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Simple Summary

For decades, scientists believed that cancer starts mainly because of gene mutations. However, what
if cancer doesn't always begin with bad genes? We explore another possibility, that cancer might
actually begin when cells lose their ability to make energy properly. When this happens, cells may
“panic” and switch on an ancient survival mode from the time we were single-celled organisms. In
this mode, cells start multiplying and moving, even if it is harmful in today’s human body. This
reaction, meant to help in emergencies like low oxygen or energy, can lead to the chaotic growth seen
in cancer. We suggest that this energy crisis might come before the gene mutations we usually blame,
making metabolic failure a key trigger of cancer. If this idea is right, new ways to treat or even prevent
cancer could be found by focusing not just on genes, but on how cells use energy.

Abstract

Carcinogenesis, while traditionally attributed to the accumulation of driver mutations in genes
regulating cell proliferation and apoptosis, may also be explored as a consequence of fundamental
metabolic reprogramming, an idea catalyzed by the Warburg effect, where cancer cells exhibit a
paradoxical preference for glycolysis over the far more efficient oxidative phosphorylation, thereby
implying that metabolic dysregulation may be a primary instigator of neoplastic transformation.
Proposing an alternative hypothesis, informed by both metabolic dysfunction and evolutionary
biology, it becomes apparent that a precipitous loss of cellular energy may stimulate an atavistic
response, an evolutionarily conserved remnant of ancestral survival mechanisms inherited from
unicellular organisms, wherein rapid proliferation and migration were triggered to enhance survival
in fluctuating environments, responses that in modern times lead to pathological angiogenesis and
unchecked cell growth, thereby bridging the gap between genetic and metabolic models of cancer.

Keywords: carcinogenesis; mutations; metabolic reprogramming; Warburg effect; oxidative
phosphorylation; atavistic response; cell migration; angiogenesis

1. Two Competing Models for Carcinogenesis

Genomic analyses of diverse cancers have identified recurrent "driver mutations" in genes
regulating cell proliferation, seemingly supporting the view that such mutations constitute initiating
events in oncogenesis [1-5]. This interpretation assumes a linear progression from genetic alteration
to malignant transformation. However, Otto Warburg, the noted German biochemist and Nobel
Laureate, through biochemical investigations observed that many cancers preferentially utilize the
pentose phosphate pathway over the tricarboxylic acid (TCA) cycle for energy production [6-16], a
metabolic shift now exploited in positron emission tomography (PET) imaging [17], in which
metastatic cancer is identified radiographically [17]. Warburg hypothesized that carcinogenesis
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originates primarily from metabolic dysfunction rather than mutations in proliferative pathways [9].
This long-standing dichotomy persists. Yet we propose a unifying framework that reconciles these
perspectives, integrating contemporary findings to inform novel directions in cancer research and
therapy while acknowledging the multifaceted nature of tumorigenesis [3]. We do not suggest that
all cancers arise in this manner, just that a significant number do [3,18]. Carcinogenesis is a complex,
many faceted processes [3]; we do not suggest otherwise.

Some genetic alterations are inferred to be initiating events in oncogenesis, leading to the
accumulation of subsequent mutations [1-5]. Their identification supposedly relies on comparative
genomic analyses across tumor samples to determine which mutations recur most frequently, with
the most prevalent alteration classified as the driver mutation [1-5]. However, if an initial metabolic
defect arises from multiple possible mutations, each inducing a similar metabolic disruption, the
assumption that malignant transformation occurs as a linear progression from genetic alteration may
be flawed [3]. Here, we hypothesize that this scenario underlies the observed discrepancies between
genetic and metabolic models of carcinogenesis.

2. An Alternate Hypothesis for Carcinogenesis

It may, at first glance, seem paradoxical that cells facing an abrupt loss of available energy would
respond by proliferating and migrating, both energy-intensive processes, yet this is precisely what
we propose (Figure 1). First, as a response to sudden energy depletion, unicellular precursors to
modern multicellular organisms react by rapid cell proliferation and migration, strategies designed
to generate progeny better equipped to thrive in the altered environment or to seek out more
hospitable surroundings [19].

In multicellular organisms, this ancient reflex, while potentially detrimental, was nonetheless
conserved if it served a critical function, most notably wound healing [20]. However, its expression
came under stringent regulatory control and underwent further evolution, including the induction
of vascular endothelial growth factor (VEGF) [20]. This response is generated or augmented by
adjacent cells undergoing this transformation, resulting in the copious production of lactate or its
metabolites, pyruvate, and purines [21].

In contemporary carcinogenesis, the process commences with a mutation in one or more genes
governing the TCA cycle enzymes or the mitochondrial electron transport chain [22]. The failure of
one of these enzymes often precipitates the failure of all. As a consequence of this enzymatic collapse,
oxidative phosphorylation and metabolism falter, leading to a precipitous decline in cellular energy
production. The affected cell can then derive a mere two energy units (ATP molecules) per glucose
molecule, a stark contrast to the thirty-six or thirty-eight ATPs typically generated. This metabolic
shift is accompanied by a marked increase in low-energy adenosine monophosphate (AMP) [23].

The "abrupt loss of energy" response is thereby reactivated. This process is accelerated by the
increased AMP levels activating AMP-activated protein kinase (AMPK) [23], triggering VEGF
production and cellular proliferation through a mechanism that may be somewhat "sloppy," leading
to the emergence of numerous mutant cells [20]. These cells simultaneously undergo migration, a
phenomenon recognized in tumor cells as invasion [24]. Sooner or later, these cells manifest nuclear
atypia, a defining characteristic of malignant cells and their precursors. These cancer cells
subsequently exhibit mutations in cell proliferation and control genes, beginning with mutations later
identified as "driver mutations" [25]. However, mutations in TCA cycle genes or mitochondrial
electron transport chain genes are less readily recognized as driver mutations, primarily because any
of a multitude of these genes may be mutated.

These mutations lead to the accumulation of oncometabolites resulting in epigenetic alterations
and a pseudohypoxic state that promotes tumorigenesis [26]. Beyond glucose metabolism, cancer
cells often exhibit alterations in amino acid metabolism, which are crucial for supporting rapid
proliferation and survival. Amino acids such as glutamine, arginine, tryptophan, asparagine, and
aspartate play significant roles in tumor growth and modulating the tumor microenvironment [27].
Interactions between amino acid metabolism and signaling molecules like VEGF and hypoxia-
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inducible factor 1-alpha (HIF-la) further influence tumor progression and angiogenesis.
Additionally, tumor-associated macrophages (TAMs) contribute to the immunosuppressive
microenvironment through metabolic reprogramming, including altered amino acid metabolism,
which supports tumor growth and metastasis.

Therefore, the collapse of the TCA cycle not only forces cells to rely on glycolysis but also drives
compensatory metabolic rewiring, notably involving amino acid pathways such as glutaminolysis
and asparagine metabolism. These pathways can replenish TCA intermediates (anaplerosis) and
sustain redox balance, allowing cells to partially mitigate energy deficits and maintain biosynthesis,
thus linking TCA failure directly to the upregulation of amino acid metabolism.
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Figure 1. summarizes our alternate hypothesis.

3. Manifestations of the Atavistic Reflex in Modern Multicellular Organisms

While we cannot fully reconstruct the environmental conditions of our unicellular ancestors, we
can identify remnants of their adaptive responses that persist in modern multicellular organisms [28].
We propose that certain physiological manifestations reflect an evolutionarily conserved "abrupt loss
of energy" reflex. Some of these responses may confer benefits, while others contribute to pathological
processes. One such example is the rapid mitochondrial dysfunction leading to an abrupt decline in
ATP production. This shift forces the cell to transition from oxidative phosphorylation to glycolysis,
resulting in lactate accumulation. Lactate is subsequently converted into pyruvate and alanine, a non-
essential amino acid. Fluctuations in these metabolites may trigger or amplify the "abrupt loss of
energy" reflex through distinct regulatory mechanisms, potentially influencing carcinogenic
processes.

Important players in this mechanism are HIFs, which are transcription factors that regulate
cellular responses to decreased oxygen availability. It has been recognized for many years that
hypoxia is a well-documented feature of various neoplasms, traditionally attributed to inadequate
vascularization [29]. However, HIFs also respond to pseudohypoxia; oxygen-independent activation
triggered by factors such as thiamine deficiency or mutations affecting TCA cycle enzymes or
mitochondrial oxygen transport genes [30]. Both hypoxia and pseudohypoxia rapidly impair
mitochondrial ATP production, potentially initiating this metabolic response [31].

In addition, AMP-activated protein kinase (AMPK) functions as a cellular energy sensor, and it
is activated under conditions of low ATP levels [32]. In specific contexts, AMPK activation can
facilitate cancer cell survival and proliferation under metabolic stress, highlighting its dual role in
carcinogenesis [32]. Indeed, AMPK activation promotes ATP production by increasing catabolism
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while decreasing anabolism [32]. This response serves to balance energy production and
consumption.

Moreover, glycolysis produces abundant lactate and its metabolites, pyruvate and alanine
[11,33]. These metabolites engage in a complex network of cellular signaling, including the
reinforcement of the abrupt loss of energy reflex, amplifying the ongoing metabolic response [34]. As
loss of muscle pyruvate dehydrogenase (PDH) demonstrates, this rapid increase in glycolysis and
subsequent accumulation of pyruvate and alanine contributes to severe lactic acidosis [34]. This, then,
becomes a self-perpetuating cycle, reminiscent of a runaway train, underscoring the significance of
these metabolites in modulating cellular responses to energy stress.

4. Manifestations of the Atavistic Reflex Beyond Cancer

Carcinogenesis, understood as the misfiring of an ancient survival mechanism, offers a unifying
explanation for the metabolic and genetic chaos that defines cancer [35]. Yet, this perspective, which
frames tumorigenesis as an evolutionary relic of ancestral survival mechanisms, may also extend
beyond the confines of cancer to encompass a spectrum of pathological conditions [35]. Indeed, the
atavistic loss-of-energy reflex, originally an adaptive response to hypoxia and metabolic stress,
appears to drive pathological proliferation in diverse diseases [35]. As will be explored below (Figure
2), this conserved mechanism enables cells to survive energy deprivation by initiating proliferation
and migration; however, in the complex environment of modern multicellular organisms, this reflex
can manifest in maladaptive ways, contributing to disease pathogenesis rather than promoting
survival [35]. It may be that certain physiological manifestations reflect an evolutionarily conserved
"abrupt loss of energy" reflex, with the balance between benefit and harm often determined by the
specific tissue context and the degree of regulatory control [35].

Numerous studies have noted that oxygen tension in healing wounds is significantly reduced
[35]. In this context, the proliferation and migration of fibroblasts to the wound site, a key step in
tissue repair, may be driven by the activation of this atavistic reflex [36]. Fibroblasts are essential for
the formation of granulation tissue [36]. They migrate into the wound area and deposit matrix de
novo, with migration and proliferation rate-limiting steps to repair wounds [37]. It may be that this
ancient survival response, vital for the survival of multicellular organisms, is necessarily preserved,
even if it carries the risk of dysregulation [38]. As such, therapies that restore mitochondrial function,
inhibit glycolysis, or modulate metabolic pathways could prevent the initiation or progression of
cancer [39—-41].

In lymphedema and elephantiasis nostra verrucosa, areas with compromised lymphatic
drainage and poor blood flow, and therefore reduced oxygenation, exhibit tissue hypertrophy [35].
As a result of this oxygen deficit, the skin undergoes massive hyperplasia, paradoxically increasing
the tissue's oxygen demand in an area already struggling with hypoxia [42]. The chronic, progressive
accumulation of protein-rich fluid within the interstitium and the fibro-adipose tissue exceeds the
capacity of the lymphatic system to transport the fluid [43]. This creates a vicious cycle, wherein the
initial insult of reduced blood flow triggers a proliferative response that ultimately exacerbates the
underlying oxygen deficiency [42].

Stasis dermatitis presents a seemingly contradictory picture. While blood flow in affected areas
is often increased, the permeability of blood vessels is markedly reduced, leading to decreased
oxygen tension in the tissues [44]. This reduced oxygenation triggers hyperplasia of the affected skin,
further compromising oxygen delivery, and, in some cases, leading to the more severe manifestation
of elephantiasis nostra verrucosa [35]. If left untreated, the condition can lead to more serious
conditions including venous ulcerations [44]. As such, specific oxygen dosing as a function of tissue
hypoxia is key to a successful outcome [45].

In decubitus ulcers, where sustained pressure deprives the skin of blood flow, tissue might die
over time. Examination of these lesions reveals that the surrounding skin often exhibits marked
hypertrophy, driven by increased cell proliferation [46]. This hypertrophic response, while perhaps
initially having the effect of protecting the underlying tissue, increases the oxygen demand in an area
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already suffering from severe ischemia, ultimately contributing to the formation of deep, necrotic
ulcers [46]. As a result, current research has suggested, decreasing pressure and keeping skin clean
can reduce these ulcers [46].

Actinic keratoses (AKs) are characterized by keratinocytes mutated by chronic sunlight exposure
[47]. These lesions carry the potential to evolve into squamous cell carcinoma, a distinctly malignant
entity [47]. Stressed in modern dermatopathology textbooks, AK keratinocytes, though not
themselves malignant, exhibit a tendency for affected epidermal cells to migrate into the underlying
dermis [48,49]. It may be that this migratory behavior, reminiscent of the invasive properties of cancer
cells, represents another manifestation of the atavistic loss-of-energy reflex, reactivated by the cellular
stress induced by UV radiation [47].

Although Age-related macular degeneration (AMD) is not a neoplastic condition, it exemplifies
how hypoxia-induced VEGF expression, often driven by underlying mitochondrial dysfunction and
energy deprivation, can result in pathological angiogenesis. This parallel reinforces our central
hypothesis, that the atavistic ‘loss-of-energy’ reflex, triggered by metabolic disruption and hypoxia,
may drive cellular behaviors such as proliferation and angiogenesis in various pathologies, including
but not limited to cancer. As a leading cause of vision loss in the elderly, AMD particularly highlights
this complex interplay [50]. The neovascular (wet) form of AMD involves abnormal blood vessel
growth in the retina, driven, in part, by hypoxia-induced expression of VEGF [51]. As noted in the
literature, VEGF promotes angiogenesis in the initial stage of choroidal neovascularization that
further leads to increased vascular permeability [51]. Evidence suggests that mitochondrial
dysfunction, specifically mitochondrial DNA damage and dysfunction in retinal pigment epithelial
cells, plays a key role in AMD [52]. This mitochondrial impairment leads to energy deficits and
oxidative stress, further contributing to disease progression [52]. Hypoxia in retinal cells leads to the
stabilization of HIFs, which, in turn, upregulate VEGF expression [51]. VEGF promotes angiogenesis,
increasing oxygen supply but also leading to pathological changes, a balance between benefit and
harm which is central to our hypothesis [51]. Indeed, anti-VEGF therapies have proven effective in
treating wet AMD, underscoring the role of hypoxia-induced metabolic changes in driving the
disease [51].

Proliferative diabetic retinopathy (PDR), a complication of advanced diabetes mellitus, provides
another compelling example [53]. In DM-associated PDR, restricted blood flow through small vessels
supplying oxygen to the retina leads to hypoxia [54]. This hypoxia, in turn, drives the proliferation
of non-light reactive cells, ultimately leading to blindness as these cells obscure the photoreceptors
[55]. It may be that hypoxia-driven pathways are involved, paralleling mechanisms observed in
cancer and AMD, reflecting the conserved nature of the cellular response to energy deprivation [35].

Finaly, in certain severe forms of glomerulonephritis, most notably crescentic
glomerulonephritis, a striking proliferation of parietal epithelial cells occurs along Bowman's capsule
[56]. This proliferation, which occupies Bowman's space, gives rise to cellular crescents that compress
the glomerular tuft, ultimately impairing kidney function [56], and often leads to end-stage kidney
disease [57].

In crescentic glomerulonephritis, inflammation leads to occlusion of capillaries and disruption
of normal blood flow. This results in a state of hypoxia and energy deprivation in glomerular cells,
particularly the parietal epithelial cells lining Bowman's capsule. The response to this deprivation
includes the upregulation of HIFs. It may well be that the hypoxic environment and energy scarcity
within the glomerulus activate an ancient, atavistic cellular reaction, prompting proliferation. In this
scenario, the parietal epithelial cells of Bowman's capsule respond to energy deprivation by
proliferating and migrating into the urinary space, forming crescents. In effect, this process mirrors
the proposed mechanism wherein cells, facing a sudden energetic crisis, revert to a more primitive
survival strategy, prioritizing proliferation and migration, even at the expense of normal function.

Support for this perspective comes from a variety of sources. The increased expression of HIF-
la and VEGEF in glomeruli affected by crescentic glomerulonephritis suggests the involvement of
hypoxia-driven pathways in these pathological changes. Moreover, studies indicating mitochondrial
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damage in glomerular cells during severe glomerulonephritis point to decreased ATP production
and increased reactive oxygen species (ROS) generation, thereby underscoring the role of metabolic
dysfunction in initiating cellular responses. Perhaps most compelling is the evidence that
experimental treatments designed to reduce hypoxia or inhibit HIFs and VEGF have shown promise
in ameliorating glomerular injury and proliferation in animal models [58,59]. Further investigation
of such interventions may prove invaluable.
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Figure 2. summarizes the manifestations of the atavistic reflex beyond cancer.

5. Metabolic Reprogramming in Cancer

It has become increasingly clear that cancer cells, in their relentless pursuit of unchecked
proliferation, exhibit a remarkable plasticity in their metabolic strategies. This metabolic
dysregulation is hallmarked by a markedly increased glucose uptake, coupled with what some might
term a rather profligate production of lactate, even when oxygen is readily available [60]. This
preference for anerobic glycolysis, a phenomenon often referred to as the Warburg effect, is not
merely an inefficient means of energy production; rather, it is a carefully orchestrated metabolic
reprogramming that serves the biosynthetic and energy requirements of rapidly dividing cancer cells
[61].

Emerging evidence suggests that mitochondrial dysfunction may play a more pivotal role in
cancer development than previously appreciated, potentially acting as an instigator of genomic
instability. Recent studies have illuminated that mitochondrial dysfunction can precede and, perhaps
more alarmingly, actively promote genetic mutations [62]. As it was demonstrated, defects in
mitochondrial respiration can unleash a torrent of ROS, those molecular wrecking balls that inflict
damage upon DNA and incite genomic instability [62]. This cascade of events raises the unsettling
possibility that mitochondrial dysfunction is not merely a consequence of cancer, but rather an
initiating event in carcinogenesis, a spark that ignites the inferno of uncontrolled cellular growth.

Metabolic alterations can trigger a cascade of epigenetic modifications that profoundly affect the
fate of a cell [63]. Fluctuations in the levels of key metabolic cofactors, such as NAD+, acetyl-CoA,
and a-ketoglutarate, can directly influence the activity of epigenetic enzymes, including sirtuins,
histone acetyltransferases, and DNA demethylases [64]. These epigenetic changes can either unleash
the oncogenic potential of proto-oncogenes or, conversely, silence the tumor suppressor genes,
thereby contributing to the initiation of cancer [63]. As others have noted, the interplay between
glucose metabolism and histone acetylation illustrates this point [64].

In cancer, HIFs are often found to be upregulated, not solely as a response to hypoxia within
tumors, but also as a consequence of mitochondrial dysfunction [65]. This aberrant activation of HIFs
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triggers an increased expression of VEGF and other factors that promote angiogenesis, glucose
metabolism, and cell survival, all of which contribute to the insidious growth and metastatic spread
of tumors [65]. These upregulated factors create an environment ripe for tumor progression.

Perhaps one of the most intriguing aspects of cancer metabolism is the phenomenon of
pseudohypoxia, a state in which cells behave as if they are starved of oxygen, even when oxygen is
readily available [66].

Mutations in key enzymes of the TCA cycle, such as succinate dehydrogenase (SDH) and
fumarate hydratase (FH), can lead to the accumulation of succinate and fumarate, respectively [66].
These oncometabolites, as they are sometimes called, inhibit prolyl hydroxylases, the very enzymes
that regulate HIF degradation, leading to HIF stabilization even under normoxic conditions [66].

The resulting aberrant activation of HIFs then promotes the very oncogenic pathways that fuel
the relentless growth and spread of cancer [66]. Therefore, several genes are upregulated, including
glycolysis (e.g., LDHA, GLUT1, PDK1), angiogenesis (VEGF), and survival pathways [67-69]. This
contributes to therapy resistance and tumor progression.

Some therapeutic approaches discussed in the literature include, direct HIF inhibition (e.g. PX-
478 inhibits HIF-1a deubiquitination. In addition, PT2385 and Belzutifan selectively antagonize HIF-
2a, disrupting dimerization and transcriptional activity) [70]. Another strategy includes targeting
metabolic enzymes (e.g. Dichloroacetate (DCA) inhibits PDK1, reversing glycolysis [71], IDH mutant
inhibitors (e.g., Enasidenib, Ivosidenib) decrease 2-hydroxyglutarate levels and restore PHD function
[72], LDH and monocarboxylate transporter (MCT) inhibitors impair lactate flux and reduce immune
suppression [73].

Although primarily developed for hypoxic tumors, these strategies also mitigate pseudohypoxia
by improving oxygen sensing and metabolism [68]. Given the metabolic plasticity of cancer cells,
monotherapy may lead to compensatory adaptations. Therefore, combination therapies targeting
HIFs, metabolic pathways, and the tumor microenvironment may enhance efficacy [74].
Additionally, the integration of these strategies with immunotherapy (e.g., immune checkpoint
inhibitors) may overcome immune evasion in pseudohypoxic tumors [75].

Mutations in mitochondrial DNA (mtDNA) are commonplace in the chaotic landscape of cancer
[76]. These mutations can wreak havoc on oxidative phosphorylation complexes, leading to a
dysfunction of the respiratory chain [76]. Somatic mtDNA mutations can affect the functions of
tRNAVal (T1659C), tRNAAla (G5650A), ND1 (G3842A), ND4 (11032delA, A11708G), ND5
(12418insA), COI (T6787C), COII (G7976A), and COIII (A9263G, G9267A) [76]. In the face of
mitochondrial dysfunction, cancer cells are compelled to rely on glycolysis for their survival [77].
This reliance on glycolysis, known as the Warburg effect, provides the metabolic intermediates
necessary for biosynthesis, the essential building blocks that fuel the rapid cell proliferation and
ensure survival under the harsh conditions that prevail within the tumor microenvironment [77].
Mitochondrial dysfunction often begets a surge in the production of ROS [78]. These ROS can inflict
damage upon DNA, proteins, and lipids, thereby contributing to genomic instability [78].

6. Additional Supporting Evidence: Stem Cells, Autophagy, and AMPK

Ito and Suda [79] have shown that hypoxic conditions and metabolic stress can maintain the
quiescence of hematopoietic stem cells, while shifts in metabolism can propel them toward
proliferation and differentiation. The dysregulation of these finely tuned processes can lead to the
uncontrolled proliferation of cells, as seen in leukemogenesis.

Autophagy has emerged as a key player in cancer metabolism [80]. Under conditions of
metabolic stress, autophagy can provide a lifeline to cells, supplying them with essential nutrients by
recycling cellular components [80]. However, this very same process, if dysregulated, can also
contribute to the initiation and progression of cancer, highlighting the multifaceted and often
paradoxical role of autophagy in the disease process [80]. An important addition to the autophagic
process would be its ability to provide a link to the tumor microenvironment [81].
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Adenosine monophosphate-activated protein kinase (AMPK) is activated when ATP levels
plummet, triggering a cascade of events aimed at restoring energy balance [82]. Activation of AMPK
can inhibit cell proliferation by modulating metabolic pathways, essentially putting the brakes on
uncontrolled growth [82]. However, it is important to consider that AMPK activation, in certain
contexts, can also promote cancer cell survival under metabolic stress, suggesting that its role in
carcinogenesis is far more complex than a simple good-versus-evil dichotomy [82].

7. Animal Models and Human Trials Targeting Metabolic Pathways

Animal models have provided compelling evidence linking metabolic dysfunction to cancer
[83]. For instance, it has been demonstrated that mice with mutations in the mitochondrial
polymerase gamma (POLG) gene, the very enzyme responsible for replicating mtDNA, accumulate
mtDNA mutations and exhibit increased tumor formation [78]. Although the majority of evidence
supports a role of mtDNA mutations in tumorigenesis and malignant progression, there is not a clear
connection between mtDNA mutations and tumorigenesis [83]. These findings underscore the notion
that tinkering with the delicate metabolic balance within cells can have profound consequences for
their propensity to develop into tumors.

The insights gleaned from preclinical studies have spurred a wave of clinical trials exploring
therapies that target cancer metabolism directly [84]. Inhibitors of isocitrate dehydrogenase (IDH)
mutations have shown promise in treating certain leukemias and gliomas, offering a glimpse of the
therapeutic potential of targeting cancer's metabolic underbelly [84]. Metformin, a drug known for
its ability to activate AMPK, is also under investigation for its anticancer properties, owing to its
multifaceted effects on cellular metabolism [82]. However, the success of these interventions is often
dependent on the patient population and specific type of cancer [84].

8. Implications for Cancer Research and Therapy

Framing carcinogenesis as a process initiated by metabolic dysfunction unlocks new avenues for
both the prevention and treatment of this insidious disease. As such, this reframing presents several
potential therapeutic targets. Therapies that restore mitochondrial function, inhibit glycolysis, or
modulate key metabolic pathways could disrupt the atavistic reflex, preventing the initiation or
progression of cancer [85]. As seen with dichloroacetate (DCA) and other such molecules, such agents
can significantly alter cellular homeostasis [85].

Targeting the epigenetic changes induced by metabolic alterations may offer a means of
reversing aberrant gene expression patterns, silencing oncogenes, and reactivating tumor suppressor
genes [86]. Reducing ROS levels, may minimize DNA damage and genomic instability, thereby
slowing the accumulation of mutations that drive cancer progression [87]. Integrating metabolic
inhibitors with traditional chemotherapy or targeted therapies could enhance treatment efficacy by
simultaneously attacking cancer cells from multiple angles.

However, although the atavistic reflex may represent a conserved response to metabolic stress,
its manifestation likely varies with the tissue type, genetic background, and degree of mitochondrial
dysfunction. This may explain why only certain metabolic drugs (e.g., IDH inhibitors, metformin)
show efficacy, highlighting the need for individualized metabolic profiling before therapy selection.

The atavistic reflex hypothesis may also inform biomarker development. Levels of HIF-1a,
VEGF, lactate, or AMPK activation could serve as proxies for energy stress and metabolic
reprogramming. In clinical settings, elevated expression of these markers could predict sensitivity to
therapies targeting glycolysis, angiogenesis, or mitochondrial function, providing a basis for
stratified treatment approaches.

9. Obesity, Sugary Food and Drink, and Cancer

Recent evidence has increasingly suggested that elevated serum glucose levels, as seen in obesity
and the overconsumption of sugary foods or beverages, may function as a key metabolic component
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predisposing individual to the development of cancer [88]. Indeed, this association has been observed
in at least twelve human internal cancers, comprising a staggering 40 percent of all internal human
cancers, results that have been further corroborated in animal models [89].

While the precise etiopathogenesis remains to be fully elucidated, we can envision several
potential mechanisms at play. Perhaps the most straightforward explanation is that elevated glucose
levels provide a rich and readily available fuel source for those glucose-hungry cancer cells,
accelerating their proliferation and fueling their relentless expansion [89]. It is also possible that the
loss of a Krebs cycle enzyme or a gene controlling mitochondrial electron transport could lead to a
more abrupt decrease in energy and trigger that aforementioned atavistic reflex [89].

10. Implications of These Findings for Disorders Other than Cancer

The metabolic responses proposed herein may also be relevant to understanding, and
therapeutic intervention, in other human or animal diseases. For instance, phocomelia, which is a
rare congenital anomaly characterized by the absence of intermediate segments of the extremity [90],
may respond to site-directed pyruvate injections, perhaps even delivered in utero [91]. Similarly, one
can envision a future in which we are able to regenerate organs damaged by disease or injury, thereby
obviating the need for the often-difficult and traumatic process of organ transplantation [90].

11. Addressing Counterarguments

It is certainly true that driver mutations in cell proliferation genes are frequently observed in
cancers, a point often raised by those skeptical of the primacy of metabolic dysfunction in
tumorigenesis. However, these mutations may well be secondary events, downstream consequences
of the initial metabolic dysregulation, rather than the primary instigators of cancer [92]. The sheer
diversity of mutations in metabolic genes, and the relatively small role of each mutation, makes them
less apparent in genomic studies that focus on recurrent mutations [92].

Skeptics might also point to the well-established metabolic flexibility exhibited by cancer cells,
their remarkable ability to adapt their energy production strategies based on the ever-changing
environmental conditions within the tumor microenvironment [93]. Yet, this metabolic shape-
shifting, aligns perfectly with our hypothesis. The initial metabolic dysfunction forces cells to adopt
alternative pathways, to scramble for energy and resources, thereby promoting their survival and,
ultimately, their proliferation. In other words, the plasticity itself is a consequence of the initial
metabolic insult. It should also be noted that hypotheses that rely on the proliferation of cellular
control genes do not account for the prevalence of the Warburg effect [86].

Conclusion

It seems increasingly likely that carcinogenesis often begins with subtle but significant metabolic
alterations, leading to energy scarcity, and triggering an evolutionarily conserved atavistic reflex that
drives proliferation and migration. Observations in a variety of medical conditions support the idea
that hypoxia induces cell proliferation. Integrating these findings, we propose that metabolic
dysregulation frequently precedes the genetic mutations in oncogenes and tumor suppressor genes
that are hallmarks of cancer.

This is not to say that genetics is not important, but rather, that genetics may often be the cart,
rather than the horse. Further research into mitochondrial function, metabolic pathways, hypoxia
responses, and their intricate roles in pathological cell proliferation is urgently warranted. Targeting
these pathways may offer novel and, hopefully, more effective strategies for cancer prevention and
therapy. If our hypothesis holds true, then cancer is not simply a matter of bad genes, but rather, a
metabolic misstep, a price we pay for the very evolutionary processes that have allowed us to flourish
and evolve.
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