastrointestinal tract. 
They have been shown to be sensitive to heat and acidic pH, however the presence 
of anti-nutritive components such as trypsin inhibitors that can interfere with pro-
tein digestion in soy and other legumes requires that soy products be heated to 
inactivate them (Rostagno et al.  2009 ; Mathias et al.  2006  ) . Similarly, oxidative 
enzymes present in vegetable need to be inactivated via blanching to preserve the 
quality of the vegetables. However, soybean iso fl avones are hydrolyzed by intestinal 
glycosidase to the aglycones, daidzein, genistein and glycitein (Setchell et al.  2001  ) . 
These can be absorbed or further metabolized. Thus after ingestion of iso fl avones-
rich foods, the iso fl avone glycosides undergoes deglycosylations, resulting in bio-
logically active aglycones that are easily absorbed. Recent studies have also shown 
that deglycosylation of genistin to genistein begins in the mouth and then continues 
in the small intestine (Day et al.  1998  ) . 

 While the phenolic composition and content of foods have reported (Sakakibara 
et al.  2003  )  it is also necessary that we determine dietary intake levels and exposure 
that elicit favorable biological responses that promote health. Key information required 
to make such determinations lie in the bioavailability of these compounds from foods. 
This depends on several factors that can be summarized into two main processes, 
bioaccessibility and absorption. Bioaccessibility is the amount/proportion of nutrients 
consumed that is made available for absorption into the body. While the amount that 
is ultimately absorbed, determines the bioavailability of the compound. Factors that 
can affect bioaccessibility include the food matrix, stability of compounds to digestive 
process (enzyme activity, pH, presence of other reactive compounds), and solubility 
in the enterocyte unstirred water layer which facilitates their absorption. 

 In addition to bioaccessibility, the kinetics of their absorption, effects of hepatic 
metabolism and excretion have been shown to vary among food sources as well as 
individuals (Wiseman  1999  ) . Further studies to understand the factors behind this 
variance are necessary and will be relevant for a chemopreventive approach through 
dietary bioactives.  
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    19.5   Implications on Effectiveness as Chemopreventive 
and/or Therapeutic Agent 

 Thus for any dietary intervention for chemoprevention or cancer therapy to be effective, 
dietary sources of inducers cell death will need to be individually assessed and 
evaluated to ensure that these compounds maintain a structural conformation that 
supports their activity after absorption. Special attention must be paid to the effect 
of processing on the stability of the compound, the microenvironment, presence of 
other compounds that may have a synergistic or inhibitory effect and the effect of 
hepatic metabolism on their structural integrity and concentrations  in-vivo . This is 
critical as excessive intake may be detrimental to health. Thus, it is imperative that 
extensive studies on the bioavailability of the bioactive compounds from each 
dietary source be evaluated as well as their effective intake level for chemoprevention 
and anti-carcinogenic properties. This will provide impetus for the development of 
clear guidelines on dietary sources and intake levels not only for cancer prevention 
but also for related diseases such as in fl ammatory diseases      
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  Abstract   Chronic pancreatitis, liver cirrhosis or in fl ammatory bowel disease are 
examples of  fi broin fl ammatory conditions, all of them characterized by a progres-
sive course and poor therapeutic expectations. The signature of these disorders is 
the perpetual activation of myo fi broblasts and the accumulation of redundant  fi brotic 
tissue that progressively replaces the normal parenchyma. Removal of myo fi broblast 
is increasingly recognized as a therapeutic target for the prevention and resolution 
of  fi brosis. Tocotrienols are natural vitamin E compounds with potent anticancer 
properties. Their antineoplastic credentials are supported by the ability to selectively 
induce cell death or inhibit proliferation in transformed cells. Recent studies have 
shown that tocotrienols also strike activated  fi broblasts without harming normal 
cells. This review focus on the current knowledge of the putative role of tocotrienols 
as antiin fl ammatory and anti fi brogenic agents based on their ability to induce 
programmed cell death in activated  fi broblasts. The review points out to the mito-
chondria as the main target of tocotrienols to promote apoptosis and autophagy 
in activated  fi broblasts. Most of the available evidence has been gathered using 
experimental data from pancreatic stellate cells. The overall experimental evidence 
provides support to consider evaluating clinical trials using tocotrienols to reduce or 
prevent  fi brosis in human  fi broin fl ammatory diseases.      

    E.  C.   Vaquero   (*)
     Gastrointestinal and Pancreatic Research Group, Hospital Clínic , 
 CIBEREHD,    Barcelona ,  Spain  
 e-mail:  evaquero@comb.es; evaquero@clinic.ub.es     

    X.   Molero  
     Pancreatic Research Group, Institut de Recerca ,  Hospital Universitari Vall d’Hebron ,
  Barcelona ,  Spain       

    Chapter 20   
 Tocotrienols in the Control of Pathological 
Fibroin fl ammatory Processes       

      Eva   C.   Vaquero       and    Xavier   Molero      



478 E.C. Vaquero and X. Molero

    20.1   The Multimolecular Vitamin E 

 The term vitamin E comprises a group of compounds with similar chemical structures 
and with biological activity of RRR- a -tocopherol, a naturally occurring vitamin E 
stereoisomer. A signature that gathers vitamin E compounds is their ability to fully 
revert all characteristic clinical features that result from vitamin E de fi ciency. 
Vitamin E is considered the major lipid-soluble, chain-breaking antioxidant in 
the body, protecting the integrity of membranes by inhibiting lipid peroxidation. 
In nature vitamin E is present in plant tissues and vegetable oils as tocopherol 
and tocotrienol derivatives. These molecules are termed tocochromanols because of 
their molecular structure consisting in a chroman head with two rings (one phenolic 
acid and one heterocyclic) and a 15-carbon side chain (Kamal-Eldin and Appelqvist 
 1996  ) . Both groups differ in the degree of saturation of their side chains. Tocopherols 
have a saturated phytyl side chain, while tocotrienols possess an unsaturated 
isoprenoid side chain with three trans double bonds at positions 3 ¢ , 7 ¢ , and 11 ¢ . Both 
tocotrienols and tocopherols occur in nature as four isomers, designated as  a -,  b -, 
 g -, and  d -, which differ from each other by the number and position of methyl groups 
on the phenol ring. 

 Most of the vitamin E research has focused on  a -tocopherol while all other 
non- a -tocopherol molecules have been mostly neglected for basic and clinical studies. 
However, accumulating evidence indicates that tocotrienols display some functionally 
differences from  a -tocopherol and they provide distinctive health bene fi ts, such as 
neuroprotective, hypocholesterolemic and antitumor effects that are not shared by 
 a -tocopherol (Aggarwal et al.  2010a  ) . 

 Non-natural vitamin E analogues include a number of synthesized compounds 
that often display different bioavailability and biological activity than the natural 
isomers (Birringer et al.  2003  ) . These molecules may differ from the original 
 a -tocopherol in the esther side group, the number and positions of the methyl sub-
stitutions on the aromatic ring, or in the aliphatic side chain. Most of these vitamers are 
redox-silent molecules that have been developed in the search for improved chemical 
and metabolic stability, water solubility, biopotency or a more selective toxicity 
towards cancer cells (Behery et al.  2010 ; Constantinou et al.  2008  ) . Representative 
examples are  a -tocopheryl succinate ( a -TOS) and  a -tocopheryloxyacetic acid 
( a -TEA), two semisynthetic derivatives of  a -tocopherol with potent antineoplastic 
effects  in vitro  and  in vivo  (Neuzil  2003 ; Elson  1992  ) .  

    20.2   Sources, Absorption and Tissue Distribution 
of Tocotrienols 

 Tocotrienols, as tocopherols, are essential components of the human diet. They are 
synthesized by plants and photosynthetic organisms only. The main sources of 
tocotrienols are vegetable oils and lipid-rich plants products. Palm oil is one of the 
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most abundant natural sources of tocotrienols (Khosla et al.  2006  ) . They are also 
found in smaller amounts in monocot seeds such as oat, rice, wheat and barely. 
However, despite the existence of tocotrienols in natural foods, common dietary 
sources rarely provide enough amounts of tocotrienols to let their bene fi cial effects 
be demonstrated. Therefore, natural supplements might be required to obtain clinical 
advantages. 

 Humans absorb all isoforms of vitamin E, but the bioavailability of tocotrienols 
appears to be much lower than that of tocotrienols. Oral absorption of tocotrienols 
is limited because its poor water-solubility. Moreover, while  a -tocopherol is ef fi ciently 
transported to tissues by the  a -tocopherol transporter protein, it is not yet clear how 
tocotrienol is delivered to vital organs. Nevertheless, there are convincing data 
demonstrating that dietary tocotrienols are absorbed by the intestinal epithelium, 
show measurable plasma levels (Khosla et al.  2006 ; Yap et al.  2001  ) , and are readily 
distributed throughout the body, reaching high concentrations in different tissues 
such as brain, adipose tissue, skin, and mammary glands (Patel et al.  2006  ) . To circum-
vent the poor oral bioavailability of tocotrienols, emulsifying formulations (Yap and 
Yuen  2004  )  and esther modi fi cations of the molecule (Behery et al.  2010  )  have been 
developed. Despite the fact that  a -tocopherol is the main vitamin E isomer found 
in plasma and tissues, some studies show that tocotrienols exert higher radical scav-
enging ef fi ciency in biomembranes than the corresponding tocopherol (Serbinova 
and Packer  1994 ; Suzuki et al.  1993  ) . However, this is still a debatable issue as other 
studies have reported similar antioxidant activities for tocopherols and tocotrienols 
(Yoshida et al.  2003  ) .  

    20.3   Tocotrienols as Putative Antineoplastic Agents 

 There is cumulative evidence to support the notion that tocotrienols have potent 
antineoplastic effects (Constantinou et al.  2008 ; Sen et al.  2007 ; Aggarwal et al. 
 2010b  ) .  In vitro  studies have demonstrated proapoptotic and antiproliferative 
activities of tocotrienols in a variety of human cancer cells, such as pancreatic, 
breast, prostate, liver, colorectal, gastric, and melanoma cells. In animal models, 
tocotrienols have also been shown to suppress liver, lung, pancreatic, melanoma 
and breast tumor growth (see the article of Sen et al. ref 16, for a comprehensive 
analysis of the literature about the  in vitro  and  in vivo  antineoplastic effects of tocot-
rienols). It is of particular interest the observation that tocotrienols are selectively 
toxic for cancer cells while sparing normal cell growth and viability (Srivastava and 
Gupta  2006  ) . 

 Tocotrienols are potent lipid-soluble antioxidants that incorporate into cellular 
membranes where they inhibit peroxidation of lipids. But besides their well known 
antioxidant properties, it is becoming clear that tocotrienols exert important antine-
oplastic effects beyond their antioxidant function in biological membranes. These 
redox-silent activities may be attributed to their interaction with various signal trans-
duction pathways (Constantinou et al.  2008  ) , as it will be further discussed below.  
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    20.4   Tocotrienols as Modulators of Chronic 
In fl ammatory Reactions 

 In fl ammation and  fi brosis are part of the reparative wound healing response against 
tissue injury. In fl ammation usually precedes and co-exists with  fi brosis. In fl ammatory 
cells are recruited to the site of acute injury attracted by TGF-ß, and chemokines 
such as MCP-1, MIP-1 and MIP-2. The  fi rst cells recruited to the site of in fl ammation 
are neutrophils and later on macrophages, T and B lymphocytes. The recruited 
in fl ammatory cells are a rich source of radical oxygen species, growth factors and 
mitogenic and  fi brogenic cytokines, such as TGFß, PDGF, interleukins, which 
further activate  fi broblasts and engage the  fi brogenic process. Although in fl ammation 
is a defense response necessary to repair the wounded tissue, uncontrolled in fl ammation 
is associated with chronic  fi brogenic disorders, such as autoimmune diseases, hepatic 
cirrhosis, atherosclerosis, cancer, and almost all morbid conditions. Therefore, 
in fl ammation appears to be critical for the onset and progression of  fi brosis. 

 Experimental data demonstrate that tocotrienols are potent anti-in fl ammatory 
molecules. In murine macrophages (RAW264.7) (Yam et al.  2009  )  and human 
monocytic cells (THP-1) (Wu et al.  2008  )  tocotrienols reduce the proin fl ammatory 
response triggered by lipopolysacaride stimulation, as demonstrated by a decrease 
in a variety of in fl ammatory molecules, including IL-6, nitric oxide, inducible nitric 
oxide synthase, TNF a , IL-4, IL-8, prostaglandin E2, cyclooxygenase-1 and −2, and 
nuclear factor-kB. In human keratinocytes (HaCaT cells)  g -tocotrienol suppresses 
UVB-induced expression of in fl ammatory mediators (cyclooxigenase-2, IL-1ß, 
IL-6, MCP-1) and MAPK activation, while tocopherol cause minimal effects (Shibata 
et al.  2010  ) . The net result of such anti-in fl ammatory effect is the prevention of skin 
photodamage in HR-1 hairless mice treated with oral  g -tocotrienols. Another proof 
of the anti-in fl ammatory nature of tocotrienols comes from studies in diabetic rats, 
in which they reduce levels of serum in fl ammatory mediators (TNF a , IL-1 ß , TGF-ß1), 
nitrosative and oxidative stress along with the improvement of glycemia and 
neuropathy (Kuhad and Chopra  2009  ) . Tocotrienols also decrease endothelial 
expression of adhesion molecules and monocytic cell adherence (Theriault et al. 
 2002  )  and is a strong inhibitor of NF- k B, a transcription factor with a central role in 
in fl ammation (Kaileh and Sen  2010  ) .  

    20.5   Tocotrienols as Possible Suppressors of Uncontrolled 
Fibrogenesis 

 Fibrosis is a scarring process characterized by extensive and anomalous deposition 
of extracellular matrix proteins, usually preceded by  fi broblast proliferation. It can 
be considered as the end result of poorly resolved chronic in fl ammatory reactions 
promoted by either continuous exposure to injury (such as persistent infections, 
autoimmune reactions, radiation, mechanical injury, chemical insults, and more) or 
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defective wound healing. The process results in a ceaseless deposition of extracellular 
matrix that replaces normal parenchymal tissue culminating in structural distortion 
and organ dysfunction (Wynn  2008  ) . 

 Organ  fi brosis is present in a number of chronic diseases such as liver cirrhosis, 
chronic pancreatitis, pulmonary  fi brosis, interstitial nephritis, keloids, etc. Most of 
these diseases are progressive and at present there is no treatment that can effectively 
halt the  fi brogenic process. Indeed, there was the conviction that when  fi brosis 
is advanced, reversal to the normal tissue architecture and function is no longer 
possible. However, current knowledge indicates that  fi brosis can be reversible 
(Ramachandran and Iredale  2009  )  and one promising way to achieve the resolution 
of  fi brosis is to eliminate the extracellular matrix-producing cells (Elsharkawy et al. 
 2005 ; Oakley et al.  2005  ) . 

 The main cell type responsible for generating the molecular components of the 
extracellular matrix, such as collagens,  fi bronectin and laminin, is the myo fi broblast. 
These cells represent a heterogeneous population that are thought to derive from the 
activation of resident  fi broblasts, from epithelial or endothelial cells transdifferen-
tiation (in a process termed epithelial- or endothelial-to- mesenchymal transition), and 
from circulating  fi brocytes originating at the bone marrow (Novo et al.  2009  ) . 
In some organs myo fi broblasts have been well characterized and identi fi ed to originate 
from a speci fi c cell population, like pancreatic stellate cells (Omary et al.  2007  )  or 
hepatic stellate cells (Friedman  2008  ) . A great deal of interest has arisen on the 
elucidation of the biology of these cells since it is now believed that their inactivation 
by forcing them to return to a quiescent phenotype, to halt proliferation, or to initiate 
a cell death program would slow, detain or even revert the progression of  fi brosis 
(Elsharkawy et al.  2005  ) . In this setting, and similarly to what occurs in cancer cells, 
recent data indicate that tocotrienols selectively target activated  fi broblasts restraining 
their proliferating activity or inducing their cell death (Rickmann et al.  2007 ; Luna 
et al.  2011 ; Tappeiner et al.  2010  ) . 

 Tenon’s  fi broblasts are just one example (Tappeiner et al.  2010  ) . Failure of glaucoma 
surgery is mostly due to the formation of a  fi brocellular scar generated from the 
activity of  fi broblasts derived from Tenon’s capsule. Inhibition of the proliferating 
activity of these cells by mitomycin C or 5- fl uoracil is limited because their toxicity 
to other ocular cell types and the risk of ocular hypotony. In  in vitro  studies, tocot-
rienols have been shown to inhibit proliferation, migration and collagen synthesis 
of human Tenon’s  fi broblasts and, therefore, tocotrienols may have the potential to 
function as an anti-scarring agent in glaucoma surgery. 

 Chronic pancreatitis is an archetypic model of a continuously progressive 
 fi broin fl ammatory disease. In this condition, pancreatic parenchyma is progres-
sively replaced by scaring and non-functional  fi brosis. As a consequence, patients 
suffering from chronic pancreatitis experience continuous or intermittent abdominal 
pain, exocrine pancreatic insuf fi ciency and diabetes mellitus. Beyond eliminating 
predisposing factors, such as alcohol abuse, smoking or duct obstruction, there are 
no other effective treatments to halt disease progression. However, the recognition 
of pancreatic stellate cells (PSCs) as one of the main effectors of  fi brosis has open 
new therapeutic approaches (Omary et al.  2007  ) . In the normal pancreas these 
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 fi broblast population reside in a quiescent state with no known detrimental activity. 
Prompted by tissue injury, PSCs transdifferentiate into an activated phenotype to 
participate very actively in the wound healing process and help to maintain tissue 
homeostasis. Activated PSCs have the ability to proliferate and generate extracellular 
matrix components and soluble proin fl ammatory mediators that attract macrophages 
and other in fl ammatory cells that supervise tissue repair. Once the lesion is repaired, 
activated PSCs may disappear by a self-destroying death program. Otherwise, 
uncontrolled PSCs proliferation and activity will lead to a ceaseless and unsuccessful 
reparative process that will overburden the pancreas with redundant matrix load. 
In this scenario, tocotrienols have been shown to target activated PSCs inducing 
their own demise by apoptosis and autophagy (Rickmann et al.  2007  ) . Interestingly, 
the toxic effect of tocotrienols is selectively directed toward activated PSCs, sparing 
quiescent PSCs and terminal differentiated acinar cells. 

 Some  in vitro  evidences indicate that tocotrienols activate cell death programs in 
 fi broblasts isolated from human intestinal specimens (Luna et al.  2011  ) . Interestingly, 
tocotrienols reduce proliferation of intestinal  fi broblasts isolated form patients with 
ulcerative colitis or Crohn disease but not from subjects without in fl ammatory 
bowel disease. This observation supports de notion that cell differentiation towards 
neoplastic or pro- fi brogenic phenotypes endows the cell with survival disadvantages 
when exposed to tocotrienols. 

 Beyond the  in vitro  proofs of the anti fi brogenic role of tocotrienols, there is so 
far one  in vivo  study addressing the effect of palm oil in reducing organ  fi brosis. 
This study demonstrates in a rat model of alcoholic liver  fi brosis that a diet supple-
mented with palm oil effectively reverses necrosis, in fl ammation and  fi brosis despite 
continued alcohol consumption (Nanji et al.  2001  ) .  

    20.6   Mechanisms of Tocotrienol-Mediated Cell Death 

    20.6.1   Cancer Cells 

 The compelling evidence that tocotrienols exert antineoplastic properties without 
harming normal cells has fostered the search for cellular and molecular targets for 
tocotrienols in cancer cells. As a result multiple pathways have been found to be 
modi fi ed by tocotrienols in transformed cells that either inhibit proliferation or 
induce cell death (Yap et al.  2008  ) , but a single molecular interaction that could 
explain all other cellular events has not yet been identi fi ed with accuracy. 

 Different research groups have shown that some tocotrienol isoforms can induce 
apoptosis in a wide variety of tumor cells through activation of both the extrinsic 
and the intrinsic pathways (Sun et al.  2009  ) . Tocotrienol activation of death receptors 
leading to caspase 8 and caspase 3 activation has been demonstrated in liver and 
breast cancer cells (Sakai et al.  2006 ; Park et al.  2010  ) . In gastric and breast cancer 
cells tocotrienols induce mitochondrial depolarization, release of cytochrome c 
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(in part mediated by upregulation of Bax and/or cleavage of Bid) and activation of 
caspase 9 upstream to caspase 3 (Sun et al.  2009 ; Sakai et al.  2006 ; Takahashi and 
Loo  2004  ) . In a number of cancer cells including cells from colon, liver, prostate, 
skin, lung, and breast, tocotrienols have been shown to inhibit survival pathways 
commonly overexpressed in neoplastic cells: tocotrienols are able to inhibit PKC, 
p60Src, NF- k B, IKK, GSK-3ß, XIAP, IAP-1, IAP-2, Bcl-2, Bcl-xl, c-FLIP, TRAF-1, 
survivin, A1, Id proteins and PI3K/AKT (Nanji et al.  2001 ; Sun et al.  2009 ; 
Takahashi and Loo  2004 ; Agarwal et al.  2004 ; Ahn et al.  2007  ) . On the side of 
suppressing cancer cell proliferation rather than inducing cell death, tocotrienols 
have been found to inhibit HMG-CoA reductase activity and mevalonate synthesis, 
DNA polymerases, down regulate Rb phosphorylation and repress cyclic-dependent 
kinases such as cdk2 in breast, colon and pancreatic cancer cells (Hussein and Mo 
 2009 ; Wali et al.  2009a ; Yang et al.  2010  ) . In addition to mitochondrial destabiliza-
tion, tocotrienols have been shown to induce apoptosis through ER stress signaling 
in breast cancer cells (Park et al.  2010 ; Wali et al.  2009b  ) . 

 The precise molecular target for tocotrienols that would eventually initiate cell 
death pathways in cancer cells has not yet been identi fi ed. Some investigators 
believe tocopherol derivatives, either directly or through the generation of metabo-
lites, compete for ubiquinone binding sites at the mitochondria in neoplastic 
cells. By occupying ubiquinone sites, some of these tocopherol derivatives would 
disturb the mitochondrial electron transport chain, induce mitochondrial destabili-
zation and accumulation of ROS, promote ATP depletion and mitochondrial 
membrane permeabilization (Dong et al.  2008  )  that would ultimately activate 
enzymatic cascades leading to cell death. Such molecular events appear to affect only 
transformed cells, not quiescent cells. These particular molecular mechanisms of 
initiating death in cancer cells, but not in normal cells, have not been described for 
tocotrienols yet.  

    20.6.2   Fibroblasts: Lessons from Pancreatic Stellate Cells 

 We have recently published that tocotrienols induce programmed cell death in 
activated pancreatic stellate cells (PSCs) and that mitochondria is a key organelle 
mediating such citotoxic effect (Rickmann et al.  2007  ) . In this  in vitro  model, 
stellate cells are obtained from rat pancreas and are activated by culturing them on 
plastic dishes in the presence of growth factors. In active PSCs tocotrienols derived 
from palm oil switch on a caspase-dependent apoptotic death program and a 
caspase-independent autophagic death pathway (Fig   .  20.1 ) . These two cell death 
modalities coexist, as concurrent activation of apoptosis and autophagy can be 
detected. Cells exhibit robust activation of caspase 3, 8, and 9 along with the formation 
of voluminous acidic vacuoles and expression of lipidated LC3 that indicates a 
prominent autophagic process. Cell death is found to be associated with a prominent and 
irreversible destabilization of mitochondria consistent in an early and profound 
 collapse of mitochondrial transmembrane potential, as well as an extensive 
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 mitochondrial cytochrome c release. Tocotrienols initiate mitochondrial membrane 
permeabilization through the mitochondrial permeability transition pore (mPTP), 
as in the presence of the mPTP inhibitor cyclosporin A mitochondrial depolariza-
tion and cytochrome c release do no occur. Furthermore, inhibition of mPTP with 
cyclosporin A blocks both apoptosis and the development of autophagic vacuoles, indi-
cating that tocotrienols interconnect apoptosis and autophagy at an upstream mito-
chondrial level. However, when caspases are inhibited by the pan-caspase inhibitor 
zVAD-fmk, cells fail to survive not due to a switch to necrosis, but because autophagy 
is exacerbated. 

 Experimental evidence from several cell lines describe tocotrienols as ef fi cacious 
pro-apoptotic molecules. However, autophagy represents another advantageous cell 
death type whose analysis in tocotrienol studies has been neglected. 

  Fig. 20.1     Apoptosis and autophagy are activated in active pancreatic stellate cells.  Rat pancreatic 
stellate cells are cultured for 24 h with TRF, which is abundant in all four tocotrienols isomers 
( a ,  b ,  g ,  d ). In the active phenotype, tocotrienols induce a full death program of apoptosis and 
autophagy mediated by mPTP opening. Apoptosis is characterized by mitochondrial membrane 
depolarization ( fl ow cytometry), cytochrome c release (western blot) and activation of casapase-3, 
-8, and -9 ( fl uorometry). Autophagy is detected by the existence of numerous autophagic vacuoles 
stained with anti-LC3 and the appearance of a prominent lipidated LC3-II band shown by western 
blotting. In quiescent PSCs tocotrienols do not elicit any citotoxic effect.  TRF  tocotrienol rich fraction, 
 mPTP  mitochondrial permeability transition pore       
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 Autophagy is a cell death mechanism distinct from apoptosis, also de fi ned 
as type II programmed cell death, involving autophagosomic/lysosomal degradation 
of cellular components (Yang and Klionsky  2010  ) . Also, autophagy represents a 
homeostatic lysosomal degradative route of cell proteins and organelles. During 
autophagy, an isolation membrane forms and sequesters cytoplasmic constituents. 
The edges of the membrane fuse to form a double or multimembranous structure, 
known as the autophagosome or autophagic vacuole. This fuses with lysosomes where 
the sequestered material is degraded. Autophagy can be envisioned as an optimized 
energy saving process that prevents cell collapse and, ultimately, death. It ensures 
energy during starvation and allows for clearing out damaged and unwanted organ-
elles. At certain unde fi ned point autophagy can still enable cell survival, as long as 
the conditions that initiated the process subside. If these conditions are maintained 
or enhanced, autophagy  fl ow can precipitate cell death, as it occurs with some mol-
ecules with anti-tumor potential (Turcotte and Giaccia  2010  ) . In this case, induction 
of autophagy can be advantageous to circumvent mechanisms of apoptosis resistance 
in transformed cells (Moretti et al.  2007  ) . 

 Both apoptosis, or type I programmed cell death, and autophagy are characterized  
for eluding the induction of an in fl ammatory response in the tissue. During apoptosis 
there is a breakdown of cytoskeletal elements with preservation of organelles, 
whereas in autophagy the critical initiating feature is the degradation of organelles 
without any cytoskeletal damage. In both death modalities cytoplasmic membrane is 
preserved until late stages, preventing the spill of cytosolic material to the extracel-
lular space and thus achieving a clean cell demise. In contrast, necrosis involves early 
cytoplasmic membrane disruption with the leak of cellular debris into the extracellular 
space and the consequent induction of an in fl ammatory reaction. The ability of 
tocotrienols to preferentially engage an innocuous death programs in PSCs is of 
great attractive for their potential use in  fi brogenic disorders. Evidence from human 
intestinal  fi broblasts corroborate the capacity of tocotrienols to engage apoptosis and 
autophagy (Luna et al.  2011  ) . 

 From observations in  fi broblasts (Rickmann et al.  2007 ; Luna et al.  2011  )  and 
from studies in neoplastic cells (Sun et al.  2009 ; Takahashi and Loo  2004 ; Agarwal 
et al.  2004  ) , mitochondria can be considered a key target for tocotrienols to exert 
citotoxic effects. They induce the mitochondrial permeability pore (mPTP) formation 
with catastrophic consequences for the cell, since the open pore unleashes pro-apototic 
molecules, such as cytochrome c, AIF or endonuclease G, promotes energy failure 
and generation of reactive oxygen species. Although it is accepted that mPTP can 
precipitate autophagy (Elmore et al.  2001  ) , the mechanisms involved are undeter-
mined. One mechanism that may link mPTP to autophagy postulates that damaged 
mitochondria engage their own elimination via autophagy (the called mitophagy) 
and abundant mitophagy precipitates cell death (Kim et al.  2007  ) . Further experiments 
are needed to clarify this issue. 

 Induction of mPTP opening by tocotrienols is probably the  fi nal consequence 
of a mitochondrial insult, but how tocotrienols disturb the organelle is still in specu-
lative grounds. Other vitamin E compounds has been shown to target speci fi c sites 
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of the electron mitochondrial chain. This is the case of  a -tocopheryl succinate 
( a TOS), a redox-silent derivative of  a -tocopherol in which the hydroxyl group at 
position C 

6
  of the chromanol ring (which is responsible for  a -tocopherol redox 

activity) has been substituted by succinic acid (Zhao et al.  2009  ) .  a TOS inhibits 
succinate dehydrogenase activity of mitochondrial complex II by interacting with 
the ubiquinone binding site (Dong et al.  2008  ) . As a result ubiquinone is displaced 
from complex II, causing a rapid generation of radical oxygen species responsible 
to trigger apoptosis. The structural similarities of vitamin E compounds and ubiqui-
none open the possibility that tocotrienols may be acting as well as an ubiquinone 
like molecule able to bind to its docking sites in the mitochondrial respiratory 
complex II. The subsequent mitochondrial electron transport chain disruption would 
trigger the “eat me” signals of an unhealthy cell. Owing to the fact that activated 
mitochondria are functionally and structurally different from their normal counterparts 
(Kroemer and Pouyssegur  2008 ; Modica-Napolitano and Singh  2004 ; Gogvadze 
et al.  2008  )  it is not risky to think that the selective citotoxic effect of tocotrienols 
towards cells with a transformed or activated phenotype is dictated by mitochondrial 
speci fi c traits. This argument would add tocotrienol to the growing list of compounds 
that selectively target mitochondria of transformed cells (Fulda et al.  2010  ) .   

    20.7   Perspectives: Possible Therapeutic Roles of Tocotrienols 
in Chronic Fibroin fl ammatory Processes 

 Among the large number of diseases that can affect human beings there is a group 
of disorders that share in common an unknown or unde fi ned etiopathogenesis, a 
chronic progressive course, variable degrees of in fl ammatory cell in fi ltration, prominent 
 fi brosis accumulation and, ultimately, loss of function of the affected organs. Some 
of these disorders are conceptually grouped into autoimmune, hyperin fl ammatory 
or idiopathic chronic diseases. They tend to be considered as the end result of a 
wound healing defect, either at the control of the in fl ammatory cell signaling or 
at the regulation of extracellular matrix remodeling, or both. 

 Chronic  fi broin fl ammatory disease can hit any organ in the body, occasionally 
several organs at a time. Some examples of these conditions may include special 
forms of chronic bronchitis, chronic renal failure, chronic liver disease, chronic 
arthritis, in fl ammatory bowel disease, and chronic pancreatitis. Some of these disorders 
respond well to steroids or immunosuppressive agents. 

 Given the fact that tocotrienols seem to be harmless to normal parenchymal cells, 
may modulate in fl ammatory reactions and induce apoptosis and autophagy in acti-
vated  fi broblasts, they may  fi nd a role in the therapeutic strategy designed to treat 
chronic  fi broin fl ammatory diseases. Caution should be taken not to interfere with 
normal healing processes, otherwise the overall result of tocotrienol treatment 
may turn to be detrimental. However, all these statements remain largely speculative, 
since clinical trials are lacking to either prove or discard any of these hypotheses.       
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  Abstract   Anthocyanins are natural polyphenolic compounds widely distributed as 
pigments in many fruits and vegetables. In addition to displaying antioxidant properties, 
these nutraceuticals exhibit anti-in fl ammatory, anti-proliferative, and pro-apoptotic 
activities suggesting their potential as novel chemotherapeutic agents. Through cell 
cycle down-regulation, and context-speci fi c pro-oxidant activity, anthocyanins 
induce cytotoxicity in cancer cells  in vitro  and  in vivo . Speci fi cally, via regulation of 
the Bcl-2 protein family and induction of caspase-dependent or caspase-independent 
apoptotic pathways, anthocyanins inhibit the growth of cancers by inducing cell 
death. Moreover, by modulating the activities of speci fi c kinases and proteases, 
including (but not limited to) cyclin-dependent kinases, mitogen-activated protein 
kinases, matrix metalloproteases, and urokinase-type plasminogen activators, antho-
cyanins induce apoptosis, inhibit motility, and suppress invasion of cancer cells. 
In marked contrast to their effects in cancer cells, we have found that anthocyanins 
display signi fi cant  anti-apoptotic  activity in neurons. Antioxidant properties of 
these nutraceuticals, particularly at the level of the mitochondria, appear to underlie 
their neuroprotective effects. The opposing effects of anthocyanins on cancer cells and 
neurons suggest that these nutraceuticals are promising candidates for development 
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as either chemotherapeutic agents or novel neuroprotective compounds for the treatment 
of cancers or neurodegenerative diseases, respectively.  

  Keywords   Anthocyanin  •  Apoptosis  •  Antioxidant  •  Chemotherapy  •  Neurodege-
neration  •  Neuroprotection  •  Nutraceutical      

    21.1   Introduction 

 Anthocyanins are a major sub-class of the extensive  fl avonoid family, and they 
are responsible for the distinctive red, blue, and purple pigments in many fruits and 
vegetables. Found in widely consumed foods, including berries, purple sweet potatoes, 
red rice, and grapes, they exist in relatively high concentrations compared to other 
dietary polyphenolic compounds (Del Rio et al.  2010  ) . Anthocyanins display a 
number of potential health bene fi ts that warrant their investigation as potential 
clinical treatments for several human disorders. Due to their anti-in fl ammatory 
and antioxidant properties, these novel nutraceuticals have proven effective in both 
 in vitro  and  in vivo  models of various chronic human conditions, including cardiovascu-
lar disease, obesity, atherosclerosis, ophthalmologic disorders, and type II diabetes 
(Boucher and Martin  2008 ; Seymour et al.  2009 ; Kalt et al.  2010 ; Mauray et al. 
 2010 ; Basu et al.  2010  ) . 

 The polyphenolic and cationic attributes of anthocyanins and their metabolites 
activate a variety of cellular responses. Anthocyanins consist of an aglycon compo-
nent, or anthocyanidin, and a sugar moiety (glucose, galactose, or arabinose). This 
anthocyanin structure is more stable than its aglycon alone, speci fi cally in acidic 
environments such as the stomach. The polyphenolic nature of anthocyanins is 
principally responsible for their strong antioxidant and free radical scavenging 
activities, and their overall metabolic bene fi ts. There are many known anthocyanins 
varying in the anthocyanidin skeleton and the complexity of the attached glycoside 
(Fig.  21.1 ), necessitating multiple pathways for absorption (Prior and Wu  2006  ) .  

 Recent bioavailability studies suggest that anthocyanins are absorbed rapidly 
from the stomach and small intestine, and they are highly metabolized resulting in 
very low to undetectable concentrations of the parent compound being observed in 
plasma within only a few hours of consumption (Azzini et al.  2010 ; Woodward et al. 
 2009  ) . The low concentrations of parent anthocyanins are seemingly paradoxical to 
the bene fi cial role displayed by anthocyanins  in vivo.  This issue has drawn interest 
to their speci fi c mechanism of action, in particular which metabolites of anthocyanins 
produce their positive health effects (Milbury and Kalt  2010 ; Tsuda et al.  2006  ) . 
Studies have shown that anthocyanins are absorbed and metabolized through two 
prominent mechanisms. The  fi rst mechanism involves the rapid absorption of the 
intact, parent anthocyanin. These nutraceuticals are detected as either whole glycosides 
on their corresponding aglycons or glucoronide metabolites in plasma of rats 
following oral administration, indicative of rapid adsorption across the gastric mucosa 
(ElMoheson et al.  2006 ; He et al.  2006  ) . This method of absorption is unique to 
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anthocyanins, and it appears that this mechanism involves the hepatic membrane 
transporter bilitranslocase in the small intestine as well as in vascular endothelium 
and kidney (Prior et al.  2010 ; Harada et al.  2004 ; Arts et al.  2004 ; Passamonti et al. 
 2003 ; Karawajczyk et al.  2007 ; Maestro et al.  2010 ; Vanzo et al.  2008  ) . Possibly 
working in concert with the  fi rst mechanism, the second method of absorption relies 
on metabolism of anthocyanins by gut micro fl ora through deglycosylation and 
anthocyanidin heterocyclic ring, yielding speci fi c phenolic acids and phenolic alde-
hydes (Aura et al.  2005 ; Keppler and Humpf  2005  ) . Which of the above anthocyanin 
metabolites contribute most to the bene fi cial health effects of these novel nutraceu-
ticals is currently unclear. 

 After they are absorbed and metabolized, anthocyanins and their active metabo-
lites produce effects on many normal cellular processes, resulting in diverse actions 
including enhanced free radical scavenging, reduction of in fl ammation, decreased 
cell proliferation, diminished angiogenesis, as well as the induction of apoptosis. 
Generally, anthocyanins drive the cellular activities by modulating expression 
of the associated genes (Wang and Stoner  2008  ) . The etiology and pathophysi-
ology of many chronic human conditions are correlated with cellular oxidative 
stress, including most cancers and neurodegenerative diseases. With limited systemic 
toxicity, anthocyanins appear to alter biochemical mechanisms associated with 
damage caused by oxidative stress, which suggests that these novel nutraceuticals 
may be potentially useful in combating these types of chronic conditions. Anthocyanins 
have demonstrated a variety of strong anti-cancer effects on highly metastatic cells 
(Ding et al.  2006  ) . They have also recently proven to be neuroprotective in a 
model of oxidative stress induced secondary to psychological stress (Rahman et al. 
 2008  ) , as well as in a mouse model of Alzheimer’s disease (Hartman et al.  2006  ) . 

R2R1

Cyanidin OH H

Peonidin H

Delphinidin OH OH

Malvidin OCH3

OCH3

OCH3

Pelargonidin H H

R3= Glucose, galactose or arabinose

  Fig. 21.1    Structure of 
common anthocyanins       
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Their effectiveness against cancer cells, protective effects in neurons, and limited 
toxicity to healthy cells, emphasizes the potential of developing anthocyanins as 
both chemotherapeutic and neuroprotective agents.  

    21.2   Chemical Properties of Anthocyanins 

    21.2.1   Antioxidant Activity 

 Mammalian cells are constantly exposed to toxic reactive intermediates and many 
types of free radicals, including, but not limited to, reactive oxygen species (ROS). 
The source of these free radicals may be extrinsic (i.e. from the extracellular envi-
ronment) or intrinsic, (i.e. from within the cell). In particular, the mitochondria are 
both a prominent source and target of ROS. The aberrant accumulation of ROS and 
other free radicals causes damage to essential sub cellular processes. These cellular 
oxidative stressors contribute to the pathogenesis of many chronic human disorders 
and are important therapeutic targets for these diseases. Oxidative stress typically 
causes damage to key macromolecules including DNA, proteins, and lipids, ultimately 
triggering activation of additional cellular processes, such as apoptosis, or mutagenesis 
(Ames and Gold  1991  ) . As a result, oxidative stress is associated with many degenera-
tive diseases and arguably contributes to aging (Ames et al.  1993  ) . 

 Anthocyanin fractions of various fruits and vegetables display signi fi cant antioxidant 
activity and appear to be bene fi cial in degenerative disorders such as cardiovascular 
disease (Cote et al.  2010 ; Ruel and Couillard  2007 ; Heinonen  2007 ; Dulebohn et al. 
 2008 ; Zhu et al.  2010  ) . There are two suggested mechanisms through which anthocya-
nins act as antioxidants. The  fi rst involves anthocyanins acting as direct scavengers 
of ROS, thus reducing the concentration of these free radicals before they are able 
to cause intracellular damage. The second mechanism involves  indirect facilitation  
of endogenous antioxidant defenses, which enhances the capacity of the cell to subdue 
free radicals (Ruel and Couillard  2007 ; Heinonen  2007 ; Dulebohn et al.  2008 ; 
Zhu et al.  2010  ) . This induction of endogenous antioxidant activity occurs principally 
through the induction of speci fi c enzyme function. Anthocyanins are documented 
as activating phase II enzymes in cultured cells (Dulebohn et al.  2008  ) . Phase II 
enzymes, including glutathione reductase (GR) and glutathione peroxidase (GPx), 
are responsible for the endogenous production and utilization of glutathione (GSH), 
respectively. The association between anthocyanin treatment and phase II enzyme 
activation yielded similar results with different anthocyanin compounds. Antioxidant/
detoxifying gene expression regulates the levels of antioxidant activity and intracellular 
ROS. Studies suggest that anthocyanins regulate these phase II enzymes through the 
antioxidant response element (ARE). The ARE is present in the promoter region of 
many genes that code for endogenous antioxidant enzymes (Yu and Kensler  2005  ) . 
Multiple  in vitro  studies provide evidence that anthocyanin activation of the many 
cytoprotective and antioxidant genes occurs via the redox-sensitive transcription 



49521 Anthocyanins: Janus Nutraceuticals Displaying Chemotherapeutic… 

factor Nrf2 (Vari et al.  2011 ; Shih et al.  2007 ; Dai et al.  2009  ) . Speci fi c anthocyanin 
metabolites have demonstrated protective effects in cellular oxidative stress models. 
Protocatechuic acid (PCA) is a recognized metabolite of anthocyanins, which is 
especially noted for its antioxidant properties in such models (Vari et al.  2011 ; 
Kay et al.  2004 ; Tsuda et al.  1999 ; Nguyen et al.  2009  ) . In accord with whole antho-
cyanin treatment, PCA seemingly affects cellular oxidative stress by modulating 
enzymatic phase II antioxidants, and up-regulating cellular antioxidant capacity 
(Renis et al.  2008  ) .  

    21.2.2   Anti-in fl ammatory Activity 

 In fl ammation plays a signi fi cant pathological role in various degenerative diseases, 
including the promotion of many cancers (Kwon et al.  2007 ; Coussens and Werb 
 2002  ) . ROS accumulation and the activation of speci fi c signaling cascades are 
known inducers of cellular in fl ammation. The mitogen-activated protein kinase 
(MAPK) signaling cascade is one of the more important pathways in the in fl ammatory 
response (Arbabi and Maier  2002  ) . Anthocyanins inhibit the phosphorylation and 
activation of extracellular signal-related kinase 1 (ERK-1) and ERK-2 by suppres-
sion of the upstream kinase, MAPK kinase 1 (MEK1) activation. This inhibitory 
activation of anthocyanins has a potent modulatory effect on the expression of 
speci fi c genes and proteins involved in the in fl ammatory response. In particular, this 
inhibitory effect of anthocyanins on MEK/ERK signaling limits the expression 
of certain pro-in fl ammatory cytokines, such as cyclooxygenase-2 (COX 2) and 
interleukin-6 (IL-6) in  in vitro  models of in fl ammation (Rasheed et al.  2009 ; Bae 
et al.  2009  ) . 

 Downstream of MAPK in the pro-in fl ammatory cascade are nuclear factor kappa 
B (NF- k B) and activating protein (AP) -1, both of which are also inhibited by antho-
cyanins. NF- k B and AP-1 are typically hyper activated in many types of cancer 
(Bae et al.  2009 ; Hsu et al.  2007  ) . NF- k B and AP-1 are transcription factors involved 
in many critical physiological responses, including apoptosis, cell differentiation, 
cell proliferation, oxidative stress, and tumor metastasis. Most pertinent to the latter 
processes are the roles these transcription factors play in the expression of many 
pro-in fl ammatory molecules and tumor metastasis (Bahassi et al.  2004  ) . Due to 
the effects of its inhibitory protein, I k B a , NF- k B is generally sequestered in the 
cytosol. Upon exposure to various extracellular stimuli, I k B a  is degraded resulting 
in the release of NF- k B from its inhibited state. Upon its release, NF- k B translocates 
into the nucleus where it modulates the expression of many pro-in fl ammatory genes 
(Collart et al.  1990  ) . It is mainly through the suppression of NF- k B activation that 
anthocyanins are able to down regulate these in fl ammatory responses. For example, 
anthocyanins have been shown to decrease production of monocyte chemo attractant 
protein 1 (MCP-1), a chemokine responsible for stimulating the recruitment of 
macrophages to sites of in fl ammation (Garcia-Alonso et al.  2004  ) . Pro-in fl ammatory 
chemokines strongly promote the induction of COX-2. In turn, elevated COX-2 
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stimulates the production of prostoglandin E 
2
  (PGE 

2
 ) and inducible nitric oxide 

synthase (iNOS) (Bahassi et al.  2004 ; Collart et al.  1990 ; Aggarwal and Shishodia 
 2004 ; Kim et al.  2008  ) . Primarily by decreasing the af fi nity for DNA binding by 
NF- k B, and facilitating I k B a  activity, the anthocyanins are capable of suppressing 
the expression of critical pro-in fl ammatory target genes like COX-2, MCP-1, PGE 

2
 , 

and iNOS (Hafeez et al.  2008 ; Saric et al.  2009 ; Cuevas-Rodriguez et al.  2010 ; Cardile 
et al.  2010 ; Zhang et al.  2009 ; Mulabagal et al.  2009 ; Zdarilova et al.  2010  ) .  

    21.2.3   Anti-proliferative Activity 

 Many treatment modalities for chronic human degenerative disorders target abnormal 
cell proliferation as an important process in pathogenesis. As mammalian cell 
growth and proliferation are largely mediated through cell cycle progression, defects 
in the cell cycle are one of the most common features of cancerous cells (Fridrich et al. 
 2008  ) . Anthocyanins have been shown to mediate defects in cell cycle progression 
and proliferation (Marko et al.  2004  ) . Speci fi c anthocyanin metabolites have also 
shown inhibitory effects on cell proliferation in colon cancer cells, though the 
mechanism remains unclear, and may contribute to the overall anti-proliferative 
bene fi t of anthocyanins (Shih et al.  2005 ; Forester and Waterhouse  2010  ) . By 
signi fi cantly down-regulating cyclin dependent kinase (CDK) -1, CDK-2, cyclin 
B1, and cyclin D1, anthocyanins have proven to modulate unchecked cell proliferation 
in human breast carcinoma, gastric adenocarcinoma cells, and prostate cancer 
cells, resulting in G2/M arrest (Reddivari et al.  2010 ; Chen et al.  2005  ) . Cell cycle 
transition from G2 to M phase is regulated by the complex formation of dephospho-
rylated CDK-1 with cyclin-B1, and cell cycle arrest occurs at this juncture when 
these protein and kinase levels are depleted. This mechanism of control has a strong 
inhibitory effect on cell growth and proliferation, and is extremely interesting for 
the potential development of this nutraceutical.  

    21.2.4   Pro-apoptotic Activity 

 Apoptosis, or programmed cell death, is a critical endogenous mechanism for the 
disposal of cells harboring DNA damage that could otherwise lead to tumor forma-
tion if allowed to survive and proliferate. Anthocyanins derived from a variety of 
sources appear to induce apoptosis of cancer cells via several different pathways 
(Shih et al.  2005 ; Chen et al.  2005 ; Seeram et al.  2006 ; Chang et al.  2005 ; Katsube 
et al.  2003  ) . The  fi rst apoptotic signaling pathway is the extrinsic pathway, which 
involves activation of a member of the death receptor family, such as Fas. In this 
pathway, Fas ligand (FasL) will activate Fas by binding to its receptor and recruiting 
a Fas-associated death domain (FADD) adapter protein and pro-caspase-8. This will 
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cause the activation of pro-caspase-8 to caspase-8, which is required for cell death 
(Alnemri  1997  ) . Active caspase-8 then cleaves and activates the executioner, 
caspase-3, which plays a central role in apoptosis, and a point of convergence for 
many pro-apoptotic signaling cascades, including those stimulated by chemotherapeu-
tic agents and ionizing radiation (Pauwels et al.  2010  ) . The second pathway is the 
intrinsic, or mitochondrial pathway, which involves members of the Bcl-2 family, 
such as anti-apoptotic Bcl-2 and Bcl-X 

L
 , and pro-apoptotic Bax and Bid proteins. 

Bcl-2 is a potent suppressor of apoptosis and will form a heterodimer with Bax to 
neutralize its pro-apoptotic activity. The ratio of Bcl-2 to Bax is an important gauge 
of cellular apoptosis. Bid cleavage by caspase-8, a means by which the extrinsic 
pathway interacts with the intrinsic cascade, forms truncated Bid (tBid) which 
induces conformational activation of Bax at the mitochondria which results in the 
release of cytochrome c, and downstream activation of caspase-9 and -3 (Luo et al. 
 1998  ) . The activation of caspase-3 also results in the cleavage of poly (ADP ribose) 
polymerase (PARP), activation of caspase-activated DNAses (CADs), and DNA 
fragmentation. 

 Anthocyanins seemingly affect both of these caspase-dependent pathways. These 
nutraceuticals have been shown to activate either the intrinsic or extrinsic apoptotic 
cascade in several different cellular models. Anthocyanin treatment results in the 
activation of caspase-3, -8, and -9 and induces PARP cleavage in multiple cellular 
models (Coussens and Werb  2002 ; Shih et al.  2005 ; Chen et al.  2005 ; Chang et al. 
 2005 ; Shin et al.  2009  ) . Anthocyanins also appear to have an affect on the regulation 
of Bcl-2 and Bax, as the ratio of Bcl-2 to Bax is altered in favor of apoptosis 
in cancer cells, suggesting that anthocyanins up-regulate Bax and down-regulate 
Bcl-2 in transformed cells (Yeh and Yen  2005 ; Malik et al.  2005  ) . In addition, 
anthocyanins are demonstrated to be key regulators of FasL expression and tBid 
cleavage (Lo et al.  2007  ) . 

 There are many important signaling pathways that in fl uence cell survival, including 
the ERK, JNK, and p38 MAPK cascades. In addition to the key involvement of 
MAPK cascades in the in fl ammatory and proliferative responses, the kinases are 
also intimately associated with apoptosis. The activities of several proteins in the 
MAPK pathway are altered in cells with the addition of anthocyanin extracts 
(Lee et al.  2009a ; Liu et al.  2008  ) . The mechanism involved in this alteration is 
theorized to involve p53 protein and p38-MAPK, by outwardly triggering upstream 
caspase activation. Anthocyanins also appear to attenuate the phosphorylation of 
JNK, which is an essential process in apoptosis signaling (Liu et al.  2008  ) . 
Anthocyanins appear to be potent inducers of cancer cell apoptosis through both the 
mitochondrial and death receptor pathways.  

    21.2.5   Additional Activity 

 Anthocyanins display a wide array of additional activities in different cell models, 
though many of these properties are not well understood. In addition to their more 
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thoroughly recognized chemotherapeutic attributes, the potential utility of these 
nutraceuticals in other chronic human diseases has recently become a point of interest. 
Anthocyanins have been studied  in vivo  in a model of obesogenic high fat diet-fed 
mice, where they lowered fat levels to the equivalent of a low fat diet-fed animal. 
It is suggested that the mechanism of their lipid-lowering effect involves  b -cell 
function and serum leptin, however the speci fi c signaling pathway remains to be 
investigated (Seymour et al.  2009  ) . 

 Anthocyanins display cardioprotective properties, partially due to their antioxidant 
and anti-in fl ammatory activities, but these compounds also regulate speci fi c genes 
associated with heart disease. These genes include those coding for the cholesterol 
transporter ABCA-1, the scavenger receptor CD36, and the vasoconstrictor endothelin-1, 
which are expressed in human macrophages or endothelial cells (Kao et al.  2009 ; 
Lazze et al.  2006  ) . Moreover, anthocyanins modulate genes coding for adhesion 
molecules and those that have been implicated in the regulation of angiogenesis, 
such as JAM-A and VEGF. Cell-cell adhesion is affected as well, through the regulation 
of genes such as CRB3, CLDN14, or CDH4, which are associated with this process 
(Mauray et al.  2010  ) . 

 Importantly, anthocyanins have also been shown to reduce the expression of 
matrix metalloproteinase (MMP)-9 and urokinase-type plasminogen activator 
(u-PA), which are both associated with cell invasion (Chen et al.  2006  ) . These 
enzymes promote degradation of the ECM, giving rise to cell invasion and enhanced 
cancer cell motility (Westermarck and Kahari  1999  ) . The anthocyanin-induced 
decrease in enzymatic activity is predicted to diminish cell invasion and motility, 
which would signi fi cantly decrease the metastatic potential of cancer cells. The 
major chemical properties of anthocyanins described above are summarized in 
Fig.  21.2 .    

  Fig. 21.2    Summary of anthocyanin properties       
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    21.3   Chemotherapeutic Potential of Anthocyanins 

    21.3.1   Mechanisms of Cancer Cell Death 

    21.3.1.1   Anthocyanin-Induced Cell Cycle Down Regulation 

 Unchecked cell proliferation is a hallmark of tumorogenesis. Cancer cells typically 
possess elevated levels of CDK-1 and -2 (Chen et al.  2005  ) . The ability of anthocya-
nins to down regulate these cell cycle proteins in cancer is a key point of interest. As 
anthocyanins are potent suppressors of CDK-1 and -2, cyclin B1, and cyclin D1, 
they are able to blunt unchecked cell proliferation in many highly metastatic cancer 
cell models (Chen et al.  2005  ) . The down regulation of cyclins and their associated 
kinases has been shown to cause an accumulation of cells in the pre-G1 phase in 
malignant Caco-2 and Hep-G2, and nonmalignant 3T3-L1 cells, though the mecha-
nism of the arrest at this point in the cell cycle is still unclear (Liu et al.  2010  ) . 
In addition, anthocyanins appear to have direct effects on microtubules, resulting in 
the accumulation of cancer cells in G2/M (Nguyen et al.  2010  ) . An additional 
and likely more signi fi cant mechanism behind the G2/M arrest of cancer cells is 
attributed to the depletion of CDK-1 and -2, as well as cyclin B1 and D1, induced 
by anthocyanins. Signi fi cantly, the activity of anthocyanins to cause cell cycle arrest 
often precedes induction of apoptosis in cancer cells (Chen et al.  2005 ; Malik et al. 
 2005 ; Nguyen et al.  2010  ) .  

    21.3.1.2   Context-Speci fi c Pro-oxidant Activity 

 One of the most interesting and counterintuitive aspects of anthocyanins is their 
ability to act as antioxidants in some systems and as pro-oxidants in other cellular 
models. The data supporting this activity are limited and necessitate further investi-
gation, but it would appear that anthocyanins exhibit this activity uniquely in select 
types of cancer cells. For instance, anthocyanins induce DNA fragmentation in 
human colon cancer cells in a concentration-dependent manner. This effect is more 
dramatic when anthocyanin metabolites are introduced, as opposed to the parent 
anthocyanin, arguing for the ef fi cacy of anthocyanin metabolites in chemotherapy 
(Vari et al.  2011  ) . Cyanidin-3-rutinoside is proven to induce the accumulation of 
peroxides in human HL-60 promyelocytic leukemia cells, which results in cellular 
apoptosis (Feng et al.  2007  ) . Signi fi cantly, this anthocyanin did not induce ROS 
accumulation of apoptosis in normal tumor peripheral blood mononuclear cells, 
indicating a cancer cell-speci fi c pro-oxidant effect. Anthocyanins also cause accumu-
lation of hydrogen peroxide and cause DNA strand breaks in cancer cells, resulting 
in reduced proliferation (Lee et al.  2005  ) . These activities are quite remarkable and 
unique to anthocyanins, and their context-speci fi c pro-oxidant effects may indeed 
play a key role in their anticancer activity.  
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    21.3.1.3   Modulation of Bcl-2 Family 

 Mitochondrial function and intrinsic apoptosis are controlled by several factors, 
but none are more critical than the pro- and anti-apoptotic, and intrinsic apoptosis 
members of the Bcl-2 family. Studies suggest that the addition of anthocyanin 
fractions to cancer cells alters the expression and/or formation of multiple members 
of the Bcl-2 family. Speci fi cally, Bcl-2, Bax, and Bid appear to be affected by the 
addition of anthocyanins  in vitro . After treatment with hibiscus anthocyanins, 
human promyelocytic leukemia cells responded with an increase in the truncated 
form of Bid, tBid, as well as increased levels of cytochrome c in the cytosol, a 
marker for induction of the mitochondrial apoptosis pathway (Chang et al.  2005  ) . 
The authors of this study concluded that activation by anthocyanins of the p38 
MAPK, downstream of Fas stimulation, induces apoptosis in HL-60 cells. Additional 
studies argue for mitochondrial dysfunction in cancer cells induced by anthocyanin 
treatment. Anthocyanin-induced increases in Bax and decreases in Bcl-2 results in 
mitochondrial depolarization, cytochrome c release, and subsequent activation of 
caspase-9, causing apoptotic cell death in human leukemia cells (Lee et al.  2009b  ) . 
Two additional groups investigating the involvement of Bcl-2 family members in 
anthocyanin-induced apoptosis similarly found a decrease in Bcl-2 protein levels 
post-anthocyanin treatment. The studies also demonstrated an increase in the Bax/
Bcl-2 ratio after the introduction of anthocyanins in human hepatoma cells (Yeh 
and Yen  2005  ) . These data provide more evidence towards anthocyanin fractions 
inducing apoptosis, at least in part, through the mediation of Bcl-2 family proteins. 
Moreover, these data indicate that anthocyanins induce apoptosis of cancer cells 
through the intrinsic, as well as the extrinsic apoptotic pathway.  

    21.3.1.4   Caspase-Dependent and Caspase-Independent Pathways 

 Apoptotic cell death can occur via caspase-dependent or caspase-independent 
apoptotic pathways. Cancer cells typically have a defect in programmed cell death, 
making caspase-dependent and caspase-independent apoptotic pathways potential 
targets for chemotherapy. Anthocyanins have cell-speci fi c effects in terms of the 
mechanisms of cell death they induce, targeting alternative apoptotic cascades in 
different cell models. Anthocyanins may activate a caspase-dependent cascade in 
one cancer cell line and a caspase-independent pathway in another. For example, 
in prostate cancer models, anthocyanins are cytotoxic to androgen-dependent cells 
through both caspase-dependent and caspase-independent pathways, whereas 
anthocyanins solely caused apoptosis through a caspase-independent mechanism in 
androgen-independent tumor cells (Reddivari et al.  2007  ) . Apoptosis inducing 
factor (AIF) and endonuclease G (Endo G) are classical markers for caspase-
independent apoptosis. Levels of each of these factors increased in both androgen 
dependent and androgen independent prostate cancer cells after treatment with 
anthocyanin fractions from potato extracts (Reddivari et al.  2007  ) . Caspase-dependent 
apoptosis is typically measured by the cleavage of caspases and PARP. Increased 
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levels of anthocyanin fraction  in vitro  resulted in elevated levels of cleaved caspase-3, 
caspase-9, and PARP, exclusively in the androgen-dependent prostate cancer cells 
(Reddivari et al.  2007  ) . Though most data suggest that anthocyanins cause apoptosis 
predominantly through caspase-dependent pathways, studies demonstrate that they 
may also cause apoptosis via caspase-independent mechanisms.   

    21.3.2   Suppression of Cancer Cell Motility and Invasion 

 The degradation and invasion of basement membrane collagen is a decisive event in 
determining the metastatic potential of a given cancer. Tumor cells typically secrete 
proteolytic enzymes to facilitate successful invasion of extracellular matrix barriers. 
MMPs and plasminogen activators regulate ECM degradation. One mechanism by 
which anthocyanins inhibit cancer cell invasion is through decreasing levels of 
MMP and u-Pa. In addition, anthocyanins also appear to increase levels of tissue 
inhibitors of MMP-2, as well as inhibitors of plasminogen activator (Chen et al. 
 2006 ; Brandstetter et al.  2001 ; Lamy et al.  2007  ) . In SKHep-1 cells, a highly invasive 
hepatoma cell line, anthocyanin fractions increased levels of these endogenous 
MMP and u-Pa inhibitors. Black rice anthocyanin fractions, including cyanidin-3-
glucoside and peonidin-3-glucoside reduced the invasion and motility of these 
highly invasive cells  in vitro  (Chen et al.  2006  ) . This anti-metastatic activity was not 
only observed in SKHep-1 cells, but also Huh-7, HeLa, and SCC-4 cells, drawing 
the conclusion that these results are more universal for cancer cells than initially 
assumed (Chen et al.  2006  ) . AP-1 is a transcription factor responsible for the expres-
sion of ECM degrading proteases. Anthocyanin treatment decreased AP-1 binding 
activity in the hepatoma cells as well (Chen et al.  2006  ) . 

 The molecular mechanism by which anthocyanins down regulate or inhibit 
invasion and motility has been investigated in H1229 Lewis lung carcinoma cells 
(Ho et al.  2010  ) . These studies suggest that anthocyanin derivatives inhibit MMP 
and u-Pa expression through the inactivation of ERK and AP-1-dependent transcrip-
tional events. The decreased AP-1 DNA binding activity, coupled with inhibition 
of MEK and ERK 1/2 activity, results in the down regulation of MMP-2, MMP-9, 
and u-Pa expression. This study strongly argues that peonidin-3-glucoside inhibits 
the metastasis of Lewis lung carcinoma, at least in part, by decreasing cell invasion 
and motility (Ho et al.  2010  ) . Another study aimed at investigating the relationship 
between anthocyanins and their anti-invasive activity in human colon cancer cells 
suggests a different mechanism for the decreased expression of MMP-2 and MMP-9 
(Yun et al.  2010  ) . This study found that anthocyanins decrease MMP-2 and MMP-9 
expression in HT-29 colon cancer cells via suppression of NF k B-dependent gene 
transcription (Yun et al.  2010  ) . Thus, anthocyanins decrease the invasive capacity 
of cancer cells by diminishing the expression of key ECM-degrading enzymes. 
The mechanism underlying this down regulation appears to involve anthocyanin 
inhibition of speci fi c transcription factors that normally promote ECM enzyme 
expression. The main chemotherapeutic pathways utilized by anthocyanins are 
shown in Fig.  21.3 .   
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    21.3.3   Other Mechanisms of Anthocyanin Anti-cancer Effects 

 In addition to the well-documented anti-cancer properties discussed above, anthocya-
nins are noted for their anti-angiogenic capacity. These nutraceuticals inhibited the 
expression of vascular endothelial growth factor (VEGF), a key regulator of tumor 
angiogenesis  in vitro  (Bagchi et al.  2004  ) . Anthocyanins also diminished expression 
of monocyte chemoattractant protein-1 (MCP-1), whose expression is positively 
correlated with angiogenic activity (Bagchi et al.  2004  ) . The anti-angiogenic effects 
of anthocyanins have been con fi rmed in several additional studies (Roy et al.  2002 ; 
Garcia-Alonso et al.  2009  ) . This anti-angiogenic property further supports a key 
role for anthocyanins in chemoprevention and chemotherapy. 

 Another novel property of anthocyanins is their ability to regulate cancer cells 
through the induction of differentiation. This is an especially unique tool for chemo-
therapy, as it is less toxic than many pharmaceuticals targeting alternative mecha-
nisms for prevention and treatment. Studies suggest that anthocyanin-treatment of 
leukemic cells results in induction of apoptosis through a variety of stress mechanisms 
(Del Pozo-Insfran et al.  2006  ) . In a similar manner, anthocyanin extracts induce 

  Fig. 21.3    Main pathways for anthocyanin-induced cancer cell death       
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terminal differentiation of squamous cell carcinoma cells (Rodrigo et al.  2006  ) . This 
activity was accompanied by decreased cell proliferation, activation of transglutamate 
enzymes involved in keratin production, an indication of their ability to induce cell 
differentiation (Rodrigo et al.  2006  ) . The anti-angiogenic and pro-differentiation 
effects of anthocyanins are summarized in Fig.  21.4 .    

    21.4   Effects of Anthocyanins in Animal Models of Cancer 

 Anthocyanins display signi fi cant chemotherapeutic activity in animals harboring 
cancerous genetic mutations and in carcinogen-treated animals. In the Apc min  mouse 
model of intestinal tumor development, anthocyanins inhibited growth and develop-
ment if cecal adenomas but had no effect on colonic tumor growth (Kang et al. 
 2003  ) . In a similar study, Apc min  mice fed anthocyanin-rich extract showed a 74% 
decrease in cecal tumors compared to mice on a control diet (Wang and Stoner 
 2008  ) . Anthocyanins have also been demonstrated to reduce the promotion of colon 
tumors caused by 2-amino-1-methyl-6-phenylimidazo[4,5- b ]pyridine in a rat model 
of colorectal carcinogenesis (Hagiwara et al.  2001  ) . 

 Anthocyanins also appear to be effective chemotherapeutic agents in esophageal 
cancer models  in vivo . In one study, rats were treated with  N -nitrosomethylbenzylamine 
(NMBA), a known inducer of squamous cell carcinoma. The results indicate that 
animals treated with anthocyanin fractions from freeze-dried strawberries had a 
42–47% reduction in tumor numbers, a signi fi cant improvement over the control 
animals (Stoner et al.  2007  ) . 

 In SKHep-1 xenograft nude mice, anthocyanin feeding resulted in a signi fi cant 
reduction of tumor volume compared to control animals. Interestingly, this occurred 
after only 40 days of oral administration, a brief time-course for administration of 

  Fig. 21.4    A summary schematic of other chemotherapeutic contributory anthocyanin pathways       

 



504 E.K. Ross et al.

chemotherapy (Chen et al.  2006  ) . In A549 lung cancer xenograft nude mice, 
anthocyanin treatment resulted in an approximate 50% size reduction compared to 
control mice (Ding et al.  2006  ) . Macroscopic and microscopic examination of these 
anthocyanin-fed mice also revealed a substantial decrease in tumor involvement in 
the abdominal wall and cavity compared to positive control mice, indicating a strong 
anti-metastatic effect of the anthocyanins. In similar studies involving either 
prostate carcinoma or glioma tumor xenograft mice, anthocyanin treatment resulted 
in a substantial delay in tumor growth, a difference of about 20 days for the tumor 
to reach maximum volume, and in some cases, tumor regression (Malik et al.  2005 ; 
Jeong et al.  2010  ) . Collectively, these results suggest that anthocyanin treatment not 
only inhibits growth of a primary tumor, but likely inhibits cancer migration and 
invasion  in vivo.  

 In a more mechanistic study investigating the antioxidant and anti-in fl ammatory 
effects of anthocyanins derived from sour cherry juice, the results demonstrated 
concentration-dependent effects of anthocyanins  in vivo . Anthocyanin treatment 
increased GSH peroxidase and superoxide dismutase activity, and exhibited strong 
antioxidant effects. Interestingly, this study also revealed an inhibition of COX-2 
activity in mice (Saric et al.  2009  ) . These  fi ndings con fi rm that the antioxidant and 
anti-in fl ammatory activity exhibited by anthocyanins  in vitro  carries over to the 
 in vivo  situation.  

    21.5   Neuroprotective Effects of Anthocyanins 

 In marked contrast the their ability to kill cancer cells, anthocyanins signi fi cantly 
protect neurons in several  in vitro  models of neurotoxicity and  in vivo  models 
of neurodegeneration. Current consensus agrees that anthocyanin-mediated neu-
roprotection is largely due to their antioxidant and anti-in fl ammatory activities. 
These properties are important for agents targeting neurodegenerative disease, as 
the mechanisms that underlie these conditions often involve the accumulation of 
ROS and other free radicals. As anthocyanins display overt cytotoxicity in cancer 
cell models, it is perhaps unexpected that they would promote survival in neuronal 
cultures. However, they appear to have strong antioxidant and anti-apoptotic effects 
in non-cancerous cells, including neurons (Solomon et al.  2010  ) . Anthocyanins 
derived from mulberry fruit displayed protection of dopaminergic cells  in vitro  
(Kim et al.  2010  ) . After treatment with either 6-hydroxydopamine (6-OHDA) or 
1-methyl-4-phenylpyridinium (MPP+),  in vitro  models of Parkinson’s disease (PD), 
cells pre-treated with anthocyanins showed less apoptosis and a signi fi cant decrease 
in indices of oxidative stress. Anthocyanins and their metabolites demonstrate pro-
tective effects in other  in vitro  models of neuronal injury. For example, in SH-SY5Y 
cells, anthocyanins and their metabolites inhibit H 

2
 O 

2
 -induced oxidative stress, 

ROS accumulation, and apoptosis (Tarozzi et al.  2007  ) . Anthocyanins from pur-
ple sweet potatoes have also been shown to protect rat pheochromocytoma PC-12 
cells from A b -induced oxidative stress and lipid peroxidation (Ye et al.  2010  ) . 
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Although most results point to direct ROS scavenging and phase II enzyme activation, 
preliminary studies suggest secretory phospholipase A 

2
  (sPLA 

2
 ) as an additional 

target for anthocyanins and their metabolites. Speci fi cally, group V sPLA 
2
  seems 

to be inhibited by anthocyanins, this may be important since sPLA 
2
 s take part in 

regulating in fl ammatory responses associated with neurodegeneration (Dreiseitel 
et al.  2009  ) . 

 Exposure of cultured rat cerebellar granule neurons (CGNs) to the Bcl-2 inhibi-
tor, HA14-1, induces GSH-sensitive mitochondrial oxidative stress and intrinsic 
apoptosis. (Zimmerman et al.  2007  ) . Inspired by the many suggested bene fi ts of 
anthocyanin treatment, we have recently examined several anthocyanins that had 
yet to be tested in a neuronal model of oxidative stress-induced apoptosis. We found 
that callistephin (pelargonidin-3- O -glucoside) and kuromanin (cyanidin-3- O -
glucoside) displayed signi fi cant protection in this neuronal model, as shown in 
Fig.  21.5 . Anthocyanin-mediated neuroprotection was due at least in part, to preser-
vation of mitochondrial GSH and decreased oxidation of the mitochondrial lipid, 
cardiolipin. Collectively, the above data demonstrate that anthocyanins provide signi fi cant 
protection from oxidative stress in cultured neurons.  

 Recently, several  in vivo  studies have exhibited exciting results, suggesting that 
these novel nutraceuticals could be bene fi cial in a clinical setting for neurodegenerative 
diseases. A central aim of these studies was to examine the therapeutic potential of 
anthocyanins in the treatment of speci fi c neurodegenerative diseases, speci fi cally 

  Fig. 21.5    CGNs treated with HA14-1 after pre-treatment with either 213  m M Callistephin or 
103  m M Kuromanin       
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using animal models of PD. In the MPTP mouse, a neurotoxin model widely used 
to test potential therapeutic options for PD, anthocyanin treatment preserved 
dopamine neurons in the substantia nigra pars compacta and dopaminergic innervation 
of the striatum (Kim et al.  2010  ) . Anthocyanins have also exhibited neuroprotection 
in rats subjected to unilateral striatal lesioning with 6-OHDA, reinforcing their poten-
tial in this particular neurodegenerative disease (Roghani et al.  2010  ) . Anthocyanins 
have also been shown to have neuroprotective effects in  in vivo  models of acute 
neuronal injury such as middle cerebral artery occlusion and reperfusion in rats 
(Shin et al.  2006  ) . 

 Anthocyanins have also been examined in models of aging, as research suggests 
that oxidative stress plays a large role in the etiology of aging. Recent studies inves-
tigating anthocyanins have reveled other potential bene fi ts of these nutraceuticals. 
Anthocyanins appear to diminish age-related oxidative stress (Lu et al.  2010 ; Krikorian 
et al.  2010  ) . Treatment with anthocyanins signi fi cantly attenuated cytosolic 
cytochrome c release, and promoted neuronal survival in a model of D-galactose-
induced brain aging in old mice (Lu et al.  2010  ) . Finally, in a recent clinical study, 
consumption of wild blueberry juice for 12 weeks enhanced memory performance 
in older adults with early symptoms of dementia (Krikorian et al.  2010  ) . These data 
are suggestive of a possible therapeutic role for anthocyanins in age-associated 
cognitive impairment.  

    21.6   Conclusions 

 An important element of anthocyanin treatment is the cell speci fi c effects of these 
compounds exhibited both  in vitro  and  in vivo . As they act in a pro-apoptotic fashion 
in cancer cells, and as anti-apoptotic agents in neurons, it is clear that their effects 
on cell physiology are complex. Anthocyanins also exhibit this speci fi city between 
cancer cells and other non-cancer cells of the same or surrounding tissue. For example, 
they are shown to have pro-apoptotic effects against both estrogen receptor positive 
breast cancer cells, as well as triple negative breast cancer cells. However, in the 
same study, they exhibited anti-apoptotic effects in normal breast cells (Li et al.  2009  ) . 

 Anthocyanins affect many different signaling pathways in different cell systems. 
They exhibit anti-proliferative, anti-in fl ammatory, and pro-apoptotic effects in 
cancer cells, supportive of their use as chemotherapeutic agents. They also exhibit 
strong antioxidant and anti-apoptotic effects in neuronal injury models, which 
provides evidence toward the potential of anthocyanins as a novel treatment for 
neurodegeneration.  In vivo  studies in animal models of carcinogenesis or neurode-
generation involving anthocyanins have delivered promising results that may 
lean towards their clinical development for both neurodegenerative diseases and 
chemotherapy. Studies in human subjects are limited, but are also promising for 
both treatment modalities. In preliminary clinical studies, anthocyanins have exhibited 
very positive data regarding their use for colorectal cancer intervention and in 
oral intraepithelial neoplasia. These studies both suggest the further evaluation of 
anthocyanin use in chemoprevention (Thomasset et al.  2009 ; Shumway et al.  2008  ) . 
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These novel nutraceuticals have also displayed promising effects in preliminary 
clinical studies of memory impairment in older adults, again suggesting the potential 
bene fi t of developing anthocyanins for the treatment of neurodegenerative diseases 
(Krikorian et al.  2010  ) . Though the data in human models is limited and preliminary, 
they provide a basis for more comprehensive human trials of anthocyanins, both as 
chemotherapeutic and neuroprotective agents. Seeing the clinical potential of antho-
cyanins, recent studies are directed towards delivery methods of these anthocyanins 
 in vivo , even looking toward slow anthocyanin-releasing implants for sustained, 
long-term delivery of these nutraceuticals (Desai et al.  2010  ) . 

 The Janus character of anthocyanins is evidenced by their contrasting anti-apoptotic 
effects in neurons and pro-apoptotic effects in cancer cells (Fig.  21.6 ). The unique 
properties of anthocyanins may be extremely bene fi cial for the clinical treatment of 
chronic human diseases, as diverse as cancer and neurodegeneration. Future devel-
opment of these nutraceuticals as chemopreventative, chemotherapeutic, and neuro-
protective agents will one day hopefully lead to their use in a clinical setting for the 
treatment of neurodegenerative diseases as well as highly invasive cancers.       
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