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    Modern drug design, discovery, and development are inherently interdisciplinary in nature where researchers of various disciplines work together, equipped with the most sophisticated technologies and recent understanding of the diseases at the molecular level. Despite overwhelming activities in this area in the past three decades, a large number of diseases have either remained untreated or their currently available treatments are not sufficiently effective. Emerging drug resistance, and drug associated adverse affects are further complicating this situation. Among the 21, 000 registered drugs, only 1,357 are unique in their structures. This clearly highlights the growing need of innovative and creative health care solutions which can reduce the human suffering.




    The 7th volume of Frontiers in Drug Design and Discovery comprises seven excellent reviews, contributed by leading experts in these fields. Mahbuba Rahman has contributed a review on metabolic pathways in cancer cells and their relationship with emerging resistance. Metabolic pathways play an important role in promoting cancer cell survival and growth. Metabolic reprogramming is a hallmark of cancer cell proliferation, supporting enhanced nutrient uptake to supply energetic and biosynthetic pathways. Rahman has highlighted the importance of understanding these pathways and their association with chemotherapeutic resistance. Such in-depth understanding of metabolic reprogramming in cancer cells and its various implications can be used for identifying new targets for anti-cancer drug discovery.




    Cancer chemotherapy is known to have a number of adverse effects on patients, including cardiotoxicity. Bras-Silva et al. have contributed a detailed review on a whole range of cardiovascular problems associated with the long term use of anti-cancer drugs, including heart failure, ventricular systolic dysfunction, hypertension, thromboembolic disease, cardiomyopathy, arrhythmias, and myocardial ischemia. The need of cardiac monitoring, and careful risk assessment is also discussed. The review ends with a summary of various new approaches and therapies which can reduce the risk of cardiovascular events during cancer chemotherapy.




    Crispi et al. focus their review on innovative therapies and new approaches for cancer treatment. The need for better drugs and improved drug delivery systems against cancers is greatly felt. The review highlights the most recent advances in the field, particularly the use of novel combination therapies and development of nanocarriers for improved drug bioavailability and site specific drug release. These key developments have helped in achieving greater efficacy and lower toxicity in cancer treatment. These approaches also have the capacity to circumvent the emerging drug resistance in cancer chemotherapy.




    Yoshino et al. have contributed a comprehensive review on various combination of anticancer drugs clinically tried for the treatment of a rare type of uterine sarcomas. This rare cancer has three histological variants, i.e. carcinosarcoma, leiomyosarcoma, and endometrial stromal sarcoma. Because of the rarity of this cancer, the search for specific treatments and well-designed clinical trials on various combination therapies is not vigorously pursued. This review provides a commentary of innovative combinations of anti-cancer agents that are now being tested for the treatment of all three variants of uterine sarcomas.




    Angiogenesis is a normal process for healing and reproduction. This involves the growth of new capillary blood vessels. However, in pathological conditions, angiogenesis leads to abnormal blood vessel growth. This then becomes the underlying process for many deadly diseases, including cancers. Roslida Abd Hamid et al. have reviewed various strategies targeting biochemical and cellular events involved in the tumor angiogenesis. Most of the anti-cancer drugs are non-specific in nature, and thus associated with numerous side effects. Moreover, substances which inhibit angiogenesis specifically act on new cells. The authors have reviewed the various classes of natural substances, including marine natural products, with anti-angiogenic activities. Methods for validating the anti-angiogenic inhibitory activities of test substances have also been mentioned.




    Biaoru Li has focused the next chapter on recent developments on the emerging field of personalized medicine. The entire concept is presented in an easy to understand manner by systematically describing personalized chemotherapy. This starts with the genomic analysis from tumor tissue sampling and ends at the identification of the most sensitive substances from the available drugs. Through this case study, the concept of personalized medicine i.e. “the right treatment for the right person at the right time”, is skillfully described. With the introduction of next generation sequencing, and system modeling related to drug discovery, the concept of personalized medicine would be widely applied.




    The last review in this volume is related to the application of nanotherapeutics in the treatment of infectious diseases. Nanotherapy is the newest mode of treatment that can be applied for the treatment for various diseases. Sheikh et al. describe the hypothesis and idea of a nanotherapeutic system, and the various aspects related to it such as change of properties of substances at the nano-levels, testing of the new drugs, and the safety assessment of the new nano-substances. The key challenges in the treatment of infectious diseases include drug resistance, less bioavilability, and non-specificity of potent antibiotics. This review highlights the advances in drug delivery through nanocarriers which can solve most of these problems associated with conventional antiobiotics therapeutics.




    In the end, we are extremely grateful to all the contributors for the timely submission of their reviews. The 7th volume of the eBook series is the results of the efficient coordination and excellent management of the entire team of Bentham Science Publishers. We would like the recognize the efforts of Mr. Omer Shafi (Assistant Manager Publications), Shehzad Naqvi (Senior Manager Publications) and team leader Mr. Mahmood Alam (Director Publications) for putting together an excellent treatise of well written articles in a time efficient manner. We are confident that this volume of eBook series will receive a wide appreciation from students, young researchers, and established scientists.
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      Abstract




      Chemotherapy drugs are long being used to treat cancer either as single drug or in combination with other treatment strategies. However, the current problem with treatment is the development of chemo-resistance properties of cancer cells that causes relapses at the later stages of the treatment. It is therefore necessary to design and develop new drugs or modify existing treatment strategies. Cancer cells show abnormal cell growth and adopt metabolic pathways that are different from normal cells. There are also links between metabolic pathways and chemo-resistance development in cancer cells. This indicates the importance of integration of knowledge on the metabolic pathways of cancer cells prior to new drug design and development for cancer treatment. In this review, we discuss the metabolic pathways associated with chemo-resistance development and focus on existing or new drugs targeting these pathways.
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      INTRODUCTION




      Cancer is a multifactorial genetic disease. As such different treatments such as surgery, radiotherapy and chemotherapy are used to treat cancer. Chemotherapy is used either as single treatment modality or as ‘adjuvant therapy’ or ‘neoadjuvant therapy’. ‘Adjuvant therapy’ refers to the use of chemotherapy drugs after surgery




      to destroy or kill cancer cells, whereas ‘neoadjuvent therapy’ is used to shrink cancer cells before surgery or radiation therapy. Chemotherapy is also used in combination where multiple drugs are used in a certain order or in certain combinations. The ultimate goal of using chemotherapy is to cure or resist the spread of cancer [1, 2].




      The term ‘chemotherapy’ was coined by the German chemist Paul Ehrlich in early 1900s and defined it to use chemicals to treat disease. He developed arsenical drugs to treat bacterial disease (e.g., syphilis), which was later used to treat acute promyelocytic leukemia (APL). In 1940, mustard gas was injected in the veins of several cancer patients who were suffering from advanced lymphomas. At that time several chemicals were synthesized to treat cancer. However, the lack of appropriate models and clinical trials limited the application of chemotherapies during that era. In 1960, surgery and radiotherapy was used as main treatment for cancer, but the cure rate was only 33%. Besides, these are used as local treatments and effective only in one area of the body such as breast, lungs or prostate. Chemotherapies differ from these treatments as they are used as ‘systemic treatment’, where the drugs travel throughout the body to reach cancer cells. The combination of chemotherapy with the local treatments had a better cure rate of patients with advanced cancers. Since then, combined modality treatment became the standard clinical practice for cancer [2-4].




      At present, there are more than 100 different chemotherapy drugs available for different types of cancer. These drugs are divided into several groups. The grouping is based on their chemical structure and mechanism of action (Table 1) [5-7]. The anticancer effect of chemotherapy drugs reside in interrupting cell cycle resulting in either irreversible damage to the cell or induction of the apoptotic pathways. Many of the chemotherapy drugs target nucleic acid (DNA/RNA) biosynthesis directly or indirectly.




      There are 5 phases in the cell cycle: GO phase (resting phase), G1 phase, S phase, G2 phase and M phase. Normally the GO phase is considered as the starting or resting point for the cell cycle. In G1 phase, the cells grow and prepare to synthesize DNA, at G2 phase, the cells prepare to divide and at the M or mitosis phase, cell division occurs [6, 7].




      

        Table 1 List of major chemotherapy drugs available for the treatment of cancer [5-7].




        

          

            

              	Chemotherapy groups



              	Mechanism of action



              	Examples



              	Type of cancers treated



              	Side effects

            


          



          

            

              	Alkylating agents



              	Damage DNA directly at every phases of the cell cycle.



              	
Nitrogen mustards: mechlorethamine, chlorambucil, cyclophosphamide (Cytoxan®) etc.


              Nitrosoureas: streptozocin, carmustine (BCNU) etc.


              Alkyl sulfonates: busulfan


              Triazines: dacarbazine (DTIC), temozolomide (Temodar ®) etc.


              Ethyleneimines: thiotepa, altretamine (hexamethylmelamine) etc.





              	Leukemia, lymphoma, Hodgkin’ disease, multiple myeloma, sarcoma, lung cancer, breast cancer and ovarian cancer.



              	(i) Long-term damage to the bone marrow may sometimes lead to acute leukemia.


              (ii) Cytotoxicity may lead to hair loss, breathlessness, fatigue, memory and eating challenges, nausea, pain sterility.


              (iii) Recurrence.


              (iv) Drug resistance.

            




            

              	Antimetabolites



              	These drugs interfere with DNA and RNA formation by substituting the normal building blocks of RNA and DNA.



              	5-fluorouracil (5-FU)


              6-mercaptopurine (6-MP)


              Capecitabine (Xeloda®)


              Cladribine


              Cloafarabine


              Cytarabine (Ara-C®)


              Floxuridine


              Fludarabine


              Gemicitabine (Gemzar®)


              Hydroxyurea


              Methotrexate


              Pemetrexed (Alimata®)


              Pentostatin


              Thioguanine



              	Leukemia, breast cancer, ovarian cancer, intestinal tracts and other types of cancer.

            




            

              	Antitumor antibiotics



              	These drugs interfere with enzymes involved in DNA replication and works in all phases of the cell cycle.



              	Anthracyclines: Daunorubin,


              Doxorubixin (Adriamycin®),


              Epirubicin etc.


              Actinomycin-D


              Bleomycin


              Mitomycin-C



              	Used for a variety of cancers.



              	High doses cause permanent damage to the heart.

            




            

              	Topoisomerase inhibitors



              	Interferes with the topoisomerase inhibitors. The enzyme separates the DNA strands during replication.



              	
Topoisomerase I inhibitor:


              Topotecan and irinotecan (CPT-11).


              Topoisomerase II inhibitor:


              Etoposide (VP-16) and teniposide



              	Leukemias, lung, ovarian, gastrointetinal and other cancers.



              	Increased risk of secondary cancer such as acute myelogenous leukemia (AML)

            




            

              	Mitotic inhibitors



              	These drugs either stop mitosis or inhibit enzymes associated with protein synthesis required for DNA replication. They work on cells during M phases of the cell cycle, but can damage cells at all phases of the cycle.



              	
Taxannes: aclitaxel (Taxol®) and docetaxel (Taxotere®).


              Epothilones: ixabepilone (Ixempra®)


              Vinca alkaloids: vinblastine (Velban®) etc.


              Estraustine (Emcyt®).



              	Breast cancer, lung cancer, myelomas, lymphomas and leukemias.



              	Can cause peripheral nerve damage.

            




            

              	Corticosteroids



              	Mechanism is not completely known. They prevent migration of white blood cells to the inflamed site and kills the cancerous forms of the cells.



              	Prednisone, methylprednisone (Solumedrol®) and dexamethasone (Decadron®).



              	Lymphoma, leukemia and multiple myelomas.



              	

            




            

              	L-asparaginase



              	The enzyme depletes the level of L-asparagine from plasma. As a result RNA and DNA synthesis are inhibited with subsequent blastic cell apoptosis.



              	Elspar® , Kidrolase®




              	Acute lymphocytic leukemia (ALL)



              	Fever, nausea, vomiting allergic reactions etc. are some common side effects. Normally the side effects do not last for long.

            




            

              	Proteosome inhibitor



              	Blocks or slows down the action of proteasomes. Proteasome breaks down protein in both healthy and cancerous cells. Blocking the proteasomes inhibits growth and multiplication of canceorous cells, leading to cell death.



              	Bortezomib (Velcade®)



              	Multiple myeloma



              	Fatigue, peripheral neuropathy, low blood pressure, heart problems, tumour lysis syndrome (TLS) etc.

            


          

        




      




      Cell cycles are controlled at two vital checkpoint called G1/S checkpoint and G2/M checkpoint. At G2/M checkpoint, cells are checked for DNA damage to ensure that all the necessary cellular machinery is available for successful cell division. Cells with intact DNA continue to the next phase. However, if the DNA is damaged by chemotherapy drugs, DNA cannot be repaired and cell cycle arrests, leading to cell death or apoptosis (Fig. 1).




      For example, chemotherapy drugs like 5-fluorouracil (5-FU) and gemcitabine that mimic nucleosides disrupt replication by inhibiting the synthesis of deoxynu-cleotides through the inhibition of ribonucleotide reductase or thymidylate synthase, respectively. While these are direct inhibitors of nucleic acid biosyn-thesis pathway, indirect inhibitors, such as adriamycin and doxorubicin disrupt DNA replication by targeting topoisomerases. These drugs act as intercalating agents and stop DNA replication by stabilizing topoisomerase II. As a result, progression of the replication fork is inhibited and leads to cellular death [6, 7].




      Despite that chemotherapy drugs are used as drug or medicine for the treatment of different types of cancer, current problem associated with the treatment is that many cancer cells develop resistance against the drug, causing relapses at the later stages of the treatment (e.g., colon cancer, metastatic breast cancer; paediatric acute lymphoblastic leukemia-ALL etc.). Although the exact mechanism of chemo-resistance development is not fully understood, the cause and effect of chemoresistance have been studied for a long time. Qualitative research using co-citation analysis (Medline) showed two time periods of cancer chemoresistance research: 1975-1990 and 1995-2010. In the former periods, research focused on the generic mechanisms of resistance to chemotherapy to molecular mechanisms of cancer progression. In the latter periods, experimental works on resistance moved from pre-clinical systems to the clinical settings. From these analyses, some potential mechanisms by which cancer cells develop chemo-resistance were inferred. Cancer cells use (i) multidrug resistance transporters leading to decrease in tumour drug concentrations, (ii) reduce drug activation through increased detoxification of the drug, (iii) alterations in the drug target and (iv) alterations in the apoptosis regulatory genes [4, 8, 9]. However, none of these mechanisms showed the association of the chemoresistance phenotypes with the metabolic pathways of cancerous cells.




      
[image: ]


Fig. (1))


      Effect of chemotherapy drugs on cell cycle.



      The metabolic pathways of a cell consists of a multitude of enzymes, proteins and metabolites that are under the tight regulation of regulatory genes and signalling molecules. Despite the presence of complex regulatory networks, cancer cells often show differential expression of the metabolic pathway genes, some of which have been found to be associated with the chemo-resistance development. As a result, there is an urgency to design and develop new drugs targeting metabolic pathway genes or enzymes. However, these steps are very expensive in terms of the fact that not only the synthesis of the drug, but the experimental research followed by pre-clinical and clinical trials add to the cost of the drug development. Therefore, before designing new drugs it is important to have extensive knowledge on the metabolic pathways of the cancer cells [9, 10].




      Metabolomics has been used to understand the intracellular and extracellular levels of metabolites in genetically engineered organisms for industrial purposes for a long time. However, its application in cancer research is new and limited due to the complex nature of the eukaryotic system. Therefore, in recent years, systematic biological approach has been introduced to understand the complex regulatory network under diseased or treated conditions by integrating the elements of biological pathways such as DNA, RNA, proteins, metabolites, membrane systems and organelles. A number of research groups have also shown the drug resistance phenotype using systems biology approach, highlighting that significant insight can be gained from complex systems using this approach [2, 11-15]. Since chemo-resistance is a major health related issue in cancer treatment, in the following section, we will briefly discuss the tools and components of system biology followed by some of the recent findings correlated with chemo-resistance and metabolic pathway genes.


    




    

      SYSTEMS BIOLOGY FOR CANCER




      Systems biology is defined as an interdisciplinary study that interacts many components of a system in non-linear, and non-additive ways instead of focusing on single components. Since this is an integrated approach, it can be used to unravel the underlying cause of many diseases (e.g., infectious disease, metabolic disease) including cancer [16].




      The approach of systems biology can be categorized into two parts, experimental methods and computer simulation methods. In the experimental method, the sample of interest is processed for quantitative or semi-quantitative analysis of the genomics, transcriptomics, proteomics, metabolomics and fluxomics of the cell. At the computational level, data acquired from experimental methods are analyzed. The use of high-throughput technologies generates large data set. Therefore, different types of software are used to analyze the data to show interaction between different components of the cell with a goal for pathway construction. One strategy involves estimating components and connecting these with reverse engineering. A second strategy is to group expression levels by genetic pathways and a third strategy is to identify genetic network from protein networks, assign scores to these networks and substitute the scores into a prediction model. These prediction models are formulated in a training sample and evaluated in test samples. Table 2 shows the components and tools of systems biology including the most conventional models of the computational analysis. The ultimate goal of the approach is to reflect a cell’s physiology in relation to perturbations caused by the effect of the drug on the metabolic pathways [8, 16, 17].




      

        Table 2 Summary of different tools used in systems biology [8, 16, 17].




        

          

            

              	Experimental methods

            


          



          

            

              	Description



              	Methods



              	Application

            




            

              	Genomics: Comprehensive and detailed study of the genome of the specific organism.



              	Next Generation Sequencing (Illumina, 454, SOLID)


              Sanger Sequencing.



              	Information on genome sequence


              and function of genes.

            




            

              	Transcriptomics: Study of the expression level of mRNA of the cell under specific conditions.



              	Affymetrix Arrays,


              Tiling Arrays,


              RNA sequencing.



              	Analysis of differential expression of the entire set of genes. Identification of un-translated region (UTR), intergenic region and splicing variation.

            




            

              	Proteomics: Analysis of the entire set of proteins present in a cell in a certain conditions.



              	2D- PAGE gels,


              Protein Arrays,


              GC-MS/LC-MS,


              Phosphoproteomics.



              	Identification of proteins, protein-protein interaction and activation by phosphorylation.

            




            

              	Metabolomics: The measurement of all metabolites including intracellular and extracellular metabolites under certain conditions.



              	Different quenching and extraction method,


              GC-MS and LC-MS,


              HPLC,


              Spectrometric assay.



              	Identification and quantification of metabolites as key compounds to elucidate a certain metabolic behaviour.

            




            

              	Fluxomics: Measurement of the ensemble of metabolic fluxes active in the cell under a certain condition.



              	Flux distribution is


              based on 13C labelling and analysis of


              enrichment patterns of


              proteinogenic amino acids using GC-MS / NMR.



              	Flux analysis provide


              information about activity of pathways and topology of the metabolic network.

            




            

              	Computational methods

            




            

              	Description



              	Methods



              	Application

            




            

              	Computational methods for capturing the known biology: Whole cell simulations applied to predict the in vivo mechanisms of alterations.



              	Two major steps are: in vitro molecular and phenotypic dynamical data from cell lines are used to train the simulation.


              In vitro molecular data from human tissue to re-train the simulation.



              	The whole cell model describes dynamics of molecular constituents such as mRNA, proteins and modified proteins and connect these events to cellular phenotypes of cell cycle division, cell cycle arrest , and apoptosis. Therefore, this method is useful for pharmaceutical applications to test the effect of therapeutic targets and compounds under various conditions.

            




            

              	Computational methods for capturing


              the unknown: integrates mechanistic simulations of known pathways with data mining of high-throughput data.



              	Integrates mechanistic simultation of the known pathway with data mining of high-throughput data originating from genomics array data, gene-protein regulatory networks etc. these two approaches come together in an inference engine which generates more accurate model in terms of kinetics and network topologies.



              	These models enable researchers to determine the underlying molecular mechanisms that gave rise to the data and provide a more complete mechanistic understanding of the systems


              in question.

            


          

        




      




      While data mining is a major challenge in systems biology, most challenging work is the lack of correlation between in vitro cell lines and animal tumour models and human in vivo tumours. The tumour environment is highly dynamic and therefore, the predictive simulation methods based on cancer cell lines and animal tumour model may not reflect the actual physiology of the cancer. As a result, it might not be helpful in predicting the efficacy of the therapeutics. Two promising approaches that are currently used to overcome these problems are: (i) to measure the molecular levels directly in human tumours by in vivo imaging and devise and (ii) improve in vitro systems that better mimics human in vivo tumours. This includes three-dimensional in vitro tissue cultures of tumours, device and implantation of human orthotopic tumour xenografts in animals etc. [18].




      Despite these challenges, over the past several years, various research groups conducted experiments on metabolic profiling of chemoresistant cancer cells. The altered metabolism in cancer cells were demonstrated by Otto Warburg in 1926. Recent research integrating metabolic profiling and systems biology, demonstrate links between chemoresistance and metabolic pathways in cancer such as in breast cancer, acute lymphoblastic leukemia (ALL) and colon cancer [14, 18].




      The importance of metabolic pathways in chemotherapy resistance is discussed in the following sections.


    




    

      METABOLIC PATHWAYS ASSOCIATED WITH THERAPY RESISTANCE IN CANCER CELLS




      Proliferating tumour cells need to increase in size and to replicate its DNA. This process is highly metabolically demanding and requires large quantities of proteins, lipids, nucleotides as well as adenosine tri-phosphate (ATP) as the energy source. To meet this demand and continue the anabolic process, cells create a different phenotype that shows alteration of the metabolic flux using the key metabolic pathways such as glycolytic and the pentose phosphate pathways, glutamine synthesis pathways and lipid biosynthesis pathways. These altered metabolisms are reported to be due to the mutations in certain regulatory genes that function at the upstream of the different metabolic pathways mentioned earlier [19]. In addition, several cell signalling proteins associated with the cell survival (e.g., autophagy) or cell death (e.g. apoptosis) pathways also help in increased metabolism and proliferation in cancer cells [20-23].




      

        Mutation in Regulators of Metabolic Pathways




        Over the past few years, accumulating evidence has shown that oncogenes like myc, nuclear factor κB (NF- κB), AKT and the tyrosine kinase receptors (e.g., epidermal growth factor, EGF; insulin-like growth factor 1, IGF-1, Her-2) turn on Ras, RAF-mitogen-activated protein kinase (MAPK), and the phosphatidyl inositol 3-kinases (PI3Ks) and mammalian target of rapamycin (mTOR) along with hypoxia inducible factors (HIFs) can stimulate the transcription of a number of genes of the glycolysis and glutaminolysis pathways [24].




        

          Ras




          Ras is a transcriptions factor and activated by growth factors. The protein transduces cell proliferation signals. It is over-expressed in many cancers and activates several effector pathways such as PI3K/AKT and MAPK pathway. Upregulation of these proteins eventually increases glycolysis in cancer cells, the effect of which is discussed later in the glucose metabolism section [25].


        




        

          Myc




          Myc is an oncogenic transcription factor and activated by growth factors. It regulates the transcription of thousands of genes or microRNAs involved in cellular proliferation. Myc overexpression is observed in many cancer cells and has been associated with upregulation of metabolic pathways in cancer cells. Myc directly activates transcription of glycolytic enzymes and regulates glycolysis in cells under normoxic conditions by directly activating the lactate dehydrogenase A (LDHA) and other glycolytic genes. Myc also activates certain glucose transporters in co-operation with HIF. Furthermore, Myc regulates genes associated with glutamine metabolism. In addition to enhancing glycolytic activity, Myc also enhances mitochondrial respiration and contributes to overall increased metabolic function in cancer cells [25].


        




        

          HIFs




          HIFs (hypoxia-induced factor) are transcription factor complexes comprised of HIF-α and HIF-β subunits. HIFs are integral part of the hypoxia response in cells and allow the cells to survive under low oxygen supply during development and physiological stress. Although these are common physiological factors in cells, HIF activity is high in most tumours [24, 25].


        




        

          IGFRs




          Insulin like growth factors receptors or IGFR, in particular IGF1R, is an important signalling molecules that functions upstream of several signalling molecules such as PI3K and AKT. IGFR influences glucose uptake and cell growth in tumour cells [26].


        




        

          PI3K, AKT and mTOR




          PI3K and AKT are protein kinases and signalling molecules. PI3K and AKT are often activated by insulin and insulin like growth factors that contribute to the metabolic transformation of cancer cells. AKT also increases glycolytic flux by raising plasma membrane occupancy of glucose transporters and altering the expression of the glycolytic enzymes such as hexokinase (HK) and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFBs). AKT also activates mTOR of the autophagy pathway (discussed below) [25].


        




        

          AMPK




          Under nutrient starvation condition, low ATP/AMP ratio activates AMPK. Once activated, AMPK partially inhibits mTOR, leading to metabolic adaptation by increasing catabolism and decreasing anabolism [26].


        




        

          P53




          p53 is a transcription factor activating more than 300 different promoter elements. This multifunctional protein acts as tumour suppressor in normal cells and regulates cell cycle and DNA damage repair by regulating the downstream protein p21 (cell cycle regulator), activating caspases via cleavage of pro-caspases 3,7 and 9, and regulating expression of PARP1 (poly-ADP-ribose polymerase 1). p53 also regulates the autophagy pathway proteins DRAM at the transcriptional level. Despite its anti-tumour property, p53 is a common mutated gene in and underexpressed in almost 50% of human cancer. A resistant phenotype of p53 mutation was induced by ionizing radiation (IR) with higher expression of PARP1 level. PARP1 is involved in differentiation, proliferation, tumour transformation and also involved in single stranded DNA damage repairing. On the other hand, P53 which shows inhibitory effect on glycolysis, upregulates the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR), causing decreased level of fructose-2,6-bisphosphate and decreased glycolytic rate. P53 also stimulates oxidative phosphorylation through upregulation of cytochrome c oxidase 2 (SCO2), which is required for the assembly of the cytochrome c oxidase complex of the electron transport chain. Therefore, mutation of p53 shifts metabolism from mitochondrial respiration towards glycolysis [26-29].


        




        

          mTOR/Autophagy Pathway




          Autophagy is a lysosome dependent catabolic process that occurs at a basal level in normal growing conditions to regulate the balance between protein synthesis and degradation. There are three types of autophagy of which macroautophagy is mostly associated with cancer cell survival or death. Induction of autophagy can be from several events such as nutrient deprivation or introduction of drugs or other stress inducing molecules. Once induced, macroautophagy starts with the de novo formation of a cup-shaped isolation double membrane called phagophore that engulfs a portion of cytoplasm. The isolation membrane then encloses to form a mature vesicle known as the autophagosome that subsequently fuses with a lysosome, leading to the degradation of intra-autophagosomal components by lysosomal hydrolases. In many cancer cells (e.g., breast cancer, colon cancer) autophagy related proteins are mutated and have been shown to be associated with a higher metabolism to meet the metabolic demand o transformed cells [19]. There are several regulators of this pathway among which serine starvation induces the autophagy regulator mTOR activation. mTOR is induced by the class I PI3K/AKT pathway, and inhibited by AMPK and p53. Once mTOR is activated, it negatively regulates other autophagy proteins such as the ULK1/2. This in turn inhibits the downstream cascade of the autophagy pathway [20]. mTOR is over-activated in various sporadic and hereditary cancers. Elevated levels of mTOR are detected in renal cell carcinoma, mantle cell lymphoma, hepatocellular carcinoma, glioblastoma and breast cancer [22].




          Moreover, autophagy is also induced by glutamine. Glutamine is produced by fibroblasts and actively transported by cancer cells and converted into ammonia which directly induces autophagy [30].


        


      




      

        Mutation in Metabolic Pathway Genes




        Cancer cells show an increased glucose consumption rate [25-27]. Several enzymes of the glucose metabolism pathway (e.g., glycolytic, pentose phosphate pathway and TCA cycle), amino acid and fatty acid metabolism pathways are discussed below:




        

          Glucose Metabolism Pathways




          

            Glucose Transporters




            Like normal cells, cancer cells uptake glucose by glucose utilizing transporters (GLUT). These are the first rate limiting step in glucose metabolism as the proteins help glucose to be transported across the plasma membrane. The human GLUT family consists of 14 proteins where some of these are found dysregulated or overexpressed in transformed cells. For example, GLUT 4 in multiple myeloma (MM) cells was found to be over-activated leading to higher basal glucose consumption, maintenance of Mcl-1 (induced myeloid leukemia cell differentiation protein) protein levels, growth and viability. Mcl-1 protein belongs to the Bcl-2 family which act as pro-survival proteins byenhancing cell survival and inhibiting apoptosis [25-27].




            GLUT 3 is up-regulated in glioblastoma. Temozolomide in combination with radiation and chemotherapy is used to treat glioblastoma patients. However, long term treatment shows resistance development almost in all patients. In vitro studies showed that partial resistance is due to upregulation of GLUT 3 [25-27].


          




          

            Glycolytic Enzymes




            Glycolysis is the major pathway of glucose metabolism and energy generation in the eukaryotic system. While pyruvate is the end product of glycolysis, the fate of this metabolite depends on the oxygen availability. Under anaerobic conditions, pyruvate is reduced to lactate by the enzyme lactate dehydrogenase (LDH). In presence of oxygen, pyruvate is completely oxidized to carbon dioxide and water and fully produce 36 moles of ATP via tricarboxylic acid (TCA) cycle. The fate of pyruvate varies depending on the organ type. For example, heart requires large amount of energy and therefore uses both glycolysis and oxidative phosphorylation to generate ATP. Conversely, in the liver, glucose is used as substrate for biosynthetic purposes. In proliferating cells, there is high rate of glycolysis where glucose is used both for energy generation and biosynthesis of intermediate metabolites. While this is a general overview of the fate of glucose, many cancers exhibit mutations in several glycolytic pathway enzymes [31]. These are discussed below:


          




          

            HK (Hexokinase)




            The first enzyme of the glycolytic pathway is hexokinase (HK). HK controls phosphorylation of glucose converting it to glucose-6-phosphate (G6P). G6P is an important intermediate of both the glycolytic and the pentose phosphate pathway (PPP). These enzymes are upregulated in human breast cancer cells and associated with resistant development in the treatment of cancer. For e.g., breast cancer patients expressing ErbB2 and treated with the humanized monoclonal antibody trastuzumab develop acquired resistance to the treatment. It was reported that ErbB2 promotes glycolysis and increases their sensitivity to glycolytic inhibition. Similarly, trastuzumab-resistant cells also have increased glucose uptake and lactate production, indicative of increased glycolysis [28]. Other than breast cancer, in leukemia and MM, increased glycolysis and increased ATP levels are observed. ATP activates ATP-binding cassette (ABC) transporters which in turn enhances drug resistance via enhanced drug efflux activity [32]. Increased ATP levels due to elevated glycolysis up-regulates HIF-1α and enhances HIF-1-α mediated signalling which also confers chemoresistance. Increased glycolysis is also associated with treatment failure in childhood acute lymphoblastic leukemia (ALL), and resistance to glucocorticoid [24].


          




          

            PFK (Phosphofructokinase)




            The other enzyme that adds a second phosphate group to fructose-6-phosphate (F6P) is 6-phosphofructo-1-kinase (PFK1 or PFKM). This enzyme is under considerable allosteric regulation and is a rate limiting step in glycolyis. PKFM is found highly activated in breast cancer in addition to one of its allosteric activator, fructose-2,6-bisphosphate (F2,6BP) [33].


          




          

            PK (Pyruvate kinase)




            Pyruvate kinase (PK) is upregulated in cancer cells and converts phospho-enolpyruvate (PEP) into pyruvate, the final step of glycolysis. There are four isoforms of pyruvate kinase in the mammalian system, PKM1, PKM2, PKL and PKR. Different isoforms are expressed in different cells. PKM2 is expressed predominantly in cancer cells and is important for cancer metabolism and tumour growth. PKM2 replaces PKM1 in almost all tumour cells. Fructose 1,6 bisphosphate (F1,6BP), an upstream glycolytic intermediate, binds to and allosterically activates PKM2, but not PKM1 which in turn increases glycolytic flux. Both mRNA and protein levels of PKM2 have been associated with oxaliplatin resistance in colorectal cancer cell lines. Low PKM2 mRNA levels is associated with high p53 protein level and poor response to oxaliplatin. On the other hand, increased PKM2 level is observed in 5FU resistant colorectal cancer cell lines, sera and tissues of colorectal patients [31].




            

              PDK (Pyruvate dehydrogenase kinase) and LDHA (lactate dehydrogenase A)




              During glycolysis, two moles of pyruvate is synthesized from one mole of glucose. In normal tissues, and in presence of oxygen, most of the pyruvate is directed into the mitochondria where it is further metabolized into acetyl-CoA by the action of the enzyme pyruvate dehydrogenase (PDH). On the other hand, in an anaerobic environment, pyruvate is redirected into lactate production due to increased ratio of cytosolic NADH/NAD+. Two enzymes that take part in this conversion are pyruvate dehydrogenase kinase (PDK) and lactate dehydrogenase A (LDHA). Of these, PDK phosphorylates PDH and inhibits its enzymatic activity. This reduces conversion of pyruvate to acetyl CoA but increases lactate production in the cytosol. In tumour cells, lactate production is observed even under aerobic conditions with a decrease rate of pyruvate entering the TCA cycle and increased rate of lactate production in the cytosol. This is also known as ‘Warburg effect’. There are four isotypes of PDK (PDK1-4). Of these, PDK3 showed the highest activity coupled with a lack of inhibition of PDH in response to high concentrations of pyruvate. Hypoxia induces PDK3 expression via up-regulation of HIF-1α which binds to the promoter of PDK3. This result in a switch from mitochondrial respiration to glycolysis and inhibition of apoptotic cell death and increases resistance to cisplatin or paclitaxel in cervical and colon cancer. Knockdown of PDK3 inhibited hypoxia induced glycolysis and increased chemosensitivity to anticancer drugs such as cisplatin, paclitaxel or oxaliplatin in these cancer cell lines [31].




              Knockdown of LDHA in different breast cancer cell lines showed increased production of mitochondrial respiration, decreased cell proliferation, suppression of tumorigenicity, increased apoptosis via ROS (reactive oxygen species), reduced ATP levels and induction of significant oxidative stress leading to cell death. This indicates a critical role of LDHA in maintaining a reducing environment and energy source in the form of NADH. Studies also show that LDHA contributed paclitaxel or trastuzumab resistance in breast cancer [34].


            


          




          

            Pentose Phosphate Pathway Enzymes




            Only 5-30% glucose up-taken by the cell is utilized by the pentose phosphate pathway (PPP). While the glycolytic pathway is generally known as an energy generating pathway, PPP is called a biosynthetic pathway as its activation is associated with the metabolic state and growth rate of the organism. It is the major pathway for the synthesis of nucleotides (DNA or RNA), vitamin, thiamine or co-factor biosynthesis, aromatic amino acids or fatty acid and cholesterol biosynthesis pathways. The pentose phosphate pathway is further divided into two branches, oxidative phosphorylation pathway and non-oxidative phosphorylation pathway. Enzymes and metabolites from both pathways are upregulated in tumour cells [5, 35]. The tumour associated alterations are discussed below:


          


        




        

          G6PDH (Glucose 6-phosphate dehydrogenase)




          It is the first rate limiting enzyme of the oxidative pentose phosphate pathway. Glutathione (GSH) is required to maintain the reducing environment in the cell. G6PDH is activated when glutathione (GSH) levels decrease. In this way G6PDH plays an anti-apoptotic role and pro-survival role for cancer cells. In melanoma cells and in PC-12 neural cells deletion of G6PDH resulted in increased levels of hydrogen per-oxide (H2O2) mediated cell death. Moreover, over-expression of G6PDH showed significant resistance to apoptotic cells in PC-12 neural cells [5, 35].




          

            TA (Transaldolase, TK (Transketolase)




            Transaldolase (TA) and transketolase (TK) are enzymes of the non-oxidative pathway where transaldolase is the rate limiting enzyme of the non-oxidative branch. Transketolase (TK) catalyzes the conversion of the two intermediates of glucose metabolism, ribose-5-phosphate (R5P) and xylulose-5-phosphate into glyceraldehyde-3-phopshpate and sedoheptulose-7-phosphate. These two intermediates are further catalyzed by transaldolase (TA) into fructose-6- phosphate and erythrose-4-phosphate which are recycled into the glycolytic pathway. Differential expression of both TA and TK are observed in tumour cells. Increased level of TA has been observed in bladder, brain, breast, esophageal, ovarian and testicular cancers. On the other hand, two isoforms of TK exists. These are TKT1 and TKT2. The TKT1 isoform has been reported to be up-regulated in colon, urothelial and ovarian cancer [5, 35]


          




          

            TCA Cycle Enzymes




            Several researchers showed that cancer cells do not have defects in mitochondrial metabolism except for rare mutation in two of the TCA cycle enzymes. Mutations in succinate dehydrogenase (SDH) or fumarate hydratase (FH) enzymes were found to initiate events of familial paraganalioma or leiomyoma and papillary renal cell cancer [31, 34].


          




          

            Amino Acid Metabolism




            Cancer cells use amino acids to meet the excess nutrient demand, energy source and to synthesize nucleotides. As a result, differential expression of amino acid transporters and amino acid metabolizing enzymes are observed in cancer cells. These are discussed below:


          




          

            Amino Acid Transporters




            The amino acid transporters are called solute carrier (SLC) transporters. In human there are approximately 400 SLC transporters but only 7 are expressed in the plasma membrane and are associated with amino acid transport from the extracellular medium, 4 are associated with amino acid transporters and expressed in intracellular membranes of mitochondria, lysosomal membrane or synaptic vesicular membrane. Amino acid transporters for the uptake of both essential and non-essential amino acids. Among the amino acid transporters, expression of SLC6A14 transporter is upregulated in tumours of epithelial origin, including colon cancer, cervical cancer, breast and pancreatic cancer [36, 37].


          




          

            Glutaminolysis




            Glutamine, an essential amino acid is used to generate energy and synthesize anabolic substrates. It has several roles in the cell: it is used as a substrate for protein biosynthesis, its amine group is used to generate non-essential amino acids, it can replenish the TCA cycle metabolites for further use in anabolic processes and it is essential for the initiation of nucleotide biosynthesis. Glutaminolysis, occurs in two steps: first, glutamine is converted to glutamate by the enzyme glutaminase (GLS) and then a second enzyme glutamate dehydro-genase (GDH) converts glutamate to α-ketoglutarate (α-KG). Tumour cells use large amounts of this amino acid for energy generation and biosynthetic purposes. Many tumour cells also have over-activated glutaminase (GLS) enzyme. Elevated levels of basal GLS activity are observed in transformed fibroblasts and breast cancer cells. GLS is often up-regulated in MYC-transformed cells, suggesting it as a potential chemotherapeutic target [5]. Glutaminolysis and leucine activated mTORC1 signalling pathway is involved with cisplatin resistance in highly malignant alpha-fetoprotein (AFP) producing gastric cancer [36, 37].


          




          

            Other Amino Acids




            Other than glutamine and leucine, low asparagine levels are detected in the plasma of certain type of leukemia (e.g., childhood acute lymphoblastic leukemia), indicating that these cells are auxotrophic for the amino acid requiring asparagine to be transported from the extracellular medium. These patients exhibit low activity of the asparagine synthesizing enzyme (ASNS) [38].




            Arginine, a non-essential amino acid is auxotrophic for hepatocellular carcinoma (HCC) and melanoma. These tumours do not express argininosuccinate synthetase I (ASSI) enzyme, which is vital enzyme arginine synthesis [39].


          




          

            Lipid Metabolism




            Endogenous fatty acids are synthesized from citrate. Citric acid is synthesized from the condensation of TCA cycle intermediates, oxaloacetate and acetyl-CoA. This reaction takes place in presence of NADPH, which is produced from the metabolism of glucose and glutamine in PP pathway and glutamine metabolism pathways, respectively. Citric acid is exported to mitochondria and converted to malonyl CoA by the action of the enzymes, ATP citrate lyase (ACLY) and acetyl-CoA-carboxylae (ACC). Malonyl-CoA acts as the substrate for the fatty acid synthesis enzyme fatty acid synthase (FASN). FASN is a multifunctional protein and converts malonyl-CoA into palmitate. In normal adult tissues, the expression of FASN is generally very low and undetectable. However, its expression level is higher in several tumour and cancer cells in particular, colorectal and endometrial cancers. In addition, higher FASN level have been linked to ErbB2-induced breast cancer chemo-resistance to docetaxel [36].




            Increased levels of FASN have also been reported with trastuzumab or adriamycin resistance in breast cancer or gemcitabine and radiation resistance in pancreatic cancer [34].




            

              Table 3 Summary of drugs/compounds targeting tumour metabolism [5, 21, 31, 32, 40-45].




              

                

                  

                    	Targeted pathways



                    	Target proteins/enzymes or metabolites



                    	Drugs/compounds



                    	Cancer/tumour type

                  


                



                

                  

                    	Indirect targets of metabolism (cell signalling and metabolic regulators)

                  




                  

                    	



                    	mTORC1



                    	Temsirolimus and


                    Everolimus



                    	Metastatic and non-metastatic solid tumours

                  




                  

                    	mTORC1



                    	Ridaforolimus and


                    other rapalogues



                    	Solid tumours of pancreatic, endometrial and glioblastoma; lymphoma.

                  




                  

                    	HIF1α



                    	PX-478



                    	Advanced solid tumour and lymphoma

                  




                  

                    	IGF1R



                    	Dalotuzumab


                    (MK-0646),


                    BIIB022,


                    AVE1642 etc.



                    	Solid tumours of NSCLC, pancreatic, hepatocellular carcinoma (HCC) and metastatic breast cancer

                  




                  

                    	PI3K and mTOR



                    	BEZ235,


                    XL765,


                    SF1126 and


                    BGT226



                    	Malignant glioma and NSCLC

                  




                  

                    	PI3K



                    	GDC-0941 and PX866



                    	Metastatic breast cancer and non-Hodgkin’s lymphoma

                  




                  

                    	AKT



                    	Perifosine


                    and


                    GSK690693



                    	Renal cancer, NSCLC and lymphoma

                  




                  

                    	AMPK and Complex I (mitochondrial)



                    	Metformin



                    	Solid tumours and lymphoma

                  




                  

                    	Direct targets of metabolism

                  




                  

                    	Nucleotide biosynthesis pathway



                    	



                    	Antimetabolites



                    	

                  




                  

                    	Glycolysis pathway



                    	GLUT1



                    	Phloretin



                    	Colon cancer and leukemia

                  




                  

                    	GLUT1



                    	WZB117



                    	Lung cancer and breast cancer

                  




                  

                    	GLUT4



                    	Ritonavir



                    	Multiple myeloma

                  




                  

                    	Hexokinase



                    	2-deoxyglucose (2-DG)



                    	Leukemia, cervical cancer, hepatocarcinoma, breast cancer, small lung cancer, lymphoma and prostate cancer

                  




                  

                    	Hexokinase



                    	Lonidamine (LND)



                    	Benign prostatic hyperplasia, leukemia and lymphoma

                  




                  

                    	Hexokinase



                    	3-bromopyruvate (3-BrPA)



                    	Leukemia, multiple myeloma, colon cancer and leukemia

                  




                  

                    	Pyruvate kinase M2 (PKM2)



                    	shRNA



                    	Lung cancer

                  




                  

                    	Lactate dehydrogenase (LDHA)



                    	Oxamate



                    	Breast cancer

                  




                  

                    	Pentose phosphate pathway (PPP)



                    	Glucose-6-phosphate dehydrogenase (G6PDH)



                    	Resveratrol



                    	Colon cancer

                  




                  

                    	Transketolase (TK)



                    	Oxythiamine (OT)



                    	Colon cancer

                  




                  

                    	G6PDH and TK



                    	Avemar



                    	Jurkat T cells (Leukemia)

                  




                  

                    	G6PDH, 6PGDH and Transaldolase TA



                    	Combination of arginine and ascorbic acid



                    	Human hepatoma cell lines (HA2T/VGH)

                  




                  

                    	G6PDH, also depletion of ribose-5-phosphate (R-5P)



                    	Dehydroepiandrosterone (DHEA)



                    	Indirect study on polycystic ovary syndrome

                  




                  

                    	Citric acid cycle (TCA cycle)



                    	Pyruvate dehydrogenase kinase


                    (PDK3)



                    	siRNA



                    	Cervical cancer and breast cancer

                  




                  

                    	Pyruvate dehydrogenase kinase


                    (PDK1)



                    	Dichloroacetate (DCA)



                    	Fibrosarcoma, colon cnacer, lung cancer, squamous cell carcinoma and prostate cancer

                  




                  

                    	Fatty acid synthesis



                    	FASN



                    	Cerulenin and C75



                    	Breast cancer

                  




                  

                    	Orlistat



                    	Breast and pancreatic cancer

                  




                  

                    	Amino acid metabolism pathway



                    	Glutamine



                    	Phenylacetate



                    	Brain tumors

                  




                  

                    	Asparagine



                    	Asparaginase and pegasparaginase



                    	ALL, TCL and BCL

                  




                  

                    	Arginine



                    	Arginine deiminase



                    	Metastatic melanoma and hepatocellular carcinoma

                  


                

              




            


          


        


      


    




    

      PERSPECTIVES: METABOLIC PATHWAYS AS TARGETS FOR NOVEL DRUG DISCOVERY




      Several chemotherapeutic drugs that have been used for a long time to treat different types of cancers are anti-metabolites (Table 1). However, in recent years, a number of new drugs targeting different metabolic pathways have been developed, some of which are already at the clinical trial or pre-clinical stage (Table 3) [31, 32]. These drugs can be grouped into two major classes: (i) drugs indirectly targeting the metabolism and (ii) drugs directly targeting the metabolism.




      

        Drugs Indirectly Targeting Metabolic Pathways




        Therapeutic targets included in this group are those that target signalling proteins or upstream regulators of metabolic pathways. The major regulators include HIF, PI3K, AKT, mTOR and AMPK.




        Targeting HIF can prevent metabolic shift or adaptation of tumour cells to hypoxia. Currently there are several agents targeting HIF or its downstream effectors. PX-478 reduces HIF-α levels in vitro and in vivo and show potent anti-tumour effects. Another drug, acriflavine blocks the dimerization of the two subunits, HIF-α and HIF-β. This reduces tumour growth and vascularisation in mice bearing prostate cancer xenografts [40]. Superoxide dismutase, an agent that decreases the levels of reactive oxygen species (ROS), also reduced HIF levels. Agents that target the downstream effectors of HIF also affect HIF levels. These include bevacizumab (targeting vascular endothelial growth factor (VEGF)) and carbonic anhydrase (CA) IX. VEGF plays important role in angiogenesis and CA upregulation in hypoxic environment plays crucial role in intracellular pH maintenance, which in turn helps cancer cells to adapt to the toxic conditions of the milieu [31, 32].




        PI3K inhibitors reverse metabolic phenotypes leading to tumour regression. Inhibition or blocking of IGF1R or PI3K inhibits mTOR signalling. Metformin, an activator of 5' adenosine monophosphate-activated protein kinase (AMPK) which is used to treat patients with type 2 diabetes was found to have anti-tumour effect on breast cancer in mouse models and in vitro cell lines [21, 31, 32].




        Rapamycin, an mTORC1 inhibitor, enhances the antitumor effect of cisplatin in AFPGC (alpha feto protein induced gastric cancer). NVP-BEZ235, a dual inhibitor of mTORC1 and PI3K, inhibits T-cell ALL cell lines when combined with cyclophosphamide, cytarabine or dexamethasone. Inhibition of mTORC1 activity by NVP-BEZ235 can sensitize vincristine-resistant Jurkat cells, as well. Inhibitors of gutaminolysis such as BPTES or siRNA also inhibit mTORC1 signalling [21].


      




      

        Drugs Directly Targeting Metabolic Pathways




        Drugs in this group include those that target nucleotide biosynthesis pathways:




        

          Drugs Targeting the Gycolytic Pathway




          Drugs in this group include those targeting glucose transporters, hexokinase (HK), pyruvate kinase M2 (PKM2) and lactate dehydrogenase A (LDHA).




          

            Glucose Transporters




            WZB117 is an inhibitor of the glucose transporter protein GLUT1. WZB117 decreases the rate of glucose uptake and intracellular ATP levels which in turn lowers the rate of glycolysis and cellular growth. Reduction of the ATP level is an important mechanism of WZB117’s anticancer effect. The combination of WZB117 and cisplatin or paclitaxel displayed synergistic anticancer effects in lung and breast cancer cells in vitro. The other GLUT1 inhibitor, phloretin in combination with daunorubicin’s enhances anticancer effects in colon cancer and leukemia and overcomes hypoxia-conferred drug resistance [31].




            Ritonavir is an inhibitor of the GLUT4 transporter. Multiple myeloma (MM) cells depend on GLUT4 transporters to maintain the basal level of glucose consumption and Mcl-1 expression level. Mcl-1, an anti-apoptotic Bcl-2 family member is frequently upregulated in cancer and localizes to the mitochondrial matrix to couple mitochondrial fusion to respiration. Ritonavir inhibits glucose consumption and proliferation by reducing the expression of Mcl-1 in multiple melanoma cell lines [41, 42].


          




          

            HK




            Inhibitors of HK such as 2-deoxyglucose (2-DG), 3-bromopyruvate (3-BrPA) and lonidamine (LND) are in pre-clinical and early phase of clinical trials [31, 32].




            2-DG is a glucose analog that phosphorylates HK to 2-DG phosphate. As a result the metabolite cannot be processed further resulting in ATP depletion, cell cycle arrest and cell death. 2-DG can also interfere with N-linked glycosylation and induce an unfolded protein response, leading to subsequent induction of some proapoptotic BH3-only proteins. 2-DG as a single agent does not have a significant effect on tumour growth in vivo. However, in combination treatment with radiation or chemotherapeutics, 2-DG potentiates the tumour destroying effects and enhances the clinical efficacy [31, 32].




            2-DG in combination with ABT-737 and ABT-263 enhances apoptosis in different types of cancer cells in vitro and in vivo [5, 43]. ABT-737 and ABT-263 are BH3-mimetics and small molecule inhibitors of Bcl-2, Bcl-XL, Bcl-w, but not Mcl-1. It needs to be mentioned that BH3 is a member of the Bcl-2 family. Bcl-2 family proteins play important role in the regulation of apoptosis, tumorigenesis and cellular response to cancer therapeutics. There are three groups of the Bcl-2 family protein: (i) anti-apoptotic proteins, e.g. Bcl-2, Bcl-XL, Bcl-w, Mcl-1 and A1, (ii) pro-apoptotic members, e.g., Bax and Bak, and (iii) proteins with only a BH3 domain. This group of protein binds with anti-apoptotic proteins such as Bad, Bid, Bim, Noxa and Puma. There are two proposed mechanism by which the effect of 2-DG on ABT-263/737 induces apoptosis. These are: (a) 2-DG decreases Mcl-1 levels indirectly by inhibiting glycolysis and depleting ATP levels, leading to activation of AMP-activated protein kinase (AMPK) and inhibition of Mcl-1 translation and (b) 2-DG weakens the interaction between Bak and Mcl-1, which increases the ability of ABT-263/737 to release Bak from the Mcl-1/Bcl-XL/Bak heterotrimer, thus inducing apoptosis. These observations showed single agent treatment of 2-DG and ABT-737 are well tolerated by patients in clinical trials and therefore, 2-DG-ABT-737 co-treatments are suggested in treating ABT-737 resistance [43].




            3-BrPA (3-Bromopyruvate or Bromopyruvate) is an inhibitor of HKII and decreases cellular level of ATP. In leukemia and MM, 3-BrPA decreases ATP level, leading to decreased level of ABC transporter activity and drug efflux. As a result, this enhances drug retention causing preferential cell death in leukemia and MM. Inhibition of glycolysis by 3-BrPA is also shown to enhance the cytotoxic effect of daunorubicin and doxorubicin and suppress tumour growth in mice bearing MM xenografts. ATP depletion by 3-BrPA also partially reverses the resistant phenotype and resensitizes cells to oxaliplatin and 5-FU [31].




            Inhibition of glycolysis with 2-DG or 3-BrPA or LND (lonidamine) increased prednisolone-induced toxicity in leukemia cells. 2-DG can reverse glucocorticoid resistance in primary leukemia cells isolated from paediatric ALL patients [28, 31].


          




          

            PKM2




            Changes in pyruvate kinase isoform M2 (PKM2) is associated with drug resistance in many tumour types, particularly colon cancer. Silencing PKM2 at the mRNA level using shRNA improved therapeutic efficacy of cisplatin by increasing apoptosis and inhibiting cell proliferation. shPKM2 also enhanced efficacy of docetaxel in lung cancer cells. A possible mechanism of this enhanced efficacy reduced ATP levels leading to intracellular accumulation of docetaxel [31].


          




          

            LDH A




            Lactate dehydrogenase A (LDHA) expression is high in taxol resistant breast cancer cells. Oxamate is an analog of pyruvate. Treatment of taxol resistant cells with oxamate inhibits glycolysis by inhibiting conversion of pyruvate to lactate. Moreover, combination of paclitaxel (taxol) with oxamate showed synergistic inhibitory effect on taxol-resistant cells with induction of apoptosis [31].


          




          

            PDK




            Dichloroacetate (DCA) inactivates pyruvate dehydrogenase kinase (PDK) which leads to a metabolic switch from glycolysis to mitochondrial respiration, thus inducing apoptosis. However, its effectiveness as a solitary agent is limited in clinical trials. Combination therapy with DCA, omeprazole and tamoxifen is more effective and exhibits synergistic anti-tumour activity. In another combination, DCA and sulindac (an FDA approved non-steroidal anti-inflammatory -NSAID) enhances killing of lung and squamous cell carcinoma cells by increasing ROS production, loss of mitochondrial membrane potential, sum of JNK-mediated signalling and apoptotic cell death. DCA also increases sensitivity to radiotherapy by potentiating the apoptotic machinery via interaction with Bcl-2 [31].


          


        


      




      

        Drugs Targeting Nucleotide Biosynthesis and the Pentose Phosphate Pathway




        The presence of the nucleotide salvage pathway transporters and activation of the autophagy pathway helps cancer cells to survive from the severe effect of chemotherapeutic drugs [15, 44]. Despite these drawbacks, molecules that inhibit de novo DNA synthesis are tested in several cancer cells. Ribose-5-phosphate (R5P) is one of the precursor molecules of the nucleotide biosynthesis pathway. It is synthesized from glucose via the non-oxidative branch, which precedes the oxidative branch of the pentose phosphate pathway. Therefore, by blocking the rate limiting enzymes of the oxidative branch reduces the R-5P level. Dehydroepiandrosterone (DHEA) was found to inhibit the G6PDH enzyme and reduced the formation of ribose-5-phosphate (R5P). Reserveratrol and oxythiamine (OT) inhibits the activity of G6PDH and transketolase (TK) respectively in colon cancer and induces apoptosis. Avemar, a wheat germ extract also inhibits the activity of G6PDH and TK in Jurkat T cells. Imatinib mesylate and genistein inhibited the pentose phosphate pathway enzymes in aggressive tumours. Diets such as combination of arginine and ascorbic acid induced apoptosis in human hepatomea cell lines by inhibiting the activities of G6PDH, 6PGDH and TA [5].
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