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This book is dedicated to the millions of people who have suffered

and died from toxic cancer therapies



Foreword

Cancer persists as a major disease of mortality and is afflicting more people today than ever before. Few families remain untouched by this insidious and vicious disease. In fact, cancer is predicted to overtake heart disease as the prime cause of death in industrialized societies during this century. I have worked in the cancer metabolism field since the late 1960s and have extensively published works on the metabolic basis and properties of cancer. While I do not know Dr. Seyfried personally, I am very impressed with the excellent job he has done in highlighting abnormal energy metabolism as the central issue of the cancer problem. I recognized long ago the pivotal role of mitochondria and of aerobic glycolysis in sustaining and promoting cancer growth. The Nobel laureate, Otto Warburg, was the first to provide evidence during the early part of the last century for the involvement of disturbed respiration with compensatory fermentation (glycolysis) as a common property of cancer, thus perceived to be related to its uncontrolled growth and progression. Few subjects have been as controversial in the cancer field as Otto Warburg and his theory of cancer. It is nice to see how Seyfried shows that Warburg was largely correct in defining the nature of the disease as involving insufficient respiration with compensatory fermentation. I knew personally many of the key figures and their research mentioned in Seyfried's book, including Dean Burk, Peter Mitchell, Sidney Weinhouse, and my former Department Chair, Albert Lehninger, among others. Nevertheless, there were times in my early career when I felt almost alone in considering energy metabolism as important to the cancer problem. I even remember one of my colleagues, an expert in DNA technology, dumping Lehninger's “Warburg Flasks” in the trash as relics of a bygone era in cancer research. Fortunately for him, Lehninger was no longer the Department Chair, and fortunately for me, I salvaged many of these flasks and am now glad I did. After reading Seyfried's book, I think these flasks will become valuable as collector items.

The cancer field went seriously off course during the mid-1970s when many investigators began considering cancer as primarily a genetic disease rather than as a metabolic disease. The metabolic defects in cancer cells were thought to arise as secondary consequences of genomic instability. Seyfried provides substantial evidence documenting the inconsistencies of the gene “only” theory. He critically reevaluates the evidence linking cancer progression to a Darwinian process and raises the intriguing possibility that cancer progression is an example of Lamarckian evolution. When viewed collectively, the documented inconsistencies of the gene “only” theory make it clear why little progress has been made in the cancer war and in the development of effective nontoxic therapies. A key point made by Seyfried is that most of the genomic instability seen in cancer likely arises as a consequence rather than as the cause of the disease. When viewed more as a metabolic disease, many cost effective therapeutic strategies become recognized for cancer management. I know this first hand from our studies of 3-bromopyruvate (3BP), discovered in my laboratory by Dr. Young Ko, as a potent anticancer agent. This is a low cost drug with powerful and quick antitumor effects against multiple cancers in animal models and in cancer patients. 3BP works primarily by targeting tumor cell energy metabolism, thus depleting the energy-rich compound “ATP” essential for growth. At the effective doses used, it does this without toxicity to normal cells. Seyfried's book provides substantial evidence showing how cancer can be managed using various other drugs and diets that target energy metabolism. In addition, the restriction of glucose and glutamine, which drive cancer energy metabolism, cripples the ability of cancer cells to replicate and disseminate. The gene theory has deceived us into thinking that cancer is more than a single disease. Certainly, tumors do not all grow at the same rate. Nevertheless, cancer is a singular disease involving aberrant energy metabolism as Warburg originally showed and as I, and more recently many others, have documented in biochemical studies. Seyfried drives home this message throughout his book.

Seyfried's treatise refocuses attention on the central issue of cancer as a metabolic disease according to Warburg's original theory. The book is unique in linking nearly all aspects of the disease to respiratory insufficiency with compensatory fermentation. Cancer has remained incurable for many due largely to a general misunderstanding of its origin, biology, and metabolism. Hopefully, Seyfried's thoughtful analysis of the “cancer problem” will change our understanding of the disease and move the field in the right direction toward solutions and therapies, such as 3BP, that act much faster and more effectively than those currently available.

Dr. Peter Pedersen

Professor of Biological Chemistry

Johns Hopkins University School of Medicine

Baltimore, MD


Preface

Cancer persists as a plague in modern society. The lack of progress in either managing or preventing cancer motivated me to write this treatise. I am a biochemical geneticist and have worked on the lipid biochemistry of cancer since the early 1980s. I have developed numerous mouse models for brain tumors and for systemic metastatic cancer. Several major findings planted the seed for this treatise. First, it became clear to me that the therapeutic action of some anticancer drugs operated largely through reduced caloric intake. Second, that reduced caloric intake could target the majority of cancer hallmarks. Third, that ketone bodies can serve as an alternative fuel to glucose in most cells with normal respiratory function. Fourth, that metastatic cancer arises from cells along macrophage lineage. Fifth, that all cancer cells regardless of tissue origin express a general defect in mitochondrial energy metabolism. Finally, that cancer can be effectively managed and prevented once it becomes recognized as a metabolic disease.

In recognizing cancer as a metabolic disease, it gradually became clear to me why so many people die from the disease. Many of the current cancer treatments exacerbate tumor cell energy metabolism, thus allowing the disease to progress and eventually become unmanageable. Most cancer patients do not battle their disease but are offered toxic concoctions that can eventually undermine their physiological strength and their will to resist. Cancer treatments are often feared as much as the disease itself. The view of cancer as a genetic disease has confounded the problem and is largely responsible for the failure to develop effective therapies. The view of cancer as a genetic disease is based on the flawed notion that somatic mutations cause cancer. Substantial evidence indicates that genomic instability is linked to protracted respiratory insufficiency. Once cancer becomes recognized as a metabolic disease with metabolic solutions, more humane and effective treatment strategies will emerge. My treatise highlights cancer as a metabolic disease and identifies the inconsistencies of the gene theory of cancer. Moreover, my treatise addresses most of the so-called provocative questions raised by the National Cancer Institute regarding outstanding issues in cancer research. This treatise lays the foundation for the eventual resolution of the disease.

I would like to thank my many students and colleagues for helping me in producing the data and in developing the concepts for this treatise. I thank my former graduate students Mary Louise Roy (MS, 1987), Michelle Cottericho (MS, 1992), Mohga El-Abbadi (PhD, 1995), Hong Wei Bai (PhD, 1996), John Brigande (BS, 1989; MS, 1992; PhD, 1997), Jeffrey Ecsedy (PhD, 1998), Mark Manfredi (PhD, 1999), Michaela Ranes (BS, 1998; MS, 2000), Dia Banerjee (MS, 2001), Michael Drage (MS, 2006), Christine Denny (BS, 2005; MS, 2006), Weihua Zhou (MS, 2006), Laura Abate (PhD, 2006), Michael Kiebish (PhD, 2008), Leanne Huysentruyt (PhD, 2008), John Mantis (PhD, 2010), and Laura Shelton (PhD, 2010). I would also like to acknowledge my current students Linh Ta and Zeynep Akgoc for their continued productivity. I would also like to thank the following undergraduate students for their input and help, including Katherine Holthause, Jeremy Marsh, Jeffery Ling, Will Markis, Tiernan Mulrooney, Todd Sanderson, Todd Theman, Lisa Mahoney, Michelle Levine, Emily Coggins, Erin Wolfe, Ivan Urits, Taryn LeRoy, and Emily Gaudiano. I would like to thank those students from my BI503 class on Current Topics in Cancer Research for their input.

I would like to thank faculty colleagues in the Boston College Biology Department, including Drs. Thomas Chiles, Fr. Richard McGowan SJ, and Jeffery Chuang. I would like to thank Dr. Robert K. Yu, Dr. James Fox and my son Dr. Nicholas T. Seyfried for technical assistance. I would like to thank Avtar Roopa for  provocative discussion. I would like to thank the late Drs. Sanford Palay, Harry Zimmerman, and Allan Yates for their encouragement and assistance. I would also like to give special acknowledgement to Dr. Purna Mukherjee and Roberto Flores. Purna was the first to make me aware of the powerful therapeutic action of calorie restriction. She is superbly trained in the areas of angiogenesis and inflammation and her work provided seminal information on the mechanisms by which dietary energy reduction can both treat and prevent cancer. Roberto Flores is exceptional in his dedication to finding the truth underlying the metabolic origin of cancer and in questioning the metabolic origin of cancer. Finally, I would like to thank my institution, Boston College, for providing animal care support over the first 23 years of my employment there (1985–2008). The data collected supporting my treatise would not have been possible without this invaluable institutional support. This support was consistent with the Ignatian philosophy of service to others.


Chapter 1

Images of Cancer

Cancer is a devastating disease both physically and emotionally and is projected to overtake heart disease as the leading killer of people in industrialized societies. Cancer is complex. The disease involves multiple time- and space-dependent changes in the health status of cells, which ultimately lead to malignant tumors. Abnormal cell growth (neoplasia) is the biological endpoint of the disease. Tumor cell invasion of surrounding tissues and spread to distant organs is the primary cause of morbidity and mortality in most cancer patients. This phenomenon is referred to as metastasis. The biological process by which normal cells are transformed into malignant cancer cells has been the subject of an enormous research effort in the biomedical sciences for more than a century. Despite this effort, cures or long-term management strategies for metastatic cancers are as challenging today as they were 40 years ago when President Richard M. Nixon declared a war on cancer with the National Cancer Act [13]. According to the American Cancer Society, 569,490 people died in the United States from cancer in 2010 [4]. This comes to about 1500 people each day! Remarkably, the number of deaths in 2002 was 555,500 providing quantitative evidence of no real progress in management over a 8-year period [5]. All one needs to do is read the obituary pages from any local newspaper to know that the “cancer war” is not going well.

How is it possible that we are not winning the cancer war when this disease is under constant investigation in many major pharmaceutical companies and in most leading medical centers throughout the world? One would think that effective nontoxic therapies would be readily available from all this attention. We constantly hear in the media of new breakthroughs in the fight against cancer, yet high profile celebrities and politicians continue to die from the disease. If the breakthroughs are real or meaningful, shouldnt the wealthy and powerful have access to any potential life-saving therapy? That these folks are just as vulnerable as the rest of us to the ravages of the disease clearly indicates that the war is not won. The road to the cancer front is littered with major breakthroughs that never materialized into effective solutions. A plateau in overall death rates for some cancers has been due more to better awareness and avoidance of risk factors, for example, smoking for lung cancer, than to any real advances in the management of systemic metastasis, the most deadly feature of the disease [6, 7]. Clearly, we are not wining the war on cancer, as Guy Faguet has emphasized [8].

1.1 How Cancer Is Viewed

The image of cancer depends on your perspective. It depends on whether you are a cancer patient, a friend or family member of a patient, an oncologist, a pathologist, a statistician, or a person who does basic research on the disease. The image of cancer can be framed from these various perspectives.

Figure 1.1a shows the number of genetic alterations detected through sequencing and copy number analyses in each of the 24 different pancreatic cancers. According to the figure, point mutations are more common in pancreatic cancer than are larger deletions or amplifications. The authors of this study, and of many similar studies, believe that the cataloguing of mutations found in various tumors will be important for disease identification and management. While cataloguing cancer genetic defects is interesting, it is important to recognize that the defects often vary from one neoplastic cell to another within the same tumor [12].


Figure 1.1 Cancer images from cancer genome projects. Source: (a) Modified from Jones et al. [13]; (b) Reprinted from Jones et al [13]. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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Figure 1.1b shows the percentage of genetic alterations found in brain tumors (glioblastoma multiforme). Similar kinds of alterations are found in pancreatic and ovarian cancers. Primary sequence alterations and significant copy number changes for components of the RTK/RAS/PI(3)K (A), p53 (B), and RB (C) signaling pathways are shown. The different shades of gray are indicative of different degrees of genetic alteration [13]. For each altered component of a particular pathway, the nature of the alteration and the percentage of tumors affected are indicated. Boxes contain the final percentages of glioblastomas containing alterations in at least one known component gene of the designated pathway. It is also interesting to note that no alterations in any of the pathways occur in about 15% of glioblastomas despite similarity in histological presentation. It remains unclear how these genomic alterations relate to the origin or progression of the disease.

Akt (v-Akt murine thymoma viral oncogene) or PKB (protein kinase-B) is a serine/threonine kinase that is involved in mediating various biological responses, such as inhibition of programmed cell death (apoptosis), stimulation of cell proliferation, and enhancement of tumor energy metabolism (Fig. 1.2). Akt expression is generally greater in cancer cells than in normal cells. Although targeting of Akt-related pathways is part of cancer drug development, the simple restriction of calorie intake will reduce Akt expression in tumors [14]. This image is synthesized from information on the molecular biology of cancer. I refer to these types of cancer images as balloons on strings. They convey an ordered arrangement of pathways for a disease that is biologically chaotic. SABiosciences is a QIAGEN company specializing in molecular array technologies that can help analyze gene expression changes, epigenomic patterns, microRNA expressions, and so on.


Figure 1.2 Akt signaling. Source: Reprinted with permission from SABiosciences. See color insert.

[image: 1.2]

Angiogenesis involves the production of new blood vessels from existing blood vessels and involves interactions among numerous signaling molecules (Fig. 1.3). Cancer therapies that target angiogenesis are thought to help manage the disease. Besides expensive antiangiogenic cancer drugs such as bevacizumab (Avastin) [15], simple calorie restriction effectively targets angiogenesis in tumors [16, 17].


Figure 1.3 Tumor angiogenesis. Source: Reprinted with permission from BioOncology. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.

[image: 1.3]

Figure 1.4 depicts the cancer images of cellular pathology.


Figure 1.4 (a) Histological image of breast cancer. Source: Reprinted with permission from the NCI. (b) Histological images of glioblastoma multiforme. Source: Reprinted with permission from Reference 18. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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The following is a list of the mortality rate of different cancers:

	Breast cancer killed about 40,170 women in 2010 [4].

	Lung and bronchus cancer killed about 159,390 persons in 2010 [4].

	Colon/rectum cancer killed about 49,920 persons in 2010 [4].

	Skin cancer killed about 11,590 persons in 2010 [4].

	Brain and nervous system cancer killed about 12,920 persons in 2010 [3].

	Liver and bile duct cancer killed about 18,910 people [4].



Cancer images of organ pathology are shown in Figure 1.5.


Figure 1.5 (a) Breast cancer, (b) lung cancer, (c) colon cancer, (d) melanoma, (e) glioblastoma, and (f) liver cancer. See color insert for (a, d). To see figures (b, c, e, f) in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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I think the artwork of Robert Pope, who died from the adverse effects of chemotherapy and radiation, is especially powerful in conveying the image of cancer from the perspective of the patient, the family, and the physician [19, 20]. I also think the Commentary by Donald Cohodes on the experience of chemotherapy should be read as a supplement to Pope's book [21]. I have included below a few of Pope's many paintings and drawings.

In the painting in Figure 1.6, Pope depicts the subtleties of communication among cancer doctors. The doctors talk among themselves about cancer differently than they do to the patient or to the patient's family so as not to alarm the sensitivity of the layperson. In the hallway, the communication is considered scientific, blunt, and factual, while in the room it is considered more nurturing and emotional. Although many patients view cancer doctors as secular priests in today's society, the toxic therapies doctors use to treat cancer are often counterproductive to the long-term well-being of cancer patients.


Figure 1.6 The Conference. Source: Reprinted from Pope (p. 113) with permission. See color insert.
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The image in Figure 1.7 is an acrylic on canvas depicting a man lying underneath a radiation machine. Radiation therapy is given to many cancer patients. Radiation will kill both cancer cells and normal cells. Some normal cells that are not killed outright can be metabolically transformed into tumor cells. Moreover, those tumor cells that survive the radiation treatment will sometimes grow back as more aggressive and less manageable cancers in the future.


Figure 1.7 Radiation. Source: Reprinted from Pope (p. 52) with permission See color insert.

[image: 1.7]

Figure 1.8 is also an acrylic on canvas that conveys the psychological impact of cancer drugs. The chemical in the syringe is Adriamycin (doxorubicin), which Pope received along with other drugs during his battle with cancer. In this painting, Pope depicts an older woman with lymphatic cancer who is getting chemotherapy. The woman is wearing a turban to hide her baldness caused from the drug treatments. Pope attempts to convey the patient's thoughts about the drug. The drug within the syringe elicits thoughts of either life or alarm. According to Pope, the painting shows the human encounter with poisonous drug therapy, an all-too-familiar scene for the cancer patient.


Figure 1.8 Chemotherapy. Source: Reprinted from Pope (p. 47) with permission. See color insert.

[image: 1.8]

The ink on paper image in Figure 1.9 depicts the suffering of a woman receiving her scheduled chemotherapy. Pope recalled that the injection days were the worst days of his life. The woman pictured winces in pain as the poisonous drug is administered. In contrast to the treated patient, the mask and gloves protect the nurse from the toxic effects of the chemotherapy.


Figure 1.9 Chemotherapy injection. Source: Reprinted from Pope (p. 62) with permission.

[image: 1.9]

Figure 1.10 is also an ink on paper image that conveys Pope's memories of his sickness from chemotherapy treatment and the responses of his father (driving) and brother (in back seat) to Pope's suffering. Many cancer patients and their family members continue to experience these emotions. Indeed, these sufferings have become even worse with some of the newer drugs available [15, 22].


Figure 1.10 Three men. Source: Reprinted from Pope (p. 89) with permission.

[image: 1.10]

Another ink on paper image in Figure 1.11 conveys a woman's emotional trauma associated with mastectomy, which involves the surgical removal of a breast to prevent the spread of cancer.


Figure 1.11 Mastectomy. Source: Reprinted from Pope (p. 101) with permission.

[image: 1.11]

Figure 1.12 is a charcoal on paper image that conveys the suffering of a young girl from the ravages of chemotherapy. She gently touches the instrument of her suffering, while her doll in the background and the metal pan in foreground are reminders of the comfort and pain in her life.


Figure 1.12 Erica. Source: Reprinted from Pope (p. 80) with permission.

[image: 1.12]

Figure 1.13 depicts a son's artistic impression of the neurological devastation of glioblastoma in his father.


Figure 1.13 Fading away. Source: Reprinted with permission from Gupta and Sarin [23]. See color insert.

[image: 1.13]

In addition to these pictorial images of cancer, we can also obtain a literary image of cancer from a paraphrase of Herman Melville's “Moby-Dick,” when captain Ahab (played by the actor Gregory Peck) utters these words:

Look ye, Starbuck, all visible objects are but as pasteboard masks. Some inscrutable yet reasoning thing puts forth the molding of their features. The white whale tasks me; he heaps me. Yet he is but a mask. ′Tis the thing behind the mask I chiefly hate; the malignant thing that has plagued mankind since time began; the thing that maws and mutilates our race, not killing us outright but letting us live on, with half a heart and half a lung.

More personal accounts of cancer images can be found in the 2010 HBO movie, Wit, starring Emma Thompson, and in the popular books by physicians David Servan-Schreiber (“Anticancer: A New Way of Life”) [24] and Siddhartha Mukherjee (“The Emperor of All Maladies: A Biography of Cancer”) [25].

1.1.1 Synopsis

The images of cancer have changed little for more than a hundred years. If anything, they have become worse in this new century. The data in Table 1.1 show that we are not winning the war on cancer, regardless of what the pundits say [8]. The promises of new drugs based on improved understanding of cancer genetics and biology have not materialized [2628]. As each new “miracle” cancer drug is discontinued due to no efficacy or unacceptable toxicity, a new “miracle” drug with similar disappointing effects quickly takes its place [15, 29]. The media feeds into this process, providing false hope and misinformation [30]. When will this continuum end? It will end, in my opinion, only after we come to recognize cancer as a metabolic disease that can be effectively managed with nontoxic metabolic therapies [31]. My goal is to provide scientific evidence supporting this view.

Table 1.1 Cancer Statistics from 1990 to 2010
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Chapter 2

Confusion Surrounds the Origin of Cancer

A major impediment in the effort to defeat cancer has been due, in large part, to the confusion surrounding the origin of the disease. “Make no mistake about it, the origin of cancer is far from settled.” Contradictions and paradoxes continue to plague the field [15]. Much of the confusion surrounding the origin of cancer arises from the absence of a unifying theory that can integrate the diverse observations on the nature of the disease. Without a clear idea on cancer origins, it becomes difficult to formulate a clear strategy for effective management and prevention. The failure to clearly define the origin of cancer is responsible in large part for the failure to significantly reduce the death rate from the disease.

Currently, most researchers consider cancer as a type of genetic disease where damage to a cell's DNA underlies the transformation of a normal cell into a potentially lethal cancer cell. The finding of hundreds and thousands of gene changes in different cancers has led to the idea that cancer is not a single disease, but is a collection of many different diseases. Consideration of cancer as a “disease complex” rather than as a single disease has contributed to the notion that management of various forms of the disease will require individual or “personalized” drug therapies [68]. This therapeutic strategy would certainly be logical if, in fact, most cancers were of genetic origin. What if most cancers are not of genetic origin? What if most of the gene changes identified in tumor tissue arise as secondary downstream epiphenomena of tumor progression? What if cancer were a disease of respiratory insufficiency?

The somatic mutation theory, which has guided cancer research and drug development for over half a century, is now under attack. Carlos Sonnenschein and Anna Soto along with others have identified major inconsistencies in the evidence supporting the genetic origin of cancer [24, 912]. Despite these concerns, the cancer field slogs forward with massive genome-based projects to identify all gene defects that occur in various tumor types [1316]. Gabor Miklos provided a compelling argument for the unlikelihood that data generated from cancer genome projects will provide effective cures for the disease [14]. A recent commentary in Science supports Miklos' argument in mentioning that little new information was uncovered from a comprehensive analysis of the ovarian cancer genome (Jocelyn Kaiser, 333:397, 2011). Is anyone listening to these arguments? Do people comprehend these messages? We have a financial crisis in the federal government and yet we are wasting enormous resources on genome projects that provide little useful information for cancer patients.

While the cancer genome projects are commendable for their technical achievement and have advanced the field of molecular biology, they have done little to defeat cancer [1719]. At the 2011 meeting of the American Association of Cancer Research, Dr. Linda Chin mentioned in her plenary lecture that improved genomic sequencing speed was a major beneficiary of the cancer genome projects. Another benefit has been the increased number of jobs created in the biotechnology sector as a result of the genome projects. How many dying cancer patients would be comforted by knowing this? While enhanced sequencing speed and creation of new jobs are certainly important and noteworthy, these achievements are not connected to curing cancer.

The information collected from the large cancer genome projects has done more to confuse than to clarify the nature of the cancer [13, 15, 20]. To make matters worse, there are now suggestions for an international effort to identify all abnormal proteins in tumors, that is, a cancer proteome project [21]. If the ratio of “information in to useful information out” was so low for the cancer genome projects (Fig. 2.1), what is the justification that the ratio would be better for a cancer proteome project? If technology improvement and new jobs creation is the justification, then this should be clearly stated, as a cure for cancer will not likely be the ultimate outcome.


Figure 2.1 Too much in, nothing out. According to Serge Koscielny, the gene microarray bioinformatics literature is polluted with many gene expression signatures that have inadequate validation or no validation at all. Even if the expression signatures were adequately validated, the information would have little impact on the daily cancer death rate. Source: Reprinted with permission from Ref. 18. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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In my opinion, it is wishful thinking that the vast information generated from the cancer genome atlas will someday serve as a foundation for the development of new and more effective cancer therapies despite recent arguments to the contrary [22]. While gene-based targeted therapies could be effective against those few cancers that are inherited and where all cells within the tumor have a common genetic defect, most cancers are not inherited through the germ line and few cancer cells have gene defects that are expressed in all cells of the tumor [1, 8, 11, 14, 16, 17, 20]. Although almost 700 targeted therapies have been developed from the cancer genome projects, no patients with solid tumor have been cured from this strategy [19]. How many times must we beat the dead horse before we realize that it will not get up and walk?

Most mutations found in tumors arise sporadically, as do most cancers. The types of mutations found in one tumor cell will differ from those found in another tumor cell within the same tumor [7, 15, 23]. Genetic heterogeneity and randomness is the norm rather than the exception for mutations found in most sporadic cancers. We have recently shown how the majority of cancer gene defects could arise as downstream epiphenomena of tumor progression rather than as cancer causes [24]. In light of these findings, it is not likely that gene-based targeting strategies will be useful for managing most advanced cancers. Recent evidence bears this out [7, 19, 25].

It is my opinion that most genetic changes in tumors are largely irrelevant to the origin or treatment of cancer. They are but epiphenomena of biological chaos. While genomic changes might participate in disease progression, they do not cause the disease. If my prognosis is accurate, then where should one look for real solutions to the cancer problem?

Emerging evidence suggests that cancer is primarily a metabolic disease rather than a genetic disease [24]. I will present evidence showing how cancer is a disease of defective cellular energy metabolism and that most of the genomic defects found in cancer cells arise as secondary downstream effects of defective energy metabolism. Most genetic defects found in tumors are “red herrings” that have diverted attention away from mitochondrial respiratory insufficiency, the central feature of the disease. I trained in classical genetics with Herman Brockman at Illinois State University and in biochemical genetics with William Daniel at the University of Illinois. I was, like many people, swept up in the hype surrounding the gene theory of cancer. Unfortunately, much of my original enthusiasm for the genetic origin of cancer has given way to skepticism and frank disbelief. This will become clear to all who read this treatise.

Regardless of cell type or tissue origin, the vast majority of cancer cells share a singular problem involving abnormal energy metabolism. While many in the cancer field consider gene defects as being responsible for the metabolic abnormalities in cancer cells, I do not share this view. In fact, I will present evidence showing how the gene defects in cancer cells can arise following damage to respiration. I predict that targeting the defective energy metabolism of tumors will eventually become the most cost-effective, nontoxic approach to cancer prevention and management. Moreover, the therapeutic efficacy of molecularly “targeted” therapies could be enhanced if combined with therapies that target energy metabolism. I will review substantial evidence supporting my views.

2.1 The Oncogenic Paradox

Although very specific processes underlie malignant transformation, a large number of unspecific influences can initiate the disease including radiation, chemicals, viruses, and inflammation. Indeed, it appears that prolonged exposure to almost any provocative agent in the environment can potentially cause cancer [26, 27]. That a very specific process could be initiated in very unspecific ways was considered “the oncogenic paradox” by Albert Szent-Gyorgyi, a leading cancer researcher of his day [27, 28]. Oncogenesis is the term used to describe the biological process leading to tumor formation. John Cairns also struggled with this paradox in his essay on The Origins of Human Cancers [29]. The oncogenic paradox persists today as an unresolved issue in cancer research [26, 30]. I will show how respiratory insufficiency is the origin of the oncogenic paradox.

2.2 Hallmarks of Cancer

In a landmark review on cancer, Drs. Hanahan and Weinberg suggested that six essential alterations in cell physiology were largely responsible for malignant cell growth [5]. This review was later expanded into a book on the Biology of Cancer [31]. These six alterations were described as the hallmarks of nearly all cancers and have guided research in the field for the last decade [32]. The six hallmarks (Fig. 2.2) include the following:


1. Self-Sufficiency in Growth Signals This process involves the uncontrolled proliferation of cells owing to self-induced expression of molecular growth factors. In other words, dysregulated growth would arise through abnormal expression of genes that encode growth factors. The released growth factors would then bind to receptors on the surface of the same cell (autocrine stimulation) or bind to receptors on other nearby tumor cells (paracrine stimulation), thereby locking-in signaling circuits that perpetuate continuous replication. Complicated cybernetic-type diagrams are often presented to illustrate these phenomena (Fig. 2.3). Cybernetics is generally viewed as the study of goal-directed control and communication systems [33]. The abnormal circuitry in tumor cells is assumed to result in large part from the dominant expression of cancer-causing oncogenes.

2. Insensitivity to Growth-Inhibitory (Antigrowth) Signals In order to carry out specific functions in mature differentiated tissues, most cells must remain quiescent or nonproliferative. A complex signaling circuitry involving the action of tumor-suppressor genes is necessary to maintain the quiescent state. In addition to these internal signals, interactions with other cells (cell–cell) and the external environment (cell–matrix) also act to maintain quiescence. Damage to suppressor genes or the microenvironment is assumed to dampen growth inhibition and provoke proliferation, as the cell no longer responds appropriately to the growth-inhibitory actions of these genes or molecules. Tumor cells are known to express multiple defects in tumor-suppressor genes and in cell–cell or cell–matrix interactions.

3. Evasion of Programmed Cell Death (Apoptosis) Programmed cell death is an effective means of eliminating damaged or dysfunctional cells. Elimination of damaged cells is necessary in order to maintain tissue homeostasis and health. Cell damage can initiate the release of mitochondrial cytochrome c, a protein of the mitochondrial electron transport chain, which is a potent inducer of apoptosis in normal cells. In contrast to normal cells, however, tumor cells lose their sensitivity to apoptotic death signals. Consequently, tumor cells continue to live and proliferate despite damage to their nuclear DNA and respiration. Loss of tumor-suppressor genes, which sense cell damage and initiate cell death, is responsible in part for resistance of tumor cells to programmed cell death. The acquired resistance to apoptosis is a recognized hallmark of most cancers [5, 32].

4. Limitless Replicative Potential All cells of a given species possess a finite number of divisions before they reach mortality. This is a cell-autonomous program that induces senescence and prevents immortality [5]. Tumor cells, however, lose responsiveness to this program and continue to divide. The phenomenon of limitless replicative potential is closely connected to the first three acquired capabilities.

5. Sustained Vascularity (Angiogenesis) Angiogenesis involves neovascularization or the formation of new blood capillaries from existing blood vessels and is associated with the processes of tissue inflammation and wound healing. Many solid tumors have difficulty growing unless enervated with blood vessels, which can deliver nutrients while removing metabolic waste products (Fig. 1.3). The dissemination of tumor cells throughout the body is assumed to depend in part on the degree of tumor vascularization. The more blood vessels in tumors, the greater will be the potential to invade and metastasize. Tumor cells release growth factors that stimulate nearby host stromal cells (vascular endothelial cells and macrophages) to proliferate, thus providing the tumor with a vasculature and the means for more rapid growth. The endothelial cells form the vessel walls, while the local macrophages and other stromal cells degrade the microenvironment facilitating neovascularization. A switch from low vascularization to high vascularization is considered to be an essential acquired capability for tumor progression [5, 32, 34].

6. Tissue Invasion and Metastasis Invasion of tumor cells into local tissue and their spread to distant organs underlies the phenomenon of metastasis. Metastasis or complications of metastasis is associated with about 90% of all cancer deaths [32, 35]. The prevention of metastasis remains the single most important challenge for cancer management.




Figure 2.2 The six hallmarks of cancer from Hanahan and Weinberg. An updated version of this figure recently appeared in Ref. 32. Source: Reprinted with permission from Figure 2.1 of Hanahan and Weinberg [5]. See color insert.
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Figure 2.3 The emergent integrated circuit of the cell. Progress in dissecting signaling pathways has begun to lay out a circuitry that will likely mimic electronic integrated circuits in complexity and finesse, where transistors are replaced by proteins (e.g., kinases and phosphatases) and the electrons by phosphates and lipids, among others. In addition to the prototypical growth signaling circuit centered around Ras and coupled to a spectrum of extracellular cues, other component circuits transmit antigrowth and differentiation signals or mediate commands to live or die by apoptosis. As for the genetic reprogramming of this integrated circuit in cancer cells, some of the genes known to be functionally altered are given in gray. An updated version of this figure has appeared in Ref. 32. Source: Reprinted with permission from Figure 2.2 of Hanahan and Weinberg [5]. See color insert.
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2.2.1 Genomic Instability

According to Hanahan and Weinberg, genome instability is considered to be the essential enabling characteristic for manifesting the six major hallmarks of cancer [5, 32]. Genome instability was assumed to elicit the large numbers of mutations found in tumor cells, supporting the idea that cancer is a type of genetic disease. However, the mutation rate for most genes is low, making it unlikely that the thousands and even millions of pathogenic mutations found in cancer cells would occur sporadically within a normal human lifespan [15, 26, 36]. Pathogenic mutations are those that disrupt normal cell physiology and differ from nonpathogenic mutations, which generally do not have any physiological effect on cell homeostasis. This then creates another paradox. If mutations are such rare events, then how is it possible that cancer cells can express so many different types and kinds of mutations during the development of a malignant tumor?

The loss of genomic “caretakers” or “guardians”, involved in sensing and repairing DNA damage, was proposed to explain the increased mutability of tumor cells [26, 3739]. The loss of these caretaker systems would allow genomic instability, thus enabling premalignant cells to reach the six essential hallmarks of cancer [5, 32]. Attempts to classify cancer mutations as either “drivers” or “passengers” have done little to clarify the situation [13, 15, 22, 40]. It has been difficult to define with certainty the origin of premalignancy and the mechanisms by which the caretaker/guardian systems themselves are lost during the emergent malignant state [4, 6, 26]. If the genome guardians are so essential for maintaining genomic integrity, then why are these guardians prone to such high mutability? Indeed, the p53 genome guardian is one of the most commonly mutated genes found in tumors [38]. Most genes necessary for survival, for example, ubiquitin, histones etc., show little mutability across species. It is difficult for me to see how natural selection would select high mutability genes as “guardians of the genome.” This would be like bank owners hiring tellers who are highly prone to corruption!

It appears that the route taken by the driver genes and their passengers to explain cancer seems more circular than straight with neither the drivers nor the passengers knowing the final destination. This is further highlighted with suggestions that some cancer genes, such as the isocitrate dehydrogenase gene 1 (IDH1), can act as either a tumor-provoking oncogene or as a tumor-inhibiting suppressor gene (reference IDH1) [41]. The situation is even more confusing with suggestions that IDH1 is both an oncogene and a tumor-suppressor gene! The view of cancer as a genetic disease reminds me of a traffic jam in Calcutta, India, where passengers direct drivers onto sidewalks and into opposite lanes of traffic in order to arrive at their destination. The attempt to link the six hallmarks of cancer to genomic instability is like a Calcutta traffic jam, but without a clear destination.

2.2.2 The Warburg Theory

In addition to the six recognized hallmarks of cancer, aerobic fermentation or the Warburg effect is also a robust metabolic hallmark of most tumors whether they are solid or blood born [4247]. Aerobic fermentation involves elevated glucose uptake with lactic acid production in the presence of oxygen. Elevated glucose uptake and lactic acid production is a defining characteristic of most tumors and is the basis for tumor imaging using labeled glucose analogs [4850]. Labeled glucose analogs have become an important diagnostic tool for cancer detection and management using positron emission tomography (PET). The radiolabeled glucose collects in the tumor tissue because nearly all tumors depend heavily on glucose for survival. Consequently, it is easy to detect many tumor types based on their requirement for glucose as shown in Figure 2.4.


Figure 2.4 Shown here is a whole body scan of a 57-year-old man with esophageal adenocarcinoma. This FDG-PET scan shows malignancy in the distal esophagus with metastatic disease in the liver and in the superior iliac crest. Source: Modified from http://www.medscape.com/viewarticle/457982_4.
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Although no specific gene mutation or chromosomal abnormality is common to all cancers [17, 22, 26, 51, 52], nearly all cancers express elevated fermentation, regardless of their tissue or cellular origin [24]. In light of this important fact, it was good to see that Hanahan and Weinberg included information on energy metabolism in their more recent review of the subject [32]. It is unfortunate, however, that the subject was not addressed in their original review or in Dr. Weinberg's textbook on the subject [5, 31].

The origin of the Warburg effect in tumor cells has been the subject of intense investigation and debate since Warburg first discovered the phenomenon during the early twentieth century [53, 54]. Warburg was a pioneer in biochemistry and cell physiology and received the Nobel Prize for Physiology and Medicine in 1931 for his work on iron porphyrins in biological oxidations (Fig. 2.5).


Figure 2.5 Otto Warburg (holding pen) with Dean Burk. From Figure 10 in Krebs' book [55]. Koppenol and colleagues recently provided an overview of Warburg's contribution to science and cancer research [53].
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Warburg was considered for a second Nobel Prize in 1944 for his identification of flavins and nicotinamide as hydrogen carriers, but was not chosen because of Hitler's decree forbidding German citizens from accepting Nobel Prizes [55]. Prior to his work in cancer biochemistry, Warburg served with an elite Prussian cavalry regiment during the First World War. He was wounded while deployed on the Russian front and was decorated with the Iron Cross, First Class [55]. Warburg felt that his service in the Deutsches Heer (German Army) prepared him for the rigors of a long academic career. Warburg said, “I learned to handle people; I learned to obey and to command. I was taught that one must be more than one appears to be” [55]. Warburg remained in Germany during the Second World War and continued his experiments on cancer metabolism despite the fact that he was part Jewish [55]. This fact, together with Warburg's arrogance in knowing how cancer arises, might have contributed in large part to the anti-Warburg sentiment in the post-war era.

Warburg initially proposed that aerobic glucose fermentation (aerobic glycolysis) was an epiphenomenon of a more fundamental problem in cancer cell physiology, that is, impaired or damaged respiration [54, 56]. He used the metaphor of the plague to illustrate this connection.

Just as there are many remote causes of plague-heat, insects, rats-but only one common cause, the plague bacillus, there are a great many remote causes of cancer-tar, rays, arsenic, pressure, urethane- but there is only one common cause into which all other causes of cancer merge, the irreversible injuring of respiration.

An increased dependency on energy through glucose fermentation (glycolysis) was viewed as an essential compensatory mechanism of energy production for cell viability following damage to respiration. If cells lose their ability to derive energy through respiration, then an alternative source of energy becomes essential for survival. Although aerobic glycolysis in cancer cells and anaerobic glycolysis in normal cells are similar in that lactate is produced under both situations, anaerobic glycolysis in normal cells arises from the absence of oxygen, whereas aerobic glycolysis in tumor cells arises as a consequence of both absence of oxygen and respiratory insufficiency [24]. As oxygen reduces anaerobic glycolysis and lactate production in most normal cells because of increased respiratory activity (Pasteur effect), the continued production of lactate in the presence of oxygen in cancer cells represents an abnormal Pasteur effect. The continued production of lactate, a metabolic waste product of glucose metabolism, in the presence of oxygen is the metabolic hallmark of most tumor cells.

Warburg argued that only those body cells that are able to increase glycolysis following intermittent respiratory damage were capable of forming cancers [56]. Cells unable to elevate glycolysis in response to respiratory insults, on the other hand, would perish due to energy failure. Cancer cells would therefore arise from normal body cells through a gradual and irreversible damage to their respiratory capacity. We recently expanded Warburg's concept to include energy derived through amino acid fermentation and substrate level phosphorylation in the citric acid cycle, also known as the tricarboxylic acid (TCA) cycle [24, 57, 58]. In other words, respiratory insufficiency leads to a dependency on nonoxidative phosphorylation for energy and survival. Substrate level phosphorylation, arising from respiratory insufficiency, is the single most common phenotype found in cancer regardless of tissue origin [24]. Respiratory insufficiency can arise from the cumulative effects of any number of environmental or genetic factors that alter mitochondrial function.

On the basis of metabolic data collected from numerous animal and human tumor tissue samples, Warburg proposed with insight and certainty that irreversible damage to respiration was the prime cause of cancer [54, 56, 59]. Warburg investigated 35 different rat tumors, 15 different mouse tumors, and 10 different human tumors [54]. His concise assessment on the origin of cancer, developed from years of rigorous experimentation, generated a firestorm of controversy in the cancer field. Warburg's theory was attacked as being too simplistic and not consistent with evidence of apparent normal respiratory function in some tumor cells [6068]. I will later show how mitochondrial fermentation can confound the appearance of normal respiration in cancer cells.

Moreover, critics argued that Warburg's hypothesis on the origin of cancer did not address the role of tumor-associated mutations, the phenomenon of metastasis, nor did it link the molecular mechanisms of uncontrolled cell growth directly to impaired respiration. Indeed, even Warburg's biographer and research associate, Hans Krebs, mentioned that Warburg's idea on the primary cause of cancer, that is, the replacement of respiration by fermentation (glycolysis), was only a symptom of cancer and not the cause [55]. The primary cause was assumed to be at the level of gene expression.

A genetic origin of cancer was consistent with the early studies of Theodor Boveri, who suggested that tumors arose from the abnormal behavior of chromosomes during mitosis [1, 28, 69]. A genetic origin of cancer was also consistent with evidence showing that chemical carcinogens and X rays caused mutations and that the genetic material was DNA [15, 70]. It is important to mention that carcinogens and X rays also damage mitochondria and the respiratory function [56, 7073]. The view of cancer as a metabolic disease was gradually displaced with the view of cancer as a genetic disease involving damage to DNA. The origin of cancer as a genetic disease has been the rationale for the massive cancer genome projects underway currently.

2.3 Reassessment

While there is now renewed interest in the energy metabolism of cancer cells, it is widely assumed that the Warburg effect and the metabolic defects expressed in cancer cells arise primarily from genomic mutability selected during tumor progression [24, 53, 7477]. In other words, the abnormal energy metabolism in cancer arises as a secondary consequence of defects in oncogenes and tumor-suppressor genes [78]. Emerging evidence, however, questions the genetic origin of cancer and suggests that cancer is primarily a metabolic disease as Warburg originally described.

It is interesting in this regard that James Watson, who co-discovered DNA as the genetic material with Francis Crick in 1953, recently suggested that more attention be paid to the metabolism of cancer [79]. Watson also believes that the direction of cancer research in the United States is largely offtrack and misdirected at the highest levels. The absence of major clinical breakthroughs in the cancer war over the last 40 years and the death statistics presented in Table 1.1 support Watson's contention.

My goal is to reengage the discussion of tumor cell origin and to provide evidence supporting a general hypothesis that genomic mutability and essentially all hallmarks of cancer including the Warburg effect can be linked to impaired respiration and energy metabolism. I will review evidence showing that respiratory insufficiency precedes and underlies the genome instability that accompanies tumor development. Once established, genome instability contributes to further respiratory impairment, genome mutability, and tumor progression.

I contend that most of the gene defects in natural cancers arise as downstream effects of damaged mitochondrial function. My hypothesis is based on evidence that nuclear genome integrity is largely dependent on the cell having sufficient mitochondrial respiration, and that all cells require regulated energy homeostasis to maintain their differentiated state. While Warburg recognized the centrality of impaired respiration in the origin of cancer, his research did not explain how impaired mitochondrial function was connected to what are now recognized as the hallmarks of cancer. Moreover, he did not clearly describe how cancer cells appear to respire normally, but have defective mitochondrial respiration [53]. I will review evidence making these linkages and expand Warburg's ideas on how impaired energy metabolism can be exploited for tumor prevention and management. My former student, Laura Shelton, and I recently published an overview of the key issues [24]. However, it was not possible in this brief review to present the detailed evidence supporting the central hypothesis of cancer as a disease of impaired respiration. The following chapters present more detailed evidence in support of the main hypothesis.
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Chapter 3

Cancer Models

3.1 Problems with Some Cancer Models

Good models of cancer can provide insight into disease mechanisms and development of new therapies. Many cancer models, however, fall short of replicating the full spectrum of cancer traits especially those related to metastasis. Following the great financial crisis of 2008, economists began to question the models used to predict the dynamics of financial markets. It became clear that available models were “scrubbed clean” in the interest of theoretical elegance and were largely divorced from the way real-world economies actually function [1]. In short, the available models of financial systems were inadequate in their ability to predict the impending economic crisis. The situation in the cancer field is similar in some respect to the situation in the economic field. Basically, many available cancer models do not mimic the dynamics of real-world in vivo metastasis. The situation in the fields of finance and cancer research reminds me of the joke about the guy who tried to catch a mouse in his house by baiting the mousetrap with a picture of a cheese. On checking the mousetrap the following morning, the guy was surprised to find that he caught a picture of a mouse!

3.1.1 Metastatic Models

While there are many good animal models for the developmental stages of cancer initiation, promotion, and progression, few good animal models exist for systemic metastasis [2]. This is unfortunate, as systemic metastasis is the single-most serious aspect of the disease. Metastasis is largely responsible for the majority of cancer deaths. Yuri Lazebnik recently mentioned that all of the cancer hallmarks discussed in the Hanahan and Weinberg paper except metastasis could also be found in benign tumors [3]. According to Lazebnik, the failure to recognize this fact has contributed in large part to the failure to win the war on cancer [3]. I wholeheartedly agree with Dr. Lazebnik on this position.

Once tumor cells leave their primary site and begin to show up in distant organs or tissues, effective management and long-term patient prognosis become uncertain. Most available cancer models, however, rarely show systemic metastatic behavior. Indeed, most tumor cells will rapidly grow when implanted under the skin (subcutaneously) or in an orthotopic site (tissue of origin) but will rarely show distal invasion or spread to multiple organ systems as is often seen in the human disease [2, 3]. While some tumor models might show local tumor cell invasion into the surrounding tissue or spread to a neighboring organ, they rarely show systemic metastasis encompassing multiple and diverse organ systems. If metastasis occurs, it often lacks fidelity and expediency in most animal models (2, [46]). In other words, not every mouse inoculated with the tumor cells develops metastatic cancer. In addition, the time to systemic metastasis can vary significantly from one mouse to another. Models expressing these shortcomings are of limited value for the evaluation of new antimetastatic therapies.

To overcome these shortcomings, cancer researchers often inject tumor cells directly into the circulation (blood stream) of a host animal [7]. This approach bypasses a critical step in metastasis, that is, the natural ability of metastatic tumor cells to leave their site of origin and to enter the circulation. I contend that metastasis models using vascular injection of tumor cells are not representative of the real-world situation. Truly, metastatic cancer cells should not require blood stream injection to manifest the disease. Vascular injection of tumor cells as a model of metastasis is like baiting the mousetrap with a picture of a cheese. While good models of human disease can be powerful tools for evaluating underlying mechanism and for developing effective therapies, bad models can stymie real progress and worse yet, providing misinformation on the nature of the disease, thus retarding progress.

3.1.2 Xenograft Models

Xenograft models involve growth of human tumor cells in nude mice or some other mice with a compromised innate and/or adaptive immune system. It is not possible to grow human tumors in mice that have normal T- and B-cell immunity because of antibody production and host tumor rejection. In addition, functional innate immunity derived from natural killer cells (NK), complement, etc., may contribute to tumor–host interactions. The normal mouse immune system will destroy implanted human cells. Most knowledgeable investigators in the cancer field know that xenograft models are unrepresentative of the real-world situation [4, 5]. Nevertheless, many investigators persist with expensive studies using xenograft models of human cancer.

We have worked extensively with various mouse cancer models. Some of these are naturally invasive and metastatic, while some are neither invasive nor metastatic. The differences between the metastatic and nonmetastatic models are striking. A sharp border is seen between the tumor tissue and normal tissue in the noninvasive tumors, whereas no clear border is seen between the tumor tissue and the normal tissue in the metastatic cancers. Many xenograft models used in the cancer field are locally invasive, but rarely show systemic metastasis as seen in most human metastatic cancers [5, 6, 8].

The situation with xenograft models becomes even more bizarre, as human cells implanted into a mouse host gradually take on biochemical characteristics of mouse cells. We showed that human U87MG brain cancer cells express mouse carbohydrates on their surface when grown as a xenograft in immune-deficient mice [9]. More than 65% of the sialic acid composition on the U87 tumor cells consisted of the nine-carbon sugar, N-glycolylneuraminic acid. Humans, however, are unable to synthesize N-glycolylneuraminic acid because of mutation in the gene that encodes a common mammalian hydroxylase enzyme [9, 10]. The hydroxylase mutation occurred in the human genome sometime after our evolutionary split with the great apes [10]. The acquisition of mouse carbohydrates and lipids will likely occur in any human tumor grown in the body of a mouse or rat. N-Glycolylneuraminic acid also alters the characteristics of human embryonic stem cells when grown on nonhuman feeder cells. This has been a confounding variable in the stem cell field [11].

Expression of mouse carbohydrates and lipids on human tumor cells when grown as xenografts can alter gene expression and growth behavior of the tumor cells, thus altering their response to changes in the microenvironment. The basal metabolic rate of the mouse is also sevenfold greater than that of humans [12]. It is not clear how the striking difference in basal metabolic rate between mice and humans will influence tumor biology. About fifty million years of evolution separates humans from mice. Many cancer researchers are unaware of these complications. If researchers had been aware of these problems, more attention would have been given to them in the scientific literature. It might be reasonable to view the human xenograft tumor models as a type of human–mouse centaur!

We also found that food consumption is substantially greater in immunocompromised SCID mice, a common xenograft host, than that is found in the C57BL/6J mouse strain that has a normal immune system [13]. Differences in food consumption are indicative of differences in energy metabolism. The NOD-SCID mice are also commonly used as a host for growing xenograft human tumors. The acronym stands for mice that are nonobese diabetic and severely compromised immunodeficient. These mice not only have an abnormal immune system but also express characteristics of both type-1 and type-2 diabetes [14]. This is not a usual situation for most cancer patients. This experimental model might be useful for those individuals who have cancer, are genetically immunodeficient, and also suffer from both type-1 and type-2 diabetes. It is naive to assume that the growth behavior and response to therapies of human tumors grown as xenografts would be similar to the situation in the natural host.

If most of the xenograft models are flawed in representing the real-world situation, why does the cancer field persists with requirements for showing therapeutic efficacy in these animal models? The short answer is xenograft models are often required by reviewers in order to get papers published in top scientific journals or to get research grants funded. Many investigators believe that xenograft models are more representative of the human disease than natural animal models of cancer simply because the tumor cells are derived from humans. Consequently, many cancer researchers use xenografts to demonstrate therapeutic effects. Many clinical drug trials have been initiated in patients on the basis of information generated from xenograft models. Many of these drugs are later discontinued because of lack of efficacy, unacceptable toxicity, or some combination of these. Should this be surprising considering the unnatural nature of the experimental system?

3.1.3 Genetic Models

Besides xenograft models, a number of genetic cancer models are available, which produce tumors in various organs at specific developmental periods [2, 6]. Most of these models involve mice since more is known about the mouse genome than about the genome of most other mammalian systems. Rarely, however, have targeted gene disruptions in the mouse produced cancers that show widespread invasion or metastasis outside the affected tissue [5]. Occasionally, several simultaneous gene defects are required in order for some mice to develop tumors. Many of the genetic cancer models are considered valuable because cancer is thought to be a genetic disease. While these models certainly illustrate the role of genes in the origin of some cancers, only few, if any, human cancers are known, which arise from the “simultaneous” inheritance of germ line mutations in these genes. Similar to the models used to predict the dynamics of financial markets, the genetic cancer models, in my opinion, are scrubbed clean in the interest of theoretical elegance and are largely divorced from the way real-world metastasis actually occurs.

3.1.4 Cell Culture Models

Besides animal models, considerable information is generated on the metastatic behavior of cancer cells using cell culture model systems. Migration of cancer cells through artificial extracellular matrix materials such as Matrigel or into scratches made on the surface of culture dishes has often been used to assess the invasive behavior of various cancer cells. Are these assays reliable in predicting the invasive properties of tumor cells growing in their natural environment? The answer is unclear, as only few studies compare and contrast the invasive and metastatic behavior of tumor cells in the artificial culture environment with their invasive behavior in the natural environment. The farther the model system is from the “real-world” situation, the more caution is required in relating the observations to what actually takes place in the human body.

This is especially true for human brain cells that are grown in fetal cow serum. The blood–brain barrier evolved over millions of years to prevent molecules in the serum from entering the brain. Astrocytes protect neurons from serum molecules and become quite reactive when exposed to serum. Yet, many investigators, including me, have studied the behavior of neural tumor cells cultured in growth media containing fetal cow serum.

We found that CT-2A mouse astrocytoma cells migrate through Matrigel and into scratches on glass slides, but do not invade or show metastasis when grown in their natural genetic mouse host and in their known orthotopic site of origin (brain). This was surprising to us, as the CT-2A tumor is highly vascularized when grown in its natural host. As many invasive and metastatic human tumors are often highly vascularized, vascularization is often considered a hallmark of human metastatic cancer [15, 16]. Clearly, high tumor vascularization (also referred to as tumor angiogenesis) does not enhance invasion or metastasis in this model. We found that growth rate was significantly faster in the more vascularized tumors than in the less vascularized tumors, but enhanced growth rate was not associated with increased metastasis. We recently showed that metastasis arises largely from the transformation of cells of myeloid origin, which already embody the capacity to invade and enhance angiogenesis [17].

Our experience with various cancer models highlights some of the problems in linking the behavior of the models to the situation in the human disease. For example, the CT-2A tumor cells are invasive (migratory) in cell culture assays of invasion but not in the natural environment. Vascularization is considered a hallmark of human metastatic tumors, but the CT-2A tumor does not invade or metastasize despite heavy vascularization and rapid growth rate. Our experience with the CT-2A brain tumor model and with other mouse models is illustrative of the inconstancies between tumor models and their human disease counterparts.

Other inconsistencies with in vitro brain tumor characteristics were recently highlighted. Brain cancer cells expressing SDH1 mutations and other well-recognized phenotypes such as EGFR gene amplification in the in vivo environment could not be observed in cells cultured from the tumors [18]. Indeed, tumor cells with SDH1 mutations that grow rapidly in vivo do not grow or survive in vitro. How would one interpret such findings? Although cell culture models can be valuable tools for defining molecular mechanisms, it is important to remain cognizant of their limitations.

3.1.5 Natural Models

My experience in the cancer field was honed from decades of research using multiple in vivo and in vitro models of the disease. Most of the in vivo models we use for our research were developed in my present laboratory at Boston College or in my previous laboratory in the Neurology Department at Yale University. While any cancer model can provide information on the nature of the disease, the best cancer models in my opinion are those that arise naturally (spontaneously) and are grown orthotopically in their syngeneic hosts. Why use cancer animal models that do not represent the full spectrum of the disease when other models are available that display the most important features of the disease?

The spontaneous brain tumors in the inbred VM mouse strain represent a more natural model of metastatic cancer than any xenograft model [17, 19, 20]. The tumor cells arising in the VM mouse strain manifest the full spectrum of growth characteristics seen in most human metastatic cancers. The VM model can be classified as a natural spontaneous model according to the criteria of Kerbel and coworkers [2]. The metastatic VM tumors also share several features in common with the fusion hybrid metastatic mouse cancers described by Kerbel [21, 22]. These types of models can provide insight into the mechanisms of metastasis and are best suited for the development of effective therapies. Considering the importance of metastasis in cancer, it is unclear why the cancer field has not adapted these excellent metastasis models for screening novel antimetastatic therapies.

The National Cancer Institute web site can provide information on mouse models of various cancers (http://emice.nci.nih.gov/mouse_models). A good cancer model is one where the metastatic and invasive behavior of tumor cells is similar to that seen in the human disease [2]. A good model of metastasis should be one where cancer cells will invade locally from any implanted tissue site and readily spread to multiple organ systems within a short period of time (2–4 weeks). This is seen in the VM model (Figs. 3.1 and 3.2). The invasive properties of the VM cells in brain are also presented in Chapter 17. The response of the metastatic VM tumors to the antimetastatic drugs methotrexate and cisplatin is similar to the response seen in many human metastatic cancers [23]. Many metastatic VM tumor cells can remain dormant following these treatments only to grow again after the therapy is terminated. If metastasis is the cause of most human cancer deaths, why study the disease in models that do not show extensive invasion and metastasis? The VM model of systemic metastatic cancer can help answer or address several of the NCI provocative questions including #15, #16, #17, and #24 (provocativequestions.nci.nih.gov).


Figure 3.1 Whole body view of bioluminescence from metastatic VM-M3 tumor cells. VM-M3 tumor cells, containing the firefly luciferase gene, were implanted subcutaneously on the flank of a syngeneic VM mouse on day 0 as we described [23]. Bioluminescent signal from the metastatic cells was measured in live mice using IVIS Lumina system (Caliper LS). Bioluminescence appeared throughout the mouse after 23 days indicative of widespread systemic dissemination of metastatic cancer cells. Source: Reprinted with permission from Ref. 24. See color insert.
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Figure 3.2 Appearance of gross (a) metastatic lesions and (b) micrometastatic lesions from mice bearing the VM-M2 and VM-M3 tumors. Mice of the inbred VM strain develop spontaneous brain tumors naturally. Shown here are the results when VM-M2 and VM-M3 tumor cells are implanted subcutaneously on the flank of syngeneic VM mice. While primary brain tumors do not often metastasize from the brain to extraneural tissues, glioblastoma can be highly metastatic if cells gain access to extraneural sites [17, 19, 25]. The metastatic VM tumors (VM-M2 and VM-M3) express several characteristics of microglia/macrophages. No gross or micrometastatic lesions were found in tissues from mice implanted subcutaneously with the VM-NM1 tumor. The VM-NM1 tumor expresses stem cell markers but does not express macrophage biomarkers [19]. H&E and Iba-1 staining revealed numerous micrometastatic lesions in the kidney, lung, brain meninges, and liver in mice bearing the VM-M2 tumor (b). Iba-1 is a recognized marker for cells of microglia/macrophages [19]. The micrometastatic lesions are shown at  × 100. The black boxes in the  × 100 images (low) were shown previously at higher power ( × 400) [19]. The distribution, morphology, and staining of the micrometastatic lesions in mice bearing the VM-M3 appeared the same as that in the mice bearing the VM-M2 tumor (not shown). In addition to these organs, cells from the metastatic VM tumors are also found in bone marrow. Source: Reprinted with permission from Ref. 19. See color insert.
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3.2 Animal Charges as a Major Impediment to Cancer Research

Although many cancer animal models might have shortcomings in reflecting the true nature of the human disease, animal models are essential for the development of new cancer therapies [2]. While cell culture studies can provide insight into molecular mechanisms of action, cell culture studies are unable to provide accurate information on systems physiology associated with new therapies. Cancer not only involves defects in subcellular molecular mechanisms but also involves multiple changes to animal health and physiology. The influence of anticancer therapies on physiology can be best studied in animals harboring the disease. Animal studies are essential for translating potentially new cancer therapies into practical application in the clinic.

However, the high cost of animal-maintenance charges (cage charges) is having a major negative impact on animal cancer research. It is becoming too expensive for many investigators to include animals in their research designs. In the past, animal charges were covered as part of the overhead costs on extramural grants. Currently, the animal charges are added to research grants as a “direct cost” line item. As institutions can charge “overhead” costs on direct cost items, animal charges have now become a convenient means of enhancing institutional revenue. In other words, animal charges have become a “cash cow” for university administrators. Even though it is legal for universities to double dip on the animal charges, I consider the practice as unethical and not in the best interests of medical research.

Moreover, the activities of the animal rights movement have led to excessive federal regulations that now impede animal research. Some of these regulations can border on the absurd, for example, that only five mice weighing less than 25 g can be housed in a standard mouse cage. How might these regulations relate the natural housing of mice in the wild? The excessive rules and regulations imposed by Institutional Animal Care and Use Committees (IACUC) have become an impediment to the conquest of cancer.

It is also interesting that some cancer drugs used to treat humans in the clinic are considered too toxic to use on animals. In some institutions, veterinarians are on call (24 h/day and 7 days/week) to attend the needs of sick rodents. It appears that the animal rights organizations have achieved their mission. The quality of life of rodents housed at US universities is now better than the quality of life of most people living on the planet. Considering the high maintenance costs and excessive federal and institutional regulations, many investigators are opting out of using animals for their cancer research projects. It is simply easier and less costly to study cancer in the culture dish than in the living animal no matter how good the animal model might be. This is unfortunate, as new natural and genetic animal models of cancer will go under-utilized because of the excessive cost and the regulations involved in using live animals. The consequence of excessive animal cage charges and government regulations will mean greater numbers of human cancer deaths and suffering. Do cancer patients and their advocacy groups know about this?

3.3 Problems with Tumor Histological Classification

Too often investigators will focus more on tumor cell classification than on the biological behavior of the tumor cells. The success or failure in adapting a new cancer model can sometimes depend on how the tumor is classified histologically. This is especially the case in the brain cancer field, where neuropathology has a dominant influence on the direction of research. I came to seriously question the accuracy and importance of brain tumor classification, however, while I was on the faculty at Yale University in the early 1980s.

At that time, I initiated studies on the abnormal expression of gangliosides (complex glycosphingolipids) in various brain tumors. To conduct these studies, I obtained two in vivo brain tumor models from Dr. Harry Zimmerman. Dr. Zimmerman was head of Neuropathology at the Montiforie Hospital, which is part of the Albert Einstein College of Medicine in the Bronx, New York. Dr. Zimmerman was a distinguished neuropathologist who also developed the first department of neuropathology in the United States at Yale University during the 1930s. He also developed numerous experimental brain tumor models in mice using the chemical carcinogen, 20-methylcholanthrene. Many of these mouse tumors had histological characteristics similar to those seen in common human brain tumors [26].

Dr. Zimmerman and his associate Dr. Carl Sutton sent me several live mice with brain tumor that they previously classified as ependymoblastoma (EPEN) [26, 27]. This tumor was produced originally from methylcholanthrene implantation into the cerebral ventricle of a mouse of the C57BL/6 inbred strain. Ependymal cells line the cerebral ventricles in the brain and are thought to be the origin of EPEN, a type of brain tumor. I also used Zimmerman's procedure to produce a group of brain tumors in the same mouse strain [28]. The growth characteristics of one of my tumors, CT-2A (described above), were similar to that of Zimmerman's astrocytoma in expressing florid vascularization (angiogenesis) and rapid growth. This tumor arose from methylcholanthrene implantation into cerebral cortex.

The appearance and growth characteristics of the CT-2A differ markedly from that of EPEN (Fig. 3.3). In contrast to the CT-2A tumor, the EPEN tumor has fewer vessels and grows much slower than the CT-2A. In cell culture, the EPEN cells grow as cohesive islands, whereas the CT-2A cells grow as a noncohesive monolayer (Fig. 3.4). In addition to the striking differences in growth and morphology, the EPEN and CT-2A tumors also differed markedly in the composition of their gangliosides [28, 29]. Gangliosides are a family of cell-surface glycolipids. Ganglioside GM3-NeuAc was the major ganglioside synthesized by the EPEN cells, whereas the CT-2A cells synthesized several complex gangliosides, but synthesized very little GM3 (Fig. 3.5 [30]). Considered together, these findings clearly show that the EPEN and CT-2A tumors differ strikingly in gross appearance and ganglioside biochemistry.


Figure 3.3 Gross morphology of the EPEN and CT-2A brain tumors growing in the cerebrum of syngeneic C57BL/6J mice. The EPEN tumor grows as a solid, cohesive, and nonhemorrhagic tissue. The CT-2A tumor grows as a soft, noncohesive, and highly hemorrhagic tissue [28]. The CT-2A tumor grows significantly faster than the EPEN tumor [30]. Despite these and other morphological biochemical differences, the tumors are histologically similar and are classified as poorly differentiated astrocytomas [28]. See color insert.
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Figure 3.4 In vitro growth characteristics of the EPEN and CT-2A brain tumors. The (a) EPEN grows as clumps or islands, whereas the (b) CT-2A grows as a diffuse monolayer [30].
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Figure 3.5 Autoradiogram of a high-performance thin-layer plate showing synthesized gangliosides in the cultured EPEN and CT-2A tumor cells.

[image: 3.5]

To further determine if the striking differences in appearance, growth rate, and ganglioside biochemistry were associated with differences in histological appearance, I had histology slides made from tissue sections of each tumor. The tumors were grown both in the brain and subcutaneously on the flank of the host C57BL mice. The histology slides were made in the Neuropathology Department, Yale University. Considering the many morphological and biochemical differences between the EPEN and CT-2A tumors, I was surprised to hear from Dr. Jung H. Kim, Yale's chief neuropathologist, at that time that the histological appearance of the two tumors was very similar (Fig. 3.6). Moreover, Dr. Kim suggested that the two tumors could be classified as soft tissue sarcomas, a type of muscle or connective tissue tumor. I was somewhat puzzled by this classification since both tumors were initiated in the central nervous system and should be of neural cell origin.


Figure 3.6 Histological appearance of 20-MC-induced brain tumors growing on the flank of the C57BL/6J mice. All of the experimental tumors were similar in histological appearance [28]. The vascularity, growth rate, and ganglioside composition of the tumor in shown (a) (CBT-1) was similar to that of the EPEN tumor. The vascularity, growth rate, and ganglioside composition of the tumor in shown (b) (CBT-4) was similar to that of the CT-2A tumor. The histological appearance of the tumors was also similar whether grown subcutaneously on the flank or orthotopically in the brain [31]. The findings indicate that the histological appearance of these tumors is not indicative of the tumor growth characteristics or ganglioside biochemistry.
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I contacted Dr. Zimmerman following Dr. Kim's classification of the two tumors. I wanted to know from Dr. Zimmerman himself whether he was certain about the classification of his EPEN. He told me he was absolutely certain about the classification and suggested that I send him the same histology slides that Dr. Kim evaluated. Consequently, I mailed the same histology slides of the two tumors to Dr. Zimmerman at Montiforie Hospital. After careful evaluation of these slides, Dr. Zimmerman was confident that the histological characteristics of the EPEN tumor remained the same and that this tumor was an EPEN. He also classified the CT-2A tumor as an astrocytoma, which was similar to the rapidly growing angiogenic astrocytomas that he had seen previously in his studies [26]. I was therefore miffed that these two distinguished neuropathologists would have such different views of the same tumors.

The following year, I relayed my story to my friend the late Dr. Alan Yates, who at that time was the chief of neuropathology at The Ohio State University. Alan mentioned that disagreements in brain tumor classification were common among neuropathologists. He asked me if he could take a look at the slides of these two tumors. I sent him the same slides that Drs. Zimmerman and Kim had evaluated. As Dr. Kim, Alan found no real differences in the histology of the two tumors, but classified both tumors as poorly differentiated anaplastic astrocytomas [28]. He was unable to confirm Zimmerman's classification of ependymoblastoma for the EPEN tumor but was fairly certain that the tumors were not sarcomas. Alan's classification of the tumors left me even more confused. How was it possible that three distinguished neuropathologists could have such different opinions on the cellular classification of the same mouse brain tumors?

I also discussed my dilemma regarding the ambiguous classification of these mouse brain tumors with Dr. Albee Messing. Albee is a neuropathologist working at the University of Wisconsin Medical School, Madison. Albee mentioned to me that he was considered the best in his group at classifying brain tumors of ambiguous cellular origin. So, I sent Albee the same tumor histology slides previously evaluated by Drs. Kim, Zimmerman, and Yates. After careful evaluation, Albee also considered both tumors as the same, but classified them as PNETs, that is, primitive neuroectodermal tumors.

Albee Messing's classification of these tumors confused me even more. How was it possible that all of these distinguished neuropathologists could come to such different opinions on the cellular origin of these mouse brain tumors? There was no question in my mind that the two tumors were strikingly different from each other in growth characteristics and ganglioside biochemistry. Anyone can see that these two tumors are different from each other (Figs. 3.3, 3.4, 3.5). How was it possible that the histological features of these tumors could appear so similar, but other biological and biochemical characteristics appear so different?

Several years later, I discussed my experience with the classification of these mouse brain tumors with the late Dr. Sanford Palay. Sandy had joined our Boston College Biology Department as a distinguished professor in residence in 1994 after he retired as Chair of the Neuroanatomy Department at the Harvard Medical School. Sandy was a member of the National Academy of Sciences and served for many years as Editor-in-Chief of the Journal of Comparative Neurology. As Sandy was widely recognized as one of the nation's leading experts in the field of neurocytology, I felt confident that Sandy might provide insight into this dilemma of brain tumor classification.

Sandy told me that he once tried to help some neuropathologists in the classification of brain tumors, but was unsuccessful. He told me that it was almost impossible to be certain of the cell origin of most brain tumors because the growing tumors caused major abnormalities in cytoarchitecture of the microenvironment. According to Sandy, the abnormalities in cytoarchitecture made tumor cell identification ambiguous at best. “If your assessment of this situation is correct”, I asked Sandy, “how is it possible that so many neuropathologists can make such quick decisions on the classification of brain tumors?” Sandy's reply to me was “I don't know”.

Sandy's reply, together with my dilemma in trying to get a histological classification of the two mouse brain tumors, made me seriously question the field of brain tumor classification. I should not have been surprised, however, as diagnosis of most cancers rests primarily on the subjective impressions of pathologists (referenced in Ref. 32). While information on brain tumor classification might provide some insight into the tumor origin, it is not clear how tumor cell classification will influence therapy. Support for my contention comes from findings that little progress has been made in brain cancer management in more than 50 years despite extensive studies on brain tumor classification.

I consider the biological behavior of the tumor cells as more important than what they are called. That tumor cell growth behavior is more important than tumor cell classification was also the view held by the German neuropathologist, H. J. Scherer, during the early part of the last century [33]. He clearly defined a number of growth behaviors seen in malignant tumors as “secondary structures.” These structures were predictive of patient prognosis and were independent of histological classification. These behaviors have since been recognized as “Scherer's structures,” which can provide targets for assessing effective therapies [34, 35]. Hence, good cancer models should be evaluated more for their in vivo growth behaviors than for their histological classification, which can be ambiguous at best.

3.4 Personal Perspective on Cancer

Several major events changed my perspective on the nature of cancer. The first involved our extensive studies on the role of energy restriction in tumor growth and vascularization. The second involved our analysis of spontaneous brain tumors in the VM mice. The third involved our extensive studies on mitochondrial lipids in tumors grown both in vivo in their natural hosts and as cultured cells in vitro. It gradually became clear to me that most cancer is a singular disease of energy metabolism regardless of cellular or tissue origin. Regardless of histological appearance, all tumor cells can be killed if their energy is targeted.

My view is counter to the general view that cancer therapies should be individualized based on gene signatures [36]. My perspective is similar to that of Otto Warburg, who originally proposed that all cancer is a disease of respiration. Moreover, we found that many metastatic cancers share multiple properties with cells of myeloid origin [17]. These are cells of the immune system such as macrophages and leukocytes. Macrophages and leukocytes are already mesenchymal cells genetically programmed to enter and exit tissues and to survive in hypoxic environments. These are hallmarks of most metastatic tumor cells. It is not necessary to view cancer as a complicated cybernetic system. I will expand my views of cancer and show how the defective energy metabolism in tumors can be exploited for cancer prevention and management.
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Chapter 4

Energetics of Normal Cells and Cancer Cells

In order for cells to remain viable and to perform their genetically programmed functions they must produce energy. Most of this energy is commonly stored in the terminal γ and β phosphates of adenosine triphosphate (ATP), and is released during the hydrolysis of their phosphoanhydride bonds (Fig. 4.1). This energy is generally referred to as the free energy of activation or ATP hydrolysis [14]. The standard energy of ATP hydrolysis under physiological conditions is known as [image: images] and is tightly regulated in all cells between −53 and −60 kJ/mol [5]. G is the Gibbs free energy, Δ is the difference between two energy states, and prime represents the activated state [1, 6].


Figure 4.1 Structural formula of adenosine triphosphate (ATP) at pH 7.0. The three phosphate groups are identified by Greek letters α, β, and γ. The γ- and β-phosphate groups are linked through phosphoanhydride bonds and their hydrolysis yields a large negative Δ G°′, whereas the α-phosphate linked by a phosphate ester bond has a much lower negative Δ G°′. In vivo most ATP is chelated to magnesium ions (Mg· ATP2−). Source: Reprinted with permission from Reference 6.
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J. Willard Gibbs was a nineteenth-century mathematical physicist who first defined the principles of statistical mechanics upon which the laws of thermodynamics are based [7]. [image: images] differs from the [image: images], which is usually described in textbooks. The [image: images] represents the free energy of activation under closed conditions where temperature, gases, and solutes are all standardized. The [image: images] relates more to the situation in open systems, that is, the situation in cells and tissues [2, 7, 8]. Negative values for ΔG indicate that energy is released in the conversion of reactants to products. Although the free energy of ATP hydrolysis is used to power nearly all cellular activities, the majority of energy in any given cell is used to power ionic membrane pumps [1, 2, 9, 10]. It is the mundane membrane pumps that require constant energy to maintain viability.

4.1 Metabolic Homeostasis

Homeostasis is the tendency of biological systems to maintain relatively stable conditions in their internal environments. Each cell and each organ contributes to the overall homeostasis of the organism. This is especially important for humans that follow a feast/fast schedule of nutrient supply [6]. Metabolic homeostasis within cells is dependent to a large extent on the energy supply to the membrane pumps. Hormones such as insulin and glucagon can regulate global system energy homeostasis in order to maintain steady energy balance within the cells of each organ. If the energy to the cellular pumps is interrupted, the cell begins to swell. Swelling results from increased Na+ and Ca2+ concentrations and decreased K+ concentration. Because the inside of the cell is more negative than the outside, Na+ and Ca2+ will naturally move down their concentration gradient from outside to inside. On the other hand, K+, which is more concentrated inside than outside, will flow down its concentration gradient. Most cell functions are linked either directly or indirectly to the plasma membrane potential and to the Na+/K+/Ca2+ gradients. Ready availability of ATP to the pumps maintains these ionic gradients. Global cellular dysfunction and ultimately organ and systems failure will arise if energy flow to the pumps is disrupted.

There are several sources of ATP synthesis that can be used to maintain membrane potentials. The mitochondria produce most of the energy in normal mammalian cells. The general structure of a mitochondrion with associated functions is shown in Figure 4.2. Other images of mitochondrial are presented in Chapter 5. In cells with functional mitochondria, ATP is derived mostly from oxidative phosphorylation (OxPhos) where approximately 89% of the total cellular energy is produced (about 32/36 total ATP molecules during the complete oxidation of glucose) (Fig. 4.3). This value can differ among different cells depending on which shuttle systems are used in the transport of cytoplasmic reducing equivalents (nicotinamide adenine dinucleotide (reduced form), NADH) from the cytoplasm to the mitochondria [6] (Table 4.1). These shuttles include the malate–aspartate shuttle, the glycerol–phosphate shuttle, and the malate–citrate shuttle. These shuttles are operational in tumor cells, but their activity can differ among the different types of tumor cells [1118]. Under OxPhos, ATP synthesis in normal cells is coupled to electron flow across the inner mitochondrial membrane through a chemiosmotic molecular mechanism (Fig. 4.4) [19]


Figure 4.2 Mitochondria in cell life. Through OxPhos, mitochondria produce the bulk of intracellular ATP, and hence are considered the cell's “power plants.” In addition, mitochondria regulate Ca2+ homeostasis and modulate several other metabolic circuitries including the Krebs cycle, the urea cycle, gluconeogenesis, ketogenesis, heme biosynthesis, fatty acid β-oxidation, steroidogenesis, metabolism of certain amino acids, and the formation of iron/sulfur clusters. ER, endoplasmic reticulum; PM, plasma membrane. Source: Reprinted with permission [20]. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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Figure 4.3 Cellular energy production through glycolysis, TCA cycle, substrate-level phosphorylation, and OxPhos. The majority of the cellular energy produced in normal cells is through OxPhos (about 89%). Glycolysis and TCA cycle, substrate-level phosphorylation contribute only about 11% of cellular energy. OxPhos energy production is less in tumor cells than in normal cells. Enhanced glycolysis and TCA cycle, substrate-level phosphorylation can compensate for insufficient OxPhos. Shuttle systems can deliver additional reducing equivalents (electrons) to the mitochondrial for OxPhos (Fig. 4.12). See color insert.
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Figure 4.4 Mitochondrial electron transport chain (ETC) and the origin of chemiosmosis. Electron donors from the TCA cycle [NADH and flavin adenine dinucleotide (reduced form) (FADH2)] generate a high mitochondrial membrane potential (ΔμH+) by pumping protons across the mitochondrial inner membrane at complexes I, III, and IV [21]. This pumping generates a proton motive gradient that provides the driving force for proton influx through the F1F0-ATP synthase (ATP synthase). Proton influx is coupled to ATP-synthase-catalyzed phosphorylation of ADP to form ATP. At a standard metabolic rate, a fraction of the protons pumped out across the ETC can leak back into the mitochondrial matrix without synthesizing ATP [9]. Proton leak effectively uncouples respiration from phosphorylation. Proton leak or back-decay (smaller thin arrow) is greater in mitochondria of tumor cells than in mitochondria of normal cells [22]. Under hypoxic conditions, the ATP synthase works in reverse as an ATPase. This action couples ATP hydrolysis to proton pumping from the matrix into the intermembrane space [9]. Matrix proton accumulation in hypoxia could arise from reversal of complex I or from back leak. Reverse operation of the ATP synthase is done to protect the mitochondria and to maintain the ΔμH+. Roberto Flores and I believe that the ATP synthase also works in reverse in highly glycolytic tumor cells under normoxia like it would in hypoxia. Succinate accumulation under hypoxia supports our contention that electrons are transferred from complex I to complex II [9]. The gradient energy can also be dissipated as heat if the protons pass through an uncoupling protein (UCP) or from excessive back leak. Uncoupling proteins can be overexpressed in some cancer cells [23]. Excessive heat is produced in some cancers (Chapter 5). The figure also shows the origin of free radical formation at the coenzyme Q couple. Source: Modified from Reference 21. See color insert.
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Source: Modified from Reference 6.

Table 4.1 Energy-Yielding Reactions in the Complete Oxidation of Glucose


	
	Net moles of ATP



	
	produced per



	Reaction
	mole of glucose



	Glycolysis (phosphoglycerate kinase, pyruvate kinase; two ATPs are expended)
	2



	NADH shuttle
	



	Malate–aspartate shuttle
	4(6)



	Pyruvate dehydrogenase (NADH)
	6



	Succinyl CoA synthetase (ATP or GTP)
	2



	Succinate dehydrogenase (Succinate → fumarate + FADH2)
	4



	Other TCA cycle reactions (isocitrate → α-ketoglutarate, α-ketoglutarate → succinyl − CoA, malate → oxaloacetate; total of 3 NADH produced)
	18



	Total
	36(38)




The F0F1-ATPase, sometimes referred to as complex V, generates ATP through condensation of ADP and inorganic phosphate Pi (Fig. 4.4). Oxygen becomes the final acceptor of electrons with water as the end product. The efficiency of the process is strongly dependent on the lipid composition of the inner mitochondrial membrane where cardiolipin is a major component [24] (Chapter 5). The proton motive gradient or force of the inner mitochondrial membrane, symbolized as ΔΨm, is required not only for ATP synthesis but also for transport functions including those for nucleotides, amino acids, Ca2+, and other metabolites needed for normal mitochondrial function [6]. The maintenance of this gradient is essential for normal mitochondrial function and ultimately cell function and life [7, 9]. Galluzzi, Kroemer, and colleagues provide a more complete coverage of the multiple functions of mitochondria and discuss how these functions can be the gateway to tumorigenesis [20].

Besides OxPhos, approximately 11% (4/36 total ATP molecules) of the total cellular energy is produced through substrate-level phosphorylation (Fig. 4.3). Substrate-level phosphorylation involves the transfer of a free phosphate to ADP from a metabolic substrate to form ATP. Two major metabolic pathways can produce ATP through substrate-level phosphorylation in mammalian cells and tissues. The first involves the “pay off” part of the Embden–Myerhoff glycolytic pathway in the cytosol where phosphate groups are transferred from the organic molecules, 1,3-bisphosphoglycerate and phosphoenolpyruvate (PEP), to ADP with formation of ATP (Fig. 4.5). The second pathway involves the succinyl-CoA synthetase reaction of the tricarboxylic acid (TCA) cycle (Fig. 4.6). The synthesis of ATP by substrate-level phosphorylation in normal cells can augment ATP produced by oxidative phosphorylation by about 10% [20]. Most importantly, the succinyl-CoA synthetase reaction can provide more energy under anaerobic conditions than under aerobic conditions [2529]. Few investigators in the cancer field have discussed the role of the succinyl-CoA synthetase reaction for the nonoxidative energy production in tumor cells. We suggest that this pathway could also be a major source of energy in metastatic mouse cells (Chapter 8).


Figure 4.5 Embden–Myerhoff glycolytic pathway converts glucose to pyruvate. This pathway can provide energy in the presence or absence of oxygen, but becomes dominant under hypoxia when proton transfer no longer occurs at the various ETC complexes (Fig. 4.3). The continued production of lactate in the presence of oxygen is referred to as the Warburg effect or aerobic glycolysis. Ribose-5-phosphate used for nucleotide synthesis is synthesized through the pentose–phosphate pathway (PPP). The PPP is a source of NADPH for synthesis of glutathione and lipids. G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; PGI, phosphoglucoisomerase; F6P, fructose-6-phosphate; PFKFB, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase; PFK1, phosphofructokinase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PEP, phosphoenolpyruvate; PK, pyruvate kinase; NADPH, nicotinamide adenine dinucleotide phosphate; ATP, adenosine triphosphate. Source: Modified from Reference 30. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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Figure 4.6 Metabolic pathways. Illustrated are the tricarboxylic acid (TCA) cycle, and the glucose and glutamine utilizing metabolic pathways of glycolysis and glutaminolysis, respectively. Reactions of the TCA cycle take place in the mitochondrial matrix, while reactions of the ETC take place in the inner mitochondrial membrane (Fig.4.4). ETC, electron transport chain, FADH2, flavin adenine dinucleotide (reduced form); GTP, guanosine triphosphate; NADH, nicotinamide adenine dinucleotide (reduced form). Source: Modified from Reference 64. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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Under normal physiological conditions, two ATP molecules are produced from glycolysis in the cytoplasm and two from the succinyl-CoA synthetase reaction in the mitochondrial matrix (Fig. 4.3). In contrast to OxPhos, which involves oxygen and a membrane-regulated proton gradient, oxygen is not a requirement for ATP synthesis through substrate-level phosphorylations. A proton motive gradient could still operate, however, through a reverse action of the F1F0-ATPase. Stepien and colleagues have showed how the mitochondrial attached hexokinase II isoform provides glycolytic ATP to the mitochondria in order to maintain the proton motive gradient [31]. This is important because it explains, in part, how tumor cells can produce energy and remain viable in hypoxia despite damage to mitochondrial structure and function.

The number of ATP molecules produced from TCA cycle, substrate-level phosphorylation would need to increase if OxPhos were insufficient to maintain energy homeostasis. This would be similar to the increase in the number of ATP molecules produced through glycolysis when OxPhos is reduced. Nonoxidative energy production through amino acid fermentation and substrate-level phosphorylation has been documented in developing mammalian embryos, in diving animals, and in heart and kidney tissue under hypoxia [2628, 3234]. Figure 4.3 shows the origin of ATP synthesis through glycolysis, the TCA cycle, and OxPhos. Readers are also referred to general biochemistry texts for details of these biochemical pathways [35]. I can also recommend a YouTube “rap” video that puts to song the key aspects of cellular energy metabolism (http://www.npr.org/blogs/krulwich/2011/09/14/140428189/lord-save-me-from-the-krebs-cycle?sc=fb&cc=fp).

4.2 The Constancy of the [image: images]

Veech and coworkers [4] showed that the Δ′GATP of cells was empirically formalized and was measurable through the energies of ion distributions via the sodium pump and its linked transporters. The energies of ion distributions were explained in terms of the Gibbs–Donnan equilibrium, which was essential for producing electrical, concentration, and pressure work. The Gibbs–Donnan equilibrium describes the flow of ions across semipermeable membranes and is estimated using the Nernst equation. The Nernst equation can link the Gibbs free energy to the electric charge across a membrane.

A remarkable finding was the similarity of the [image: images] among cells with widely differing resting membrane potentials and mechanisms of energy production. For example, the [image: images] in heart, liver, and erythrocytes was approximately –56 kJ/mol despite having very different electrical potentials of –86, –56, and –6 mV, respectively [4]. Moreover, energy production in the heart and liver, which contain many mitochondria, is largely through OxPhos, whereas energy production in the erythrocyte, which contains no nucleus or mitochondria, is entirely through glycolysis. Despite the profound differences in resting membrane potentials and in mechanisms of energy production among these disparate cell types, they all express a similar free energy of ATP hydrolysis. These observations suggest that the balance of energy consumption and production is independent of the energy source and the amount of the total ATP produced.

The constancy of the [image: images] of approximately–56 kJ/mol is fundamental to cellular energy homeostasis and its relationship to cancer cell energy metabolism is critical. Using a phrase from T. S. Eliot's poem, Buirnt Norton, Veech refers to this energy value as the “the still point of the turning world” (personal communication). Why is this particular free energy of ATP hydrolysis so important for cell physiology remains unclear [9]. The maintenance of the [image: images] is the end point of both genetic and metabolic processes and any disturbance in this energy balance will compromise cell function and viability [2].

It is important to mention, however, that precise measurement of the [image: images] within any given tumor would be challenging, as differences occur in the pH of the microenvironment and in the viability of cells within the tumor [9, 36, 37]. All of these dynamic changes would reduce the accuracy of [image: images] measurements taken from actively growing solid tumors where entropy is accelerated. Nevertheless, it is apparent from carefully conducted proton nuclear magnetic resonance studies that normal cells have the capacity to balance energy use with energy production through both substrate-level phosphorylation and respiration to achieve a stable free energy of ATP hydrolysis [34, 37]. Compared to the regulated energy homeostasis in normal cells, energy dysregulation is the hallmark of tumor cells.

Cells can die from either too little or too much energy. Too little energy leads to cell death by either necrotic or apoptotic mechanisms. Overproduction of ATP, a polyanionic Donnan active material, disrupts the Gibbs–Donnan equilibrium, alters the function of membrane pumps, and inhibits respiration and viability [4]. To maintain cellular energy balance, the mitochondrial F0F1-ATPase can sometimes run in reverse (hydrolyzing ATP) [9, 31, 38] (Fig. 4.4). Additionally, some tumor cells release ATP into the extracellular milieu through the action of the p-glycoprotein, which is linked to glycolysis and is often overexpressed in tumors [3941].

If OxPhos becomes compromised, energy production through substrate-level phosphorylation must be increased in order to maintain a stable free energy of ATP hydrolysis and cell viability [10, 37, 42]. Alternatively, energy expenditure can be reduced to offset reduced energy production [9]. Acute damage to respiratory function usually causes apoptotic or necrotic cell death due to membrane pump energy depletion. However, energy through substrate-level phosphorylation can gradually compensate for minor damage to OxPhos-derived energy over protracted periods. As tumors rarely occur following acute injury to respiration, considerable time is required for nonoxidative energy metabolism to displace OxPhos as the dominant energy generator in the cell.

It is important to recognize that prolonged reliance on substrate-level phosphorylation for energy production in previously normally respiring cells produces genome instability, disorder, and increased proliferation, that is, the hallmarks of cancer (32, [4345]). Entropy refers to the degree of disorder in systems and is the foundation of the second law of thermodynamics [1, 7]. Szent-Gyorgyi described cancer as a state of increased entropy, where randomness and disorder predominate [45]. Protracted OxPhos insufficiency coupled with persistent compensatory fermentation increases entropy. Cells that do not increase fermentation energy to compensate for insufficient OxPhos simply die off and never become neoplastic. Adaptation to fermentation allows a cell to bypass mitochondrial-induced senescence [20, 46]. Cancer arises in those cells that bypass mitochondrial-induced senescence.

4.3 ATP Production in Normal Cells and Tumor Cells

Warburg showed that the total energy production in quiescent kidney cells and liver cells was similar to that produced in proliferating ascites tumor cells (Table 4.2). Ascites tumor cells grow in the peritoneal cavity of mice. Warburg considered the ascites cancer cells a better preparation than tumor tissue slices, as the ascites cells are not contaminated with nonneoplastic stromal cells that are present to various degrees in the tumor tissue slices. Stromal cells are expected to have normal metabolism and might therefore dilute the magnitude of metabolic deficiency in the neoplastic cells of the tumor. This can be problematic as we found that stromal cells in the form of tumor-associated macrophages (TAMs) can contribute significantly to the total cell population of some tumors [47].

Table 4.2 Comparison of the Metabolic Quotients of Some Normal Body Cells with the Metabolic Quotients of Ascites Tumor Cells
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In contrast to many current studies of energy metabolism in cultured tumor cells, Warburg evaluated the ascites cells maintained in a medium, which was supplemented only with glucose and bicarbonate [32]. Later studies showed, however, that normal cell respiration dramatically increased in pure serum, whereas cancer cell respiration increased only slightly. The slight respiratory increase by the cancer cells most likely reflects the upper limits of their respiratory capacity. Under physiological conditions of pH and temperature, Warburg expressed his data on energy metabolism in the ascites cells as metabolic quotients (Q) [32, 48].

The [image: images] quotient reflected the amount of oxygen in cubic millimeters that 1 ml of tissue (dry weight) consumes per hour at 38°C with oxygen saturation. The [image: images] quotient reflected the amount of lactic acid produced under similar conditions in the “presence” of oxygen, whereas the [image: images] quotient reflected the amount of lactic acid produced under similar conditions in the “absence” of oxygen. On the basis of Warburg's calculations, 1 mol of O2 consumed yields approximately 7 mol of ATP, whereas 1 mol of lactic acid produced approximately 1 mol of ATP. Although these ATP values might not be completely accurate, they indicate that more energy is produced from the complete oxidation of glucose through OxPhos than from the partial oxidation of glucose through fermentation.

It is clear from an examination of Warburg's data that the metabolic quotient for total ATP production [image: images] is similar in respiring kidney and liver cells (a value of 106) and in the ascites tumor cells (a value of 109) (Table 4.2). However, more ATP is produced (over 50%) in association with lactic acid production than with oxygen consumption in the ascites cells than in the kidney or liver cells. The energy situation in the ascites cells is more similar to that in young embryos than to that in differentiated normal cells, in which significant energy is produced through fermentation. These findings indicate that the tumor cells differ from the normal cells in the origin of the energy produced rather than in the amount of energy produced. Updated numbers have 1 mol of O2 consumed yielding approximately 3–4 ATP (∼3.5) [35]. This is significant as Warburg's ascites cells were producing even less energy through OxPhos than he had originally assumed. Instead of the respiratory capacity yielding about 50% of the ATP, respiration was yielding only around 25%. I will later discuss how some of the oxygen consumed in tumor cells might not be used completely for OxPhos due to uncoupling.

The findings of Warburg are also consistent with the later studies of Donnelly and Scheffler who showed that the total ATP production is similar in respiration-deficient and in respiration-normal Chinese hamster fibroblasts [49]. The respiration deficiency in these cells involved a defect in the NADH-coenzyme Q reductase. This defect significantly reduces the TCA cycle function and oxygen consumption. Although energy production through glycolysis was high in both cell lines, more energy was obtained from glutamine metabolism in the wild-type cells than in the respiration-deficient cells. It appears that the mutant cells were unable to obtain much energy from glutamine. The high glycolysis in both cell types can be due, in part, to the effects of the culture environment, which alters the composition of lipids in the inner mitochondrial membrane [50]. Altered mitochondrial lipids reduce the efficiency of OxPhos, thus requiring increased energy production through substrate-level phosphorylation.

4.4 Energy Production Through Glucose Fermentation

Warburg was the first to describe in detail the dependence of cancer cells on glucose and glycolysis in order to maintain viability following irreversible respiratory damage [32, 48, 51]. He considered respiration and fermentation as the sole producers of energy within cells, and energy alone as the central issue of tumorigenesis. “We need to know no more of respiration and fermentation here than that they are energy-producing reactions and that they synthesize the energy-rich adenosine triphosphate, through which the energy of respiration and fermentation is then made available for life” [32].

Warburg considered fermentation as the formation of lactate from glucose in the absence of oxygen. This type of energy is also produced in mammalian embryos and in our muscles during strenuous exercise. Instead of entering the TCA cycle for complete oxidation, pyruvate is reduced to lactate when oxygen levels are low. Lactate fermentation generates NAD+ as an oxidizing agent for glycolysis (Fig. 4.7). The NAD+ can be used as an electron acceptor during the oxidation of dihydroxyacetone phosphate to 1,3-diphosphoglycerate, the reaction preceding the first substrate-level phosphorylation in glycolysis [52]. Failure to regenerate cytoplasmic NAD+ reduces energy through glycolysis, which could compromise cell viability in the absence of energy through OxPhos or TCA cycle, substrate-level phosphorylation.


Figure 4.7 Lactic acid fermentation. Pyruvate is the end product of glycolysis and serves as an electron acceptor for oxidizing NADH back to NAD+. The enzyme lactic acid dehydrogenase (LDH) reduces pyruvate to lactate. The NAD+ formed can then be reused to oxidize glucose during glycolysis, which yields two net molecules of ATP by substrate-level phosphorylation during fermentation. Lactate is the common waste product formed from fermentation in mammalian cells. Source: Modified from Campbell p. 91 [53]. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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Lactate is basically metabolic waste from the incomplete oxidation of glucose and must be removed from the microenvironment as quickly as possible. Waste management is not only a problem for societies and organisms but also for individual cells. Most lactate enters the blood stream where it is used to synthesize glucose in the liver through what is known as the Cori cycle, named after its discoverers Carl and Gerty Cori. Lactate is simply excreted into the medium in cultured cells that are grown in glucose. This usually changes the color of the pH indicator dye (phenol red) from red to yellow [54]. Once oxygen becomes available, glucose utilization and lactate production decreases due to the Pasteur effect, named after Louis Pasteur who first described the phenomenon.

The Pasteur effect is a common phenotype in facultative anaerobes such as yeasts and many bacteria. Facultative anaerobes ferment in the absence of O2, but can respire in its presence. A dependence on glucose with lactate production in the presence of oxygen later became known as the Warburg effect, which is essentially aerobic glucose fermentation or the continued production of lactic acid in the presence of O2.

Why would cancer cells continue to ferment glucose in the presence of O2? Warburg attributed the aerobic fermentation in tumor cells to respiratory damage or respiratory insufficiency. Tumor cells grown in the presence of O2 behave as if they were abnormal facultative anaerobes in continuing to ferment in the presence of O2. Some tumor cells might be considered to be obligate anaerobes if they die in the presence of oxygen. My view on this phenomenon is essentially the same as Warburg's view in that respiratory damage or insufficiency underlies the behavior of the tumor cells with respect to their energy metabolism in oxygen. Cancer cells continue to ferment glucose in the presence of O2 (aerobic glycolysis or the Warburg effect) because they cannot produce sufficient ATP through OxPhos for cellular homeostasis. The origin of the Warburg effect thus arises from damaged or insufficient respiration. I will present more evidence supporting this fact in Chapters 7 and 8 and describe in Chapters 9 and 10 how oncogene expression is needed to facilitate fermentation in response to OxPhos insufficiency.

If cancer cells could respire effectively, there would be no need for increased energy production through nonoxidative means. There are a number of concerns with the view that oncogenes upregulate fermentation in cancer cells with normal respiration. I will address these concerns in later chapters. It also appears that Warburg was unaware of possible mitochondrial amino acid fermentation in tumor cells. While O2 exposure of tumor cells can decrease lactate production to some extent, lactate production from glucose is generally higher in tumor cells than in their normal cellular counterparts. Mitochondrial amino acid fermentation provides a possible missing metabolic link in Warburg's theory. Mitochondrial amino acid fermentation obscures the boundaries between normal respiration and fermentation and can explain much of the controversy surrounding the Warburg theory. I will discuss this concept more in Chapter 8.

Lactate accumulates as an end product of glucose fermentation. If OxPhos were normal in cancer cells, then lactate production would decrease in the presence of O2, as pyruvate would be effectively oxidized through the TCA cycle and would no longer be available for the lactic acid dehydrogenase (LDH) reaction (Fig. 4.7). In contrast to normal cells, tumor cells continue to ferment glucose in the presence of oxygen. Cancer cells that rely more on glutamine than on glucose for energy production can produce ATP through nonoxidative processes in the mitochondria (Chapter 8). It is also important to recognize that glutamine metabolism increases ammonia in the extracellular environment. Ammonia can neutralize extracellular acidity from simultaneous glycolytic lactate production [18, 55]. Caution is therefore necessary in using pH as an indicator of lactate production especially in cancer cells that use glutamine as a major fuel. We prefer to measure lactate production directly rather than use indirect methods such as changes in pH.

Normal cells are exquisitely adaptable to balancing the energy demand with energy supply [9]. Tumor cells lose this ability due to mitochondrial damage or respiratory insufficiency. Aerobic fermentation (glycolysis) is considered to be the metabolic signature of cancer cells [56, 57]. This phenotype is the result of insufficient respiration. There are no known highly malignant cancers to my knowledge that can produce adequate levels of ATP for cellular homeostasis through normal aerobic respiration. While respiration is not completely gone in some low malignancy cancer cells, they nevertheless produce some lactate in oxygen implying an insufficient respiratory capacity [51].

Although many tumor cells have active TCA cycles and might appear to respire, in that they consume oxygen and produce CO2 and ATP in the mitochondria, I will present data showing that this is pseudo respiration in some cases. In other words, pseudo respiration has all the characteristics of respiration, but does not involve ATP synthesis through OxPhos. I propose that this apparent respiratory energy is derived from amino acid fermentation. Just as tumor cells ferment glucose in the presence of O2, some tumor cells also ferment glutamine and possibly other amino acids in the presence of elevated glucose and O2. Glucose and glutamine interact synergistically to drive tumor cell fermentation [58]. Fermentation is the bioenergetic signature of tumor cells. I will address this subject more in Chapter 8.

An increase in glucose utilization with corresponding lactate production becomes necessary for tumor cell viability following respiratory injury. Warburg clearly showed this in his experiments, as did Donnelly and Scheffler in their experiments [49]. Unlike most normal mammalian cells, which balance energy production to energy output, energy balance is dysregulated in cancer cells because they do not suppress ATP turnover under anoxia [9]. Rather, tumor cells seem to enhance ATP turnover under hypoxia [59].

There are few topics more hotly debated or more controversial in the cancer field than the role of respiration and the Warburg effect in tumor cell energy metabolism. Some investigators contend that respiration is normal in tumor cells despite having upregulated glycolysis [6062]. I consider this possibility unlikely and will address this subject more thoroughly in Chapters 5–8. The respiratory capacity of tumor cells could also depend on the levels of glucose and glutamine available to the cells. Respiration could be greater under lower than higher glucose conditions in some tumor cells especially if glutamine is also available.

Some investigators suggest that lactic acid can be directly used as a fuel for tumor cells or normal astrocytes in the brain [54]. This is somewhat controversial, however, as Allen and Attwell showed that lactate was unable to replace glucose as a metabolic fuel for brain cells under normoxia or hypoxia [63]. Lactate can, however, be metabolized to glucose through the Cori cycle, which can then be used to fuel tumor cell growth. The metabolism of lactate would require reversal of the lactate dehydrogenase complex to oxidize lactate to pyruvate. Although pyruvate might then enter the mitochondria, it is unlikely to be oxidized completely, especially if OxPhos is insufficient. Pyruvate could, however, be converted in the mitochondria to PEP through oxaloacetate (OAA), but it is not clear if ATP could be produced through this pathway. Moreover, this reaction would consume NAD+ needed for glycolysis. Reduction of pyruvate to lactate is needed to generate NAD+ for the 3-phospho-glyceraldehyde reaction that helps drive glycolysis (Fig. 4.7).

It is not clear to me how lactate could be used as a major energy substrate for tumor cells, which manifest diminished respiration. We found that lactate could not maintain viability of our highly metastatic VM-M3 mouse tumor cells when grown for 24 h in lactate alone without serum, glucose, or glutamine. However, either glucose or glutamine alone could maintain viability [64]. We do not exclude the possibility that lactate might be used as a fuel in combination with glutamine for some tumor cells, but further studies will be needed to confirm this in our metastatic cancer cells.

Mitochondrial membrane lipids are altered and energy production through OxPhos is compromised from simply growing dividing cells in culture [50] (Chapter 5). Unfortunately, many investigators fail to account for mitochondrial ATP production through amino acid fermentation and substrate-level phosphorylation in the mitochondria especially when high glucose levels are present. Consequently, monitoring extracellular pH as a marker for lactic acid production could be misleading especially if the cells are metabolizing glutamine and producing ammonia. Not all investigators consider this possibility in their evaluation of pH changes and energy metabolism in tumor cells. Hence, some confusion over the role of respiration in maintaining tumor cell viability might arise from measurements of oxygen consumption that is uncoupled to OxPhos and the failure to correlate extracellular pH with direct lactate content. It is also helpful to include nontransformed control cells and experimental designs where all energy substrates and metabolites are carefully monitored or accounted for.

4.5 Glutaminolysis with or without Lactate Production

The neutral amino acid glutamine is readily taken up into cells through simple uniport mechanisms [15, 18]. Glutamine can serve as a major source of metabolic fuel for generating ATP through TCA cycle, substrate-level phosphorylation when OxPhos is deficient [42, 44]. Glutamine is also anapleurotic in replenishing metabolites for the TCA cycle [59, 65]. We recently described how cancer cells could generate energy through mitochondrial fermentation and substrate-level phosphorylation in the TCA cycle using glutamine as a substrate [44, 58, 66] (Fig. 4.8). Glutamine is also a major energy fuel for cells of the immune system [67]. As myeloid cells can be the origin of many metastatic cancers following fusion hybridizations, glutamine becomes an important fuel for driving metastasis [66, 68] (Chapter 13). Indeed, targeting glutamine can significantly inhibit systemic metastasis as we have shown [69] (Chapter 17).


Figure 4.8 Proposed mechanism by which glutamine maintains viability in the VM-M3 cell line. Glutamine enters the TCA cycle as α-ketoglutarate, generating energy from substrate-level phosphorylation from the conversion of succinyl-CoA to succinate. Citrate from the TCA cycle is extruded from the mitochondria to the cytosol whereby it is converted to oxaloacetate (OAA) and acetyl-CoA. Acetyl-CoA is further used in fatty acid synthesis. OAA is converted to malate, which reenters the mitochondria. Once in the mitochondria, mitochondrial malic enzyme (ME) converts malate to pyruvate, which is further converted to acetyl-CoA. Acetyl-CoA can now reenter the TCA to allow for continued TCA cycling. Source: Reprinted with permission from Reference 64. To see this figure in color please go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.
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McKeehan has first described glutaminolysis as the process by which glutamine metabolism produces carbon dioxide, pyruvate, and lactate through oxidative pathways [70]. Under this scheme, malate would leave the mitochondria where it would be metabolized to pyruvate and then to lactate [70, 71]. McKeehan has not explained how malate would leave the mitochondria. Malate usually enters the mitochondria through the malate–aspartate shuttle, which is active in cancer cells (see below). Moreadith and Lehninger [15] were unable to support McKeehan's metabolic scheme in their analysis of five different tumor types. Their data indicate that malate does not leave the mitochondria, but is instead metabolized to OAA, which then serves as a substrate for aspartate synthesis through transamination (Fig. 4.9). Under certain metabolic conditions, malate can enter the mitochondria and serve as a substrate for mitochondrial malic enzyme (ME) for the synthesis of citrate (Fig. 4.8). In neither case does malate leave the mitochondria to serve as a substrate for pyruvate synthesis.


Figure 4.9 Proposed pathways of malate and glutamate oxidation in Ehrlich tumor mitochondria. (a) The pathway of glutamate oxidation in the absence of added malate in the medium. Glutamate (Glu) undergoes transamination with oxaloacetate (OAA) to yield aspartate (dashed line). In this case, malate oxidation occurs exclusively via malate dehydrogenase (MDH). (b) The pathways of glutamate and malate utilization when malate is also available in the medium. In this case, the malate derived from the medium is oxidized to pyruvate via malic enzyme (ME), whereas malate derived from glutamate is oxidized via malate dehydrogenase, in such a way that acetyl-coA and oxaloacetate are formed at equal rates en route to citrate (CIT). In this scheme, the glutamate amino group is transaminated to the pyruvate to form alanine. It is likely that both metabolic pathways are used to various extents in tumor cells. In neither pathway does malate leave the mitochondria. KG, α-ketoglutarate. Source: Reprinted with modification from Reference 15. See color insert.
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However, malate could leave the mitochondria through the little-known pyruvate malate shuttle, which is active in some cells [72]. In this scheme, pyruvate would enter the mitochondria for conversion to OAA through the pyruvate carboxylase reaction. The OAA in then converted to malate, which exits the mitochondria where it is converted back to pyruvate through the action of the cytoplasmic ME [72]. Significant nicotinamide adenine dinucleotide phosphate (NADPH) would be formed through this reaction for use in synthetic reactions in those cells with diminished activity of the pentose–phosphate pathway. The pyruvate formed through the cytoplasmic ME reaction would then reenter the mitochondria for another turn of the shuttle or for decarboxylation to acetyl-CoA and oxidation [72]. It is not clear if malate would exit mitochondria in tumor cells using this shuttle system since the pentose phosphate pathway is usually quite robust in most cancer cells [7376].

Several investigators find little lactate production from glutamine in tumor cells [15, 59, 77, 78]. We also found very little lactate production in our metastatic VM-M3 mouse tumor cells that were grown in glutamine alone (Fig. 4.10). However, lactate production was significantly greater in glucose and glutamine than in glucose alone. This illustrates the synergistic interaction between glucose and glutamine in driving fermentation energy metabolism in the VM-M3 tumor cells [58].


Figure 4.10 VM-M3 lactate production in the presence of both glucose and glutamine. VM-M3 cells were incubated in minimal (Dulbecco's Modified Eagle Medium) media containing both 25 mM glucose and 4 mM glutamine for 24 h. Media aliquots from each group were taken after 24 h. Lactate accumulation was determined using an enzymatic assay [64]. Incubation in glucose and glutamine resulted in a significant increase in lactate production relative to either metabolite alone. Values represent the mean ±95% CI of three independent samples per group. The asterisks indicate that the gluc+gln values differ significantly from the gluc or gln values at a p < 0.01. Source: Reprinted with permission from Reference 64.

[image: 4.10]

DeBerardinis and coworkers also found very little labeled lactate when glutamine alone was used as a metabolic substrate. However, these investigators found significant labeled lactate when labeled glucose and glutamine were used together as metabolic substrates in glioma cells [79]. Mazurek and colleagues [16, 17] suggest that glutamine carbons can be found in the lactate produced in some tumor cells. However, we found very little labeled lactate (<10%) in HeLa cells that were grown in unlabeled glucose and 14C-labeled glutamine using a direct biochemical measurement of lactate (Ta and Seyfried, unpublished findings). Our findings indicate that lactate is not a major end product of glutamine metabolism in HeLa cells.

These and other studies make it clear that the issue of lactate production from glutamine remains unsettled in tumor cells. It is therefore surprising to me that several recent reviews have accepted the McKeehan hypothesis, showing that malate leaves the mitochondria for eventual lactate production, without mentioning the published data not supporting this hypothesis, especially the reports of Lanks and Moreadith and Lehninger [71, 78, 8082].

Why is it important to know whether glutaminolysis is involved in cancer energy metabolism and whether glutamine carbons are found in lactate? This information can provide insight on the fate of tumor energy metabolites that can be used for energy and growth. Moreover, it will be important to determine if the metabolic changes in tumor cells are the cause or the consequence of the genetic changes that occur in the tumor cells. It is therefore important that we know the metabolic origin of lactate production in tumor cells.

4.6 Transamination Reactions

It is well documented that glutamine enters the mitochondria where it is rapidly metabolized to glutamate by mitochondrial glutaminase [18, 83]. Glutamate is then metabolized to α-ketoglutarate through either a transamination reactions with aspartate or alanine as products or through the action of glutamate dehydrogenase [15, 18, 65, 83]. In the glutamate dehydrogenase reaction, NH3 becomes a toxic by-product that must be eliminated. In the transamination reactions, on the other hand, OAA accepts the NH3 group to form either aspartate or alanine [15] (Fig. 4.11). Whether aspartate or alanine becomes the primary product of the transamination reaction depends upon the presence or absence of oxygen and malate, and whether or not respiration is sufficient or insufficient [15, 34, 84].


Figure 4.11 Transamination reactions. Source: Reprinted with permission from Cybille Mazurek (http://en.wikipedia.org/wiki/File:Glutaminolysisengl1.png). See color insert.
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I consider that the transamination reactions would predominate over the glutamate dehydrogenase reaction in tumor cell mitochondria since the guanosine triphosphate (GTP), and also the ATP, formed through TCA cycle, substrate-level phosphorylation could inhibit the glutamate dehydrogenase reaction, thus reducing its activity. My suggestion comes from the previous findings of Moreadith and Lehninger [15] who showed that glutamate oxidation in tumor cell mitochondria proceeds almost entirely through transamination either with OAA or pyruvate rather than through direct dehydrogenation via glutamate dehydrogenase. This observation was observed in five different types of tumor cells making the phenomenon relevant to many types of cancer cells.

The green tea polyphenol, Epigallocatechin gallate (EGCG), which inhibits the glutamate dehydrogenase, could be used to help determine if the α-ketoglutarate arises through the action of glutamate dehydrogenase or a transamination reaction [83]. Some of the aspartate formed through transamination could also be used for malate production in the cytosol. This will depend to a large extent on the activity of the malate aspartate shuttle (Fig. 4.11). The activity of the shuttle is correlated with the glycolytic activity, that is, the greater the glycolysis, the greater is the shuttle activity [11, 13, 17, 85]. I use some caution in my predictions, however, as the biochemical reactions can depend on multiple variables in the growth environment and with the type of tumor cells involved [17, 84].

4.7 TCA Cycle, Substrate-Level Phosphorylation

The α-ketoglutarate formed from glutamine enters the TCA cycle where it is decarboxylated and conjugated with coenzyme A to form succinyl-CoA (Fig. 4.6). The α-ketoglutarate dehydrogenase catalyzes this reaction with the formation of NADH and CO2. The Succinyl-CoA formed is then oxidized to succinate. A histidine residue in the enzyme becomes phosphorylated. It is during this reaction that the histidine phosphate is transferred from the enzyme itself (succinyl-CoA synthetase) to either GDP or ADP to form GTP or ATP [42, 86]. The transfer of the phosphate to either ADP or GDP is dependent on the tissue and the metabolic state [86]. Succinyl-CoA synthetase is capable of ATP production via substrate-level phosphorylation in the absence of oxygen [29] (Chapter 8). It is our view that this reaction can provide significant nonoxidative ATP synthesis in cells under hypoxia or hyperglycemia. We have recently suggested that mitochondrial glutamine fermentation and TCA cycle, substrate-level phosphorylation can maintain viability of a naturally metastatic cancer cell line [58, 66].

As NADH in the cytoplasm cannot directly enter the mitochondria due to impermeability and the lack of a mitochondrial membrane transporter, the malate–aspartate shuttle and the glycerol 3-phosphate shuttle are used to indirectly transport reducing equivalents from NADH in the cytoplasm to the mitochondria (Fig. 4.12). The malate–aspartate shuttle normally delivers reducing equivalents from NADH in the cytoplasm to complex I of the electron transport chain (ETC) [6]. Consequently, the NADH is used to reduce OAA to malate in the cytoplasm. The cytoplasmic malate enters the mitochondria through the malate–aspartate shuttle where it is oxidized to OAA with the production of NAD+. It is well documented that succinate is a major end product of anaerobic amino acid catabolism with alanine produced as a minor end product [2528, 34]. What is the origin of succinate under hypoxic conditions?


Figure 4.12 Malate–aspartate shuttle for the transport of cytoplasmic reducing equivalents across the inner membrane of mitochondria. Malate carries the reducing equivalents and is oxidized to oxaloacetate with the generation of NADH in the matrix. To complete the unidirectional cycle, oxaloacetate is transported out of the matrix as aspartate. Mal, malate; OAA, oxaloacetate; α-KG, α-ketoglutarate; Glu, glutamine; Asp, aspartate.
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Succinate can have at least two possible origins under hypoxia. First, succinate can arise from glutamine through the mitochondrial succinyl-CoA synthetase reaction in the TCA cycle (Fig. 4.6). This reaction would involve the pathway: glutamine → glutamate → α-ketoglutarate → succinyl − CoA → succinate. The ATP generated through this pathway is derived from substrate-level phosphorylation. ATP synthesis from substrate-level phosphorylation contributes significantly to mitochondrial energy in kidney, heart, and tissues of diving animals under hypoxia [25, 27, 28, 33, 34, 87]. As mentioned above, this pathway would end in either citrate or aspartate (Fig. 4.10). Succinate accumulation under hypoxia could occur through the fumarate reductase reaction involving the malate → fumarate → succinate pathway. Tomitsuka and colleagues [89] provide evidence that tumor cells express an active fumarate reductase reaction. I will show in Chapter 8 how this reaction compliments the α-ketoglutarate dehydrogenase reaction to drive mitochondrial glutamine fermentation and ATP synthesis through substrate-level phosphorylation.

4.8 Cholesterol Synthesis and Hypoxia

Cholesterol is a major membrane lipid that must be synthesized for cancer cells to grow. Cholesterol synthesis requires oxygen. Oxygen is required for the squalene monooxygenase reaction of cholesterol synthesis. We found that cultured metastatic VM-M3 tumor cells grow well with glucose and glutamine as the only metabolic fuels in normoxia without serum. These cells actively synthesize cholesterol from either glucose or glutamine. However, the cells die rapidly under hypoxia without added serum. It appears that serum is required for growth under hypoxia, but is not required for growth under normoxia. Serum contains, among many factors, high levels of cholesterol. We found that the VM-M3 cells obtain cholesterol directly from the serum under hypoxia. It is not necessary for the cells to synthesize cholesterol if they can get it free from the growth environment. Hence, the VM-M3 cells can grow in hypoxia as long as they have fermentable fuels and can obtain cholesterol from an external source.

4.9 Summary

All cells including tumor cells require a relatively constant level of usable ATP synthesis for maintaining viability. This appears to be a biological constant independent of cell origin or function. Energy metabolism in cancer cells differs markedly from that in normal cells. In contrast to normal cells, which generate most of their useable energy through OxPhos, cancer cells depend more heavily on fermentation reactions using nonoxidative, substrate-level phosphorylations for their ATP synthesis. These substrate-level phosphorylations occur through glycolysis in the cytoplasm and through succinyl-CoA synthetase in the mitochondria. Both glucose and glutamine can provide energy to cancer cells through substrate-level phosphorylation. Although tumor cell mitochondria might appear to respire, we refer to this as pseudo respiration since OxPhos is either reduced or absent altogether. Tumor cells can grow in hypoxia as long as they have fermentable fuels and access to extracellular cholesterol. Respiration is the bioenergetic signature of normal cells; fermentation is the bioenergetic signature of cancer cells. Fermentation drives cancer cells whether or not oxygen is present. Malignant cancer cells ferment more than they respire!
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Year  Number of new cases  Number of deaths per year  Number of deaths per day

1990 1,040,000 510,000 1397
1996" 1,359,150 554,740 1520
2002¢ 1,284,900 555,500 1522
2003¢ 1,334,100 556.500 1525
2004 1,368,030 563,700 1544
2005¢ 1,372,910 570.280 1562
2006 1,399,790 564,830 1547
2007¢ 1,444,920 559,650 1533
2008° 1,437,180 565,650 1549
2009 1,479,350 562,340 1541
2010 1,529,560 569,490 1560

The data show that the number of new cancer cases and deaths per year is increasing, while the
number of deaths per day has remained fairly constant from 1996 until 2010. The numbers clearly
indicate that the war on cancer is not going well. Indeed, the number of new cases, deaths per year,
and deaths per day for cancer in 2010 was greater than the number of total casualties (1,076,243, total
deaths (405,399), and deaths per day (416) suffered by all US military forces during the Second World
War (1941-1945; data from http:/fen.wikipedia.org/wiki/United_States_military_casualties_of_war).
What does this say about the leadership of those who are directing the war on cancer? The persistent
high number of cancer deaths per year is especially disheartening considering that the budget for the
National Cancer Institute (NCI) increased from $4.12 billion in 2002 to $5.10 billion in 2010. The
249% increase in the NCI budget is comparable to the 19% increase in new cancer cases.

"Data from Silverberg et al., hitp://caonline.amcancersoc.org/cgi/reprint/40/1/9.
"Data from Parker et al., hitp://caonline.amcancersoc.org/cgi/reprint/46/1/5.
9-10.11]

‘Data from Jamal et al. [4.
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Tumors Diet MVD Apoptotic index % Proliferation index % IGF-I (ng/ml) VEGF (pg/ml)
CT-2A AL 243+ 14 (5 3.7 404 (5) 7143 (5) 273 + 63 (12) 118 £ 17 (5)
DR 103 £ 3.1 (5) 8.1 % 1.2 (5) 6842 (5) 170 £ 29% (17) 80 £ 17% (5)
EPEN AL 7.7+ 2.4 (6) 3.4 409 (6) 48 +£3(3) 149 £ 19 (4) 86 + 19 (4)
DR 36+ 1.2 (5) 8.1+ 2.9t (5) 43+203) 77 + 445 (4) 94 + 43 (4)
US7-MG AL 510 £ 94 (7) 09 +0.1(3) 85+£5(3) 370 % 134 (5) 136 £ 22 (5)
DR 283 £33t (3) 37+ 185 (3) 65+ 5t (3) 158 = 25% (6) 100 & 8* (7)

Animals were fed either ad libitum (AL) or under DER (DR) as we described 31. All values are expressed as means + 95% confidence intervals. The details for
each measurement and statistics are described in 31. To determine microvessel density (MVD), we averaged Factor VIII-positive microvessels in three hot spot

areas of each tumor section per high-powered field. The TUNEL assay was used to determine Apopi

c index. The proliferating cell nuclear antigen (PCNA) was

used to determine Proliferation index. Numbers in parentheses represent the number of independent tumor tissue samples analyzed. Values from the DR group
differed from those of the AL group at P < 0.05* or at P < 0.01%, as determined by analysis of variance. Modified from Table 1 from Mukherjee et al. 31.





OEBPS/images/c17tnt003.jpg
Group (1) Liver Lung Kidney Spleen

control 19 100 100 47 68
DON 12 0* 0* 0* 50
DON + CR 11 0* 0* 0* 27

"The presence of metastasis was detected with bioluminescence imaging.

“The asterisk indicates that the DON or DON + CR group is significantly less than the control group
as caleulated by chi square analysis at the p < 0.01 level.





