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Abstract: While diet and nutrition are modifiable risk factors for many chronic and infectious diseases,
their role in cancer prevention and control remains under investigation. The lack of clarity of some
diet—cancer relationships reflects the ongoing debate about the relative contribution of genetic factors,
environmental exposures, and replicative errors in stem cell division as determinate drivers of
cancer risk. In addition, dietary guidance has often been based upon research assuming that the
effects of diet and nutrition on carcinogenesis would be uniform across populations and for various
tumor types arising in a specific organ, i.e., that one size fits all. Herein, we present a paradigm
for investigating precision dietary patterns that leverages the approaches that led to successful
small-molecule inhibitors in cancer treatment, namely understanding the pharmacokinetics and
pharmacodynamics of small molecules for targeting carcinogenic mechanisms. We challenge the
scientific community to refine the paradigm presented and to conduct proof-in-concept experiments
that integrate existing knowledge (drug development, natural products, and the food metabolome)
with developments in artificial intelligence to design and then test dietary patterns predicted to
elicit drug-like effects on target tissues for cancer prevention and control. We refer to this precision
approach as dietary oncopharmacognosy and envision it as the crosswalk between the currently
defined fields of precision oncology and precision nutrition with the goal of reducing cancer deaths.

Keywords: precision oncology; precision nutrition; bioactive food components; cancer prevention
and control; diet and nutrition; dietary oncopharmacognosy; pharmacology; natural products

1. Introduction

Given the impact of diet and nutrition on many chronic and infectious disease pro-
cesses, an expectation has existed for decades that similar effects would be observed for
cancer [1,2]. Yet, despite a global effort to identify those linkages, the literature supporting
diet’s role in cancer development and progression has inconsistencies [3-5]. In addressing
this conundrum, one recent Nature perspective calls for higher quality research in this
arena [6]. This is undoubtedly needed. Similar to the World Health Organization’s ap-
proach to addressing the relationship between obesity and cancer [7], the area of diet and
nutrition in cancer requires a bottom-up (mechanistic) as well as a top-down (population
to clinical studies) process to reframe key questions and identify high probability causal
relationships at the interface of precision oncology and precision nutrition that can be
translated to precision public health. Despite small-molecule inhibitor pharmaceuticals
becoming a mainstay of cancer treatment, the paradigm has failed to seize the opportunity
to leverage culinary medicine and exposure to food-derived small molecules to improve
patient outcomes. Herein, we re-introduce two concepts from the mid-1970s: (1) targeting
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the entire process of carcinogenesis for treatment and (2) suppressing, inhibiting, and re-
versing any phase of the disease process from the generation of a cancer-initiated stem cell
to cancer specific death after a cancer diagnosis [8,9]. The success of targeted treatment with
small-molecule inhibitors of protein kinases, apoptosis evasion, immune suppression, and
angiogenesis induction in reducing cancer deaths provides a framework for re-examining
the role of diet and nutrition in cancer prevention. We leverage the pioneering science that
identified the origins of cancer driving mutations and emerging hallmarks of cancer to
identify targets for precision nutrition: (1) the protein products of the genetic drivers of
carcinogenesis [10-13] and (2) tissue-specific effects on the carcinogenic potential of cells
bearing driver mutations within that tissue, i.e., “field effects” [14-16]. This review will
focus on the potential effects of diet and nutrition on drivers of carcinogenesis.

2. Definitions

In addition to re-introducing the purpose of treating carcinogenesis as the prevention
of death from cancer, definitions of precision public health, precision medicine, precision
oncology, and precision nutrition, and subdisciplines therein, are important to delineate.
At their core, several overarching themes distinguish precision approaches in each of
these disciplines from their conventional counterparts. Two of those themes are (1) that
one size does not fit all, and (2) that genetic analyses and those of other omics platforms
and behavioral assessment paradigms are used to predict and triage populations and
individuals into plans of action that are most likely to work for them.

Precision medicine is an approach to disease treatment and prevention that considers in-
dividual variability in genes, environment, and lifestyle for each person [17]. This approach
allows physicians to predict more accurately which prevention and treatment strategies for
a particular disease will work in specific groups of people. It is in contrast to a one-size-
fits-all approach, in which disease prevention and treatment strategies are developed for
the average person (i.e., population-based health guidance), with less consideration for the
differences among individuals.

Precision public health is defined as the use of data and evidence to tailor interventions
to the characteristics of a single population [18]. It differs from precision medicine in terms
of its focus on populations and limited use of human genomics data, although this is
changing as progress is made in molecular epidemiology.

Precision oncology is defined as cancer diagnosis, prognosis, prevention and/or treat-
ment tailored specifically to the individual patient based on the patient’s genetic and/or
molecular profile [19]. Exemplar approaches include targeted immunotherapy and
mechanism-based therapies targeting specific cellular signaling pathways.

Oncopharmacology is the development and testing of drugs and their interactions with
cancer cells [20].

Precision nutrition is an approach to developing comprehensive and dynamic nutri-
tional recommendations based on individual variables, including genetics, microbiome,
metabolic profile, health status, physical activity, dietary pattern, food environment, and
socioeconomic and psychosocial characteristics [21]. In some respects, precision nutrition
can be considered a subdiscipline of precision public health.

Precision onconutrition is the use of specific nutrients and dietary factors to enhance
cancer treatment efficacy and to improve the prognosis for long-term survival. Precision
onconutrition requires integration of an understanding of nutrient metabolism with knowl-
edge of the signaling pathways characteristic of each molecular subtype of cancer which
can be targeted to improve treatment and control efficacies [22].

Dietary oncopharmacognosy, as defined herein, identifies bioactive small molecules
derived from dietary/food patterns (i.e., the collection of foods regularly consumed in a
population) with cancer-relevant effects. The collection of bioactive small molecules linked
to specific dietary patterns is either directly assimilated by the host during the process of
food digestion or metabolized /modified by the microorganisms in the gut and thereafter
exerts local and systemic effects.
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3. The Top-Down Approach: Dietary Patterns

Under the backdrop that single nutrients are linked to single diseases or deficiency
syndromes, e.g., vitamin C and scurvy, vitamin D and rickets, expectations were high that
cancer could be prevented by a similar single nutrient paradigm as reflected by the content
of one of the first comprehensive reviews of the topic in 1982 [23]. However, 50 years of
investigation have generally failed to affirm these expectations [24]. In fact, the last fifteen
years have witnessed an important airing of concern that diet and nutrition may not signifi-
cantly impact the carcinogenic process based on the reductionist approach exemplified by
single nutrient-based hypothesis testing [25-28], and in some specific cases, this approach
could be harmful, e.g., vitamin A and lung cancer in smokers [29]. However, over the past
decade, the single nutrient reductionist approach has been supplanted with a focus on
how foods are typically consumed, i.e., dietary/food patterns, and with the analysis of
cancer risk and cancer mortality when various dietary patterns are consumed [30-32]. This
is based on the recognition that (1) individuals consume foods rather than only nutrients,
(2) each food is composed of hundreds to thousands of chemicals (phytochemicals if the
foods are of plant origin), many of which have bioactivity (bioactive food components),
and (3) that foods eaten throughout a day can have synergistic, antagonistic, or agnostic
actions that collectively may exert effects on the carcinogenic process.

The movement in the field from single nutrients to dietary/food patterns to under-
stand the mechanistic links between diet and cancer is significant, but most studies use host
systemic markers, e.g., circulating biomarkers, such as C-reactive protein for inflammation,
insulin and C-peptide for insulin resistance, rather than tissue-specific markers to infer can-
didate mechanisms [33]. This approach may be too non-specific and lack sensitivity of the
magnitude that has led to clinically effective mechanism-based small-molecule inhibitors
used in cancer treatment. These well-tolerated, small-molecule pharmaceutical inhibitors
that focus on specific dysregulated cellular targets have shown success with limited or no
effects on host systemic biomarkers [34-36]. Yet, a food-derived bioactive-small-molecule
approach to cancer prevention and control is lacking. A translational (i.e., both bottom-up
and top-down) approach coupled with an understanding of food from a natural prod-
ucts/drug development perspective has the potential to unveil culinary medicine dietary
approaches that elicit drug-like effects on target tissues for cancer prevention and control in
specific populations. In making this statement, we emphasize that we are not proposing to
make drugs from food molecules but rather are recommending the formulation of precision
diets that have effects parallel to targeted therapies and that complement those treatment
approaches when they are initiated.

4. Bottom-Up: Natural Products from Food

A simple definition of “natural product” is any molecule produced by a living or-
ganism [37]. While the data are limited, recent large meta-analyses indicate that some
natural products of animal origin enhance cancer development [38]. In contrast, natural
products in foods of plant origin commonly consumed in the diet have a greater propensity
for inhibiting the carcinogenic process [39]. Since the focus of this narrative review is on
the prevention and control of cancer, we will focus on foods that originate from plants,
recognizing that a reduction in animal product consumption could also be protective.

Plants synthesize chemicals (therefore referred to as phytochemicals) that are structural
or involved in metabolic processes such as reproduction, cellular defense, and cell signal-
ing within a plant and among plants [40,41]. Generally, phytochemicals are categorized
as either primary or secondary metabolites. Primary metabolites include carbohydrates,
fats, proteins, and nucleic acids. Plant secondary metabolites can be classified into four
major classes: terpenoids, phenolic compounds, alkaloids, and sulfur-containing com-
pounds. They have low molecular weight (<1500 dalton) and are estimated to include over
10,000 distinct chemicals [40,41]. Primary metabolites are a source of macronutrients for
humans, and secondary metabolites are a source of micronutrients (vitamins and minerals)
and bioactive food components.
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5. From Food Patterns and Their Bioactive Food Components to Precision Oncology

Oncopharmacology is the developing and testing drugs and their interactions with
cancer cells [22]. Analogously, pharmacognosy in oncology (which we term dietary oncophar-
macognosy) identifies bioactive small molecules derived from dietary/food patterns, i.e., the
collection of foods and beverages regularly consumed in a population, with cancer-relevant
effects. The collection of bioactive small molecules linked to specific dietary patterns is
either directly assimilated by the host during the process of food digestion or metabo-
lized /modified by the microorganisms in the gut and thereafter exerts local and systemic
effects [42,43]. Integration of pharmacognosy with dietary pattern research gives a novel
perspective when juxtaposed with an increasing portfolio of clinically effective drugs that
are proven small-molecule inhibitors of various aspects of the carcinogenic process [44].
In fact, many of the drugs currently in use have their origins in natural products research,
albeit the natural analogs have lower target specificity and affinity. Of particular interest are
small-molecule inhibitors of specific types of protein kinases that are dysregulated through-
out the carcinogenic process and that vary by cancer type, as well as small molecules
that permit reactivation of apoptosis, block angiogenesis, or inhibit the misregulation of
immune checkpoints [34,45,46]. In the clinical and public health space, food pharmacies are
an emerging model designed to improve access to healthful foods using food prescriptions
with the goal of preventing and managing disease [47]. Food pharmacies are a potential
future avenue for disseminating dietary prescriptions (healthful groceries and/or medi-
cally tailored meals, MTM) designed to target carcinogenic processes with food-derived
bioactive molecules [48]. To our knowledge, there has not been a systematic interrogation
of the bioactive food component repertoire, which is also referred to as the food metabolome,
provided via the regular consumption of a precision food pattern that targets multiple
facets of cancer hallmark events. It is anticipated that an effective chemical array will delay,
inhibit, or reverse cancer initiation, promotion, or progression in a manner that reduces
cancer deaths.

6. A Mechanistic Foundation

As noted in the Introduction section, a key distinction of the approach described herein
is that it is based on demonstrated clinical efficacy in the use of small-molecule inhibitors
in cancer treatment [49-51]. This explains a predominant focus on inhibitors of protein
kinases [44,52,53]. However, other critical, dysregulated cellular processes involved in
carcinogenesis are being effectively targeted in cancer treatment, although the number of
small-molecule drugs in clinical use is less extensive. What is key for protein kinases and
for inhibitors directed at apoptosis, angiogenesis, and immune checkpoint regulation is that
misregulation of these processes is stoichiometric, i.e., determined by quantitative balance
that exists relative to positive and negative regulators of the process [54]. An effective
small-molecule inhibitor shifts the balance toward normal cellular function in each case.
Emerging evidence that many targets have effects across multiple cellular processes will
provide a basis for delineating synergistic effects.

6.1. Protein Kinases

The signature feature of cancer initiation, i.e., the occurrence of a driver mutation in a
cell, is that it confers a selective growth advantage on that cell that results in an expanding
clone of mutated cells [10,15,55-57]. In stating that a selective growth advantage occurs, it
simply means that the rate of cell birth exceeds the rate of cell death. It is estimated that
the magnitude of this disequilibrium is 0.06%, i.e., six excess births for every ten thousand
cell divisions, sufficient to give rise to a clinically detectable tumor over the 15- to 20-year
latency period associated with the development of cancer [58]. The occurrence of driver
mutations of environmental or replicative origin is considered a stochastic process; however,
most evidence points to the need for multiple driver mutations for a transformed cell to
become a clinically detectable cancer [59,60]. Cancer results from mutations in various
combinations in the genes that control three core functions (i.e., proliferation, apoptosis, and
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angiogenesis) via 12 signaling pathways. Driver mutation genes are generally broken into
two categories: oncogenes and tumor suppressor genes that produce proteins with different
activity [15,55,56]. Most proto-oncogenes code for protein kinases, and the mutation of the
gene converts the proto-oncogene into a driver mutation gene resulting in a constitutively
hyperactive protein. The amount of hyperactive protein in the cell must exceed some
threshold for the cell to manifest an altered, neoplastic phenotype [61]. This is the origin of
stoichiometry for cancer prevention and control. Based on this knowledge, specific inhibitors
can target specific oncogenic protein kinases, with demonstrated clinical efficacy in slowing
cancer progression and even in eliminating cancer cells. More broadly, the level of activity
can also be controlled by inducing protein degradation or epigenetic regulation of gene
expression. However, many of the driver genes are tumor suppressors, where mutation
results in loss of function [55]. Initially, it was thought that defects in protein expression
of this type could not be targeted. However, with continued progress in understanding
downstream events usually regulated by tumor suppressors, it has been demonstrated that
loss of this function results in the hyperactivation of protein kinases. As discussed above,
these protein kinases are druggable targets [44,62,63].

These considerations have important implications for developing a mechanism-based
understanding of how an effective precision dietary pattern could inhibit the development
of cancer. Specifically, in considering dietary oncopharmacognosy, it provides a specific
set of target kinases that dietary bioactive food components inhibit, which provides a
basis for pharmacodynamic modeling. In combination with pharmacokinetic modeling of
phytochemical mixtures, whole body PK/PD will identify not only the basis of protective
activity of specific dietary patterns but also provide the understanding of the interchange-
ability of foods within a dietary pattern and the number of foods and the frequency of
consumption required to suppress the oncogenic activity of various kinases sustainably.
Moreover, a basis is provided for understanding the multiplicative and synergistic effects
rendered by a dietary pattern relative to its individual components based on the pattern of
protein kinases that are inhibited as well as whether the dietary inhibitors preferentially
target kinases in specific pathways in which driver mutations are known to occur. Finally,
while the specificity of kinase inhibitors is critical in cancer treatment [62], the likely lower
specificity of dietary chemicals may increase the power of diet to affect multiple loci during
the development of cancer. This would effectively suppress the disease process by reducing
the accumulation of oncogenic protein activity such that the critical intracellular threshold
is never reached.

There has been extensive mining of natural product resources for novel protein kinase
inhibitors using kinome inhibition assays [44,64]. This provides a crosswalk to the foods
comprising a dietary pattern through the lens of their botanical classification. Specifically,
we have proposed that the chemical diversity of a food pattern can be predicted by un-
derstanding the botanical origin of those foods [65]. More recently, we have used the
same botanical approach to illustrate that small-molecule inhibitors, e.g., protein kinase
inhibitors, are found in the same botanical families from which human foods are derived
and that the nature of the protein kinases inhibited varies by botanical family [66]. At
this juncture, we are unaware of the use of this approach either in assessing the activity
of effective dietary patterns or as the rationale for formulating precision dietary patterns
based on their demonstrated activity in inhibiting oncogenic protein kinases.

6.2. Apoptosis

One of the hallmarks of human cancers is the intrinsic or acquired resistance to apop-
tosis [15,55,56]. Whether a cellular response to ensure the cell’s survival upon exposure to
stressful stimuli or a consequence of oncogenic protein kinase transformation, apoptosis re-
sistance contributes to carcinogenesis, tumor progression, and treatment resistance. Relative
to refractoriness to treatment, most current anti-cancer therapies, including chemotherapy
as well as radio- and immunotherapies, primarily act by activating cell death pathways,
including apoptosis, in cancer cells. Examples of targeting both the intrinsic (inhibitors
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of BCL2, MCL, and IAP/survivin) and extrinsic pathways (death receptor agonists) that
regulate apoptosis have been published, and natural products that modulate apoptosis
have recently been reviewed [67,68]. A specific paradigm-shifting example is the use of
venetaclax, a small molecule BH3 mimetic, as a sole therapy for the treatment of chronic
lymphocytic leukemia or in combination with a small-molecule inhibitor of Bruton’s kinase,
ibrutinib or acalabrtinib, which have rendered conventional chemotherapeutic and im-
munotherapeutic approaches to being second tier approaches [69]. A key for defining the
crosswalk from precision oncology targeting apoptosis to precision defined dietary/food
patterns will be clearly delineating which regulatory node of apoptosis is misregulated
in the specific molecular subtype of cancer that is being targeted. Targeting apoptosis is
attractive because of the power of this process in reducing tumor burden [70]. This fact is
evidenced in the use of a reduced dose of venetaclax at treatment initiation to ameliorate the
risk of tumor lysis syndrome, i.e., a condition that can occur after treatment of fast-growing
cancer, especially certain leukemias and lymphomas [71]. As tumor cells die, they break
apart and release their contents into the blood. This causes a change in certain chemicals in
the blood, which may cause damage to organs, including the kidneys, heart, and liver.

6.3. Angiogenesis

Angiogenesis is an essential process in the formation and development of tissues [72].
In the course of normal development, the arrangement of blood vessels becomes fixed,
and angiogenesis is switched off. In adults, angiogenesis is only switched on during
physiological processes such as wound healing or menstruation, and then only transiently,
and it is regulated extremely carefully [72]. In contrast, cancer cells have angiogenesis
constitutively switched on [73]. Many experiments have shown that proteins that block
the action of key angiogenesis effectors, e.g., vascular endothelial growth factor (VEGEF),
are able to impair the growth of tumors; and this is now being exploited in the clinic [74].
Avastin was the first commercially available angiogenesis inhibitor: it binds directly to
VEGF and prevents it from binding to the VEGF receptor [75]. Other recognized examples
are endostatin, angiostatin, and thrombospondin-1 [76]. Small-molecule drugs that inhibit
VEGEF are in clinical trials, notably sorafenib, axitinib, and pazopanib [77]. The literature
indicating that some common components of human diets also act as mild angiogenesis
inhibitors exists as well [78-80]. Examples include foods in the botanical family Fabaceae
(peas, beans, legumes), berries, green tea bioactives, and fungi, such as mushrooms.

6.4. Immune Checkpoints

Tumors evolve to avoid immune attacks. The tumor microenvironment is immuno-
suppressive [81]. PD-1, PD-L1, and CTLA-4 are the three most popular immune targets [82].
PD-1 is a member of the CD28 family and is an inhibitory receptor expressed on activated
T cells, B cells, macrophages, regulatory T cells (Tregs), and natural killer (NK) cells. It
has two binding ligands PD-L1 and PD-L2 expressed on normal cells. The combination
of PD-1 with either of the ligands can inhibit T cell activity and induce T cell tolerance.
Immunotherapy aims to inhibit the activity of these immune checkpoint blockers. Im-
munotherapy drugs called immune checkpoint inhibitors work by blocking checkpoint
proteins from binding with their partner proteins [83]. They prevent the “off” signal from
being sent, allowing the T cells to kill cancer cells. One such drug acts against a check-
point protein called CTLA-4. So far, the six approved ICIs include (1) PD-1 inhibitors,
such as pembrolizumab, nivolumab, and cemiplimab; (2) anti-PD-L1 inhibitors, including
atezolizumab, and durvalumab; and (3) ipilimumab, an anti-CTLA-4 inhibitor (66). ICIs
are the standard for the treatment of metastatic and unresectable, stage 3 non-small cell
lung cancer.

The most significant benefit of immune checkpoint inhibitor therapy is to use the
immune function to destroy tumors. The field initially focused on the development of
antibodies to inactivate these molecular inhibitors of immunity, but the approach is ex-
pensive and associated with significant side effects. Consequently, the focus is shifting to
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small-molecule inhibitors of these proteins that are orally administered and can penetrate
cell membranes to act in cells [84]. CA170 was the first to obtain a new drug research
application for small-molecule immune checkpoint inhibitors [85]. CA-170 is the only
small-molecule modulator that can be taken orally for PD-1 and VISTA pathways and is
an immune activation negative checkpoint modulator. It is under clinical investigation
(ClinicalTrials.gov, Identifier: NCT02812875, accessed on 1 February 2023). This is a rapidly
emerging area because of the transformative nature of activation of the tumoricidal activity
of the immune system at all stages of the carcinogenic process. The immunomodulatory
potential of natural products used in herbal medicine has recently been reviewed [45].

7. Developing the Cross Walk between Precision Oncology and Precision Nutrition

Food-derived natural products, as defined above, provide a communications portal be-
tween precision oncology and nutrition, a hybrid approach that we now define as dietary on-
copharmacognosy. Three well-developed and rapidly expanding resources will facilitate the
effort to formulate precision dietary patterns: (1) natural products databases in the science
of pharmacognosy (reviewed in [86]), (2) small-molecule drug development databases in
which both successful and failed structural data reside [87], and (3) metabolomic databases
of food components, also referred to as foodomics and often cataloged as part of the human
exposome [88]. These resources, in combination with artificial intelligence-driven in silico
experiments, can be used to define the first generation of precision-defined dietary/food
patterns for clinical evaluation in Phase I trials. An approach similar to this was recently
described to construct a food map with the anti-cancer potential of each ingredient defined
by the number of cancer-beating molecules that the food contained [89].

8. Next Steps

The conceptual framework outlined herein is shown in Figure 1. It must be subjected to
critical proof-in-principle experimentation. In setting the stage for that work, we consider it
irrefutable that transformative changes in cancer treatment have occurred due to the use of
small-molecule inhibitors that target specific protein kinases and specific facets of apoptosis,
angiogenesis, and immune checkpoint regulation [34,45,46]. In many cases, small-molecule
inhibitors have replaced chemotherapy as the preferred treatment option [35,51]. Another
aspect of the proposed framework that we consider beyond reproach is that the goal
of prevention strategies, since the launch of the field of chemoprevention, is to reduce
deaths from cancer by treating all stages of the carcinogenic process, not only the clinically
detectable stage. More specifically, dietary pharmacognosy is designed not only to work
hand-in-glove with cancer treatments that attack existing cancer cells but also to prevent
malignant transformation and intercept undetected clones of neoplastic cells, i.e., the entire
cancer continuum.

We judge that interest in the field of chemoprevention waned, because the early
compounds tested lacked specificity, as did the molecular determinants that they were
intended to target, particularly in comparison to the small molecules and their intended
targets that are being evaluated today. Accordingly, rather than concluding that the concept
of chemoprevention was a failure, we argue that the twenty-first-century successes in
the use of small-molecule inhibitors in cancer treatment to reduce deaths from cancer
demonstrate that chemoprevention works.

We make this point to argue that the same perceptions exist for current efforts to
identify anti-oncogenic dietary/food patterns. It is also recognized that there will be a
concern that bioactive chemicals in foods will lack the target specificity or affinity for the
target in comparison to drugs in clinical use. There is no doubt that this argument is true.
However, it is also important to recognize that many first-generation drugs are also less
specific and of lower affinity than their second- and third-generation successors, and that
the drug development efforts have sometimes argued that this is a benefit relative to the
development of drug resistance [62,90]. In many respects, this concern can be reduced
to stoichiometry between pro- and anti-cancer effector molecules with an assessment of
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whether the effects of precision food patterns are sufficient to delay death from cancer such
that other disease process account for mortality. In view of these opportunities and in order
to overcome recognized obstacles, we propose a series of the following steps.

Targeted Carcinogenic Processes ° Precision Dietary Pattern

Angiogenesis

@

Apoptosis

Environmental
Factors

Replicative

Immune

Checkpoints %

+0

Treat
Carcinogenesis

Systemic

@ Protein Carcinogenic process-specific
Kinases phytochemical inhibitors

Al-informed

selection

Inherited
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Cancer type-specific : ﬁ :' e
| |
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Pharmacognosy ) § Chemotaxonomy
-m L B am
Drug o . ww Food
Development Natural Products Metabolomics
Database Database Database

Figure 1. Dietary oncopharmacognosy. The figure emphasizes the intricate connection between
the features of the carcinogenic process leading to the emergence of a particular type of cancer in
a patient and the personalized approach to precisely adjust dietary patterns for the said patient to
maximize prevention based on their cancer type. The Venn diagram (on the left) unifies theories
on cancer development stating that a cancer cell gains growth and survival advantage over other
cells owing to collective effects of external and internal influences, at the core of which, there are
aberrant protein kinase signaling, enhanced angiogenesis, impeded apoptosis, and immune response
breakout, which shift the stoichiometry of cellular homeostasis towards error-prone replication. The
combination of these carcinogenic processes and the functional intensity of their impacts determine
the fingerprint of a particular cancer type in a particular patient. However, available bioinformatic
databases (on the right) provide information on which natural products and food metabolites contain
active molecular structures that inhibit these specific carcinogenic processes, resembling the activity
of drugs, and which groups of plants could synthesize them and be used as foods. This information
can be refined using artificial intelligence technologies to tune specific dietary recommendations to
deliver the combination of specific phytochemicals on a regular basis, resulting in corresponding
collective inhibitory effects on the carcinogenic processes that drive that particular cancer type in a
particular patient.

1. Identify a specific molecular subtype of cancer. There are many molecular subtypes
of cancer for which small-molecule drugs are in use. Serious consideration should be
given to investigating cancer subtypes in which multiple cellular processes have been
shown to be successfully targeted. This will increase the likelihood that precision
food patterns will exert synergistic effects. It would also be beneficial for the selection
of molecular cancer subtypes in which a watchful waiting period exists between
initial diagnosis and initiation of treatment. Finally, consideration needs to be given
to whether it is feasible to monitor the pharmacologic activity of food molecules
systemically and on the target tumor cell population of the cancer subtype selected
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for investigation. Therefore, a particular cancer type in a particular patient provides
a list of key identifying molecules, dysregulation of which continuously drives this
carcinogenesis, and thus, they are to be targeted specifically in this patient.

2. Identify effective small-molecule inhibitors of that cancer and the pharmacokinetic
and pharmacodynamic properties associated with successful outcomes. The drug
development literature needs to be carefully mined for structure-activity relation-
ships and to ensure that critical data about the pharmacological determinants of
successful outcomes are available for examination. Standards for this purpose have
been published, and the need to consider potential off-target effects has been empha-
sized [90,91].

3. Identify structural similarities in the identified small-molecule drugs and the nat-
ural products that are components of specific foods. The literature is replete with
in silico analyses of structure relationships that have led to the identification and
development of clinically effective small-molecule inhibitors. This has occurred in
the science of pharmacognosy as well as in drug development [92]. These same
approaches now need to be applied to the food metabolome: certain postprandial
metabolites detected in circulation possess the same or functionally similar biochemi-
cal/pharmacological properties as the components of small-molecule drugs found
in the previous step; therefore, exposure of tissues to them mimics administration
of small-molecule inhibitors of interest, i.e., we are selecting for food metabolites of
similar biochemical functionality as the small-molecule inhibitors selected for specific
cancer type.

4. Design specific food patterns predicted to exert effects on identified targets. Some
food metabolites can be found post-consumption in more than one type of food. For
instance, in the realm of plant-based food patterns, there is a botanical classification
method based on the similarity of phytochemicals found in a plant (chemotaxonomy)
which can be utilized to determine the plants of interest providing specific food
metabolites with the necessary inhibitory properties. This will allow diversifying
the food patterns tailored for a specific patient based on their molecular cancer type,
ensuring enough exposure to inhibitory phytochemicals to achieve desired long-term
anti-cancer effects. Such precision food patterns that are to be developed must also
satisfy guidelines, such as Recommended Dietary Intakes and Dietary Guidelines for
Americans, considering the multi-faceted impact of the diet in determining the health
status, especially considering the ongoing pandemic of metabolic disorders.

5. Assess effects in well-designed Phase I trials. Well-accepted trial designs have been
established for the initial evaluation of small-molecule inhibitors that are now being
successfully used in the clinic [93]. The trial protocols for precision dietary/food
patterns should parallel those designs as food-derived metabolites with anti-cancer
properties should be perceived as pharmacological agents based on the fact that they
undergo similar kinetics and dynamics in an organism with a targeted effect of interest
as any other pharmaceutical drugs (food pharmacology).

It is informative to note that studies of diet, nutrition, and cancer have given limited
attention to hematological malignancies. On the other hand, a successful focus in drug
development of small-molecule inhibitors has been on these same malignancies. For some
hematological malignancies of high prevalence, such as chronic lymphocytic leukemia,
there is frequently an extended period of watchful waiting between diagnosis and initiation
of treatment. This situation provides a significant opportunity to evaluate food-based
precision dietary patterns, where access to cancer cells is easily achieved, and the ability to
perform pharmacokinetic and pharmacodynamic analyses are relatively straightforward,
particularly in the context of proof-in-principle experiments that are required to assess the
biological plausibility of dietary oncopharmacognosy.
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9. Conclusions

In the mid-1970s, the conceptualization of the field of cancer chemoprevention was
the source of great optimism. However, we argue that there was a shift in expectations for
chemoprevention away from the prevention of death from cancer and that the compounds
evaluated lacked target specificity. The many failures reported ultimately resulted in a loss
of interest in chemoprevention. However, if one broadens perspective and returns to the
original goal of chemoprevention to reduce deaths from cancer, the highly effective small-
molecule inhibitors being used in the clinical treatment of cancer are twenty-first-century
demonstrations that chemoprevention works because of a knowledge of various cellular
processes that are dysregulated in carcinogenesis as specific targets of well-tolerated orally
administered small-molecule inhibitors on the market or in active clinical trials. We now
argue that demonstrating the role of diet and nutrition in cancer prevention and control
has been similarly limited. Herein, we present a paradigm that reframes the approach to
investigating precision dietary/food patterns for the reduction in cancer-related deaths
and challenge the scientific community interested in this topic to refine further the said
paradigm and to conduct proof-in-concept experiments based on an understanding of the
pharmacokinetic and pharmacodynamic parameters that underlie the success of small-
molecule inhibitors being used in cancer treatment. We refer to this precision approach as
dietary oncopharmacognosy and envision it as the crosswalk between the currently defined
fields of precision oncology and precision nutrition. We also emphasize that the challenges
associated with such an approach, including but not limited to low potency of food metabo-
lites, potential off-target effects due to multi-faceted functions thereof, relatively long time
course to achieve the desired peak effect and maximum efficacy, are overshadowed by
the magnitude of the synergistic effect from regular consumption of diverse foods con-
taining multiple bioactive compounds targeting several nodes driving carcinogenesis in a
particular person. We caution that in patients with already diagnosed cancer, such dietary
oncopharmacognosy must supplement but not replace active cancer care and precision
therapy so as to enhance the prevention of cancer-related death. However, proper diag-
nostics of individual cancer risk for a person based on their a priori predisposition for
developing a certain type of cancer would ultimately maximize the benefits from dietary
oncopharmacognosy that could potentially prevent carcinogenesis from occurring.

Author Contributions: Conceptualization, H.J.T.; writing, review, and editing, H.J.T., T.L., JN.M.,,
H.H. and M.C.P. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Doll, R; Peto, R. The Causes of Cancer: Quantitative Estimates of Avoidable Risks of Cancer in the United States Today. J. Natl.
Cancer Inst. 1981, 66, 1192-1308. [CrossRef]

N

NG

Doll, R. Epidemiology of chronic non-infectious disease: Current status and future perspective. Rev. Bras. Epidemiol. 1998, 1,
94-103. [CrossRef]

Milner, J.A. Molecular Targets for Bioactive Food Components. J. Nutr. 2004, 134, 24925-2498S. [CrossRef] [PubMed]

Vargas, A.].; Thompson, P.A. Diet and Nutrient Factors in Colorectal Cancer Risk. Nutr. Clin. Pract. 2012, 27, 613-623. [CrossRef]
Steck, S.E.; Murphy, E.A. Dietary patterns and cancer risk. Nat. Rev. Cancer 2020, 20, 125-138. [CrossRef] [PubMed]

Studies linking diet with health must get a whole lot better. Nature 2022, 610, 231. [CrossRef] [PubMed]

Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F; Straif, K. Body Fatness and Cancer—Viewpoint of the

TARC Working Group. N. Engl. ]. Med. 2016, 375, 794-798. [CrossRef]
8. Sporn, M.B. Carcinogenesis and cancer: Different perspectives on the same disease. Cancer Res. 1991, 51, 6215-6218.


https://doi.org/10.1093/jnci/66.6.1192
https://doi.org/10.1590/S1415-790X1998000200002
https://doi.org/10.1093/jn/134.9.2492S
https://www.ncbi.nlm.nih.gov/pubmed/15333748
https://doi.org/10.1177/0884533612454885
https://doi.org/10.1038/s41568-019-0227-4
https://www.ncbi.nlm.nih.gov/pubmed/31848467
https://doi.org/10.1038/d41586-022-03199-1
https://www.ncbi.nlm.nih.gov/pubmed/36220931
https://doi.org/10.1056/NEJMsr1606602

Nutrients 2023, 15,2219 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.

36.

Sporn, M.B.; Suh, N. Chemoprevention: An essential approach to controlling cancer. Nat. Rev. Cancer 2002, 2, 537-543. [CrossRef]
Tokheim, C.J.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B.; Karchin, R. Evaluating the evaluation of cancer driver genes. Proc.
Natl. Acad. Sci. USA 2016, 113, 14330-14335. [CrossRef]

Smith, M.T.; Guyton, K.Z.; Gibbons, C.E; Fritz, ] M.; Portier, C.J.; Rusyn, I.; DeMarini, D.M.; Caldwell, ].C.; Kavlock, R.J.; Lambert,
PF,; et al. Key Characteristics of Carcinogens as a Basis for Organizing Data on Mechanisms of Carcinogenesis. Environ. Health
Perspect. 2016, 124, 713-721. [CrossRef] [PubMed]

Shin, D.; Cho, K.-H. Critical transition and reversion of tumorigenesis. Exp. Mol. Med. 2023, 1-14. [CrossRef] [PubMed]
Tomasetti, C.; Li, L.; Vogelstein, B. Stem cell divisions, somatic mutations, cancer etiology, and cancer prevention. Science 2017,
355, 1330-1334. [CrossRef] [PubMed]

Desaulniers, D.; Vasseur, P.; Jacobs, A.; Aguila, M.C.; Ertych, N.; Jacobs, M.N. Integration of Epigenetic Mechanisms into
Non-Genotoxic Carcinogenicity Hazard Assessment: Focus on DNA Methylation and Histone Modifications. Int. J. Mol. Sci.
2021, 22, 969. [CrossRef]

Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46. [CrossRef]

Choi, J.; Zhang, X.; Li, W.; Houston, M.; Peregrina, K.; Dubin, R.; Ye, K.; Augenlicht, L.H. Dietary Induced Dynamic Plasticity of
Intestinal Stem Cells and the Mucosa in Elevating Risk for Tumor Development. bioRxiv 2022. [CrossRef]

Akhoon, N. Precision Medicine: A New Paradigm in Therapeutics. Int. ]. Prev. Med. 2021, 12, 12. [CrossRef]

Buckeridge, D.L. Precision, Equity, and Public Health and Epidemiology Informatics—A Scoping Review. Yearb. Med. Inform.
2020, 29, 226-230. [CrossRef]

Schmidt, K.T.; Chau, C.H.; Price, D.K,; Figg, W.D. Precision Oncology Medicine: The Clinical Relevance of Patient-Specific
Biomarkers Used to Optimize Cancer Treatment. J. Clin. Pharm. 2016, 56, 1484-1499. [CrossRef]

Carugo, A.; Draetta, G.F. Academic Discovery of Anticancer Drugs: Historic and Future Perspectives. Annu. Rev. Cancer Biol.
2019, 3, 385-408. [CrossRef]

Livingstone, K.M.; Ramos-Lopez, O.; Pérusse, L.; Kato, H.; Ordovas, ].M.; Martinez, ].A. Precision nutrition: A review of current
approaches and future endeavors. Trends Food Sci. Technol. 2022, 128, 253-264. [CrossRef]

Thompson, H.J.; Neil, E.S.; McGinley, ].N.; Fitzgerald, V.K.; El Bayoumy, K.; Manni, A. Building a Foundation for Precision
Onco-Nutrition: Docosahexaenoic Acid and Breast Cancer. Cancers 2021, 14, 157. [CrossRef]

Council, N.R. Diet, Nutrition, and Cancer; The National Academies Press: Washington, DC, USA, 1982; p. 496.

Global burden of 87 risk factors in 204 countries and territories, 1990-2019: A systematic analysis for the Global Burden of Disease
Study 2019. Lancet 2020, 396, 1223-1249. [CrossRef] [PubMed]

Solans, M.; Chan, D.S.M.; Mitrou, P.; Norat, T.; Romaguera, D. A systematic review and meta-analysis of the 2007 WCRF/AICR
score in relation to cancer-related health outcomes. Ann. Oncol. 2020, 31, 352-368. [CrossRef] [PubMed]

Key, T.J.; Bradbury, K.E.; Perez-Cornago, A.; Sinha, R.; Tsilidis, K.K.; Tsugane, S. Diet, nutrition, and cancer risk: What do we
know and what is the way forward? BM]J 2020, 368, m511. [CrossRef]

Papadimitriou, N.; Markozannes, G.; Kanellopoulou, A.; Critselis, E.; Alhardan, S.; Karafousia, V.; Kasimis, J.C.; Katsaraki, C.;
Papadopoulou, A.; Zografou, M.; et al. An umbrella review of the evidence associating diet and cancer risk at 11 anatomical sites.
Nat. Commun. 2021, 12, 4579. [CrossRef]

Tomasetti, C.; Vogelstein, B. Cancer etiology. Variation in cancer risk among tissues can be explained by the number of stem cell
divisions. Science 2015, 347, 78-81. [CrossRef]

Alsharairi, N.A. The Effects of Dietary Supplements on Asthma and Lung Cancer Risk in Smokers and Non-Smokers: A Review
of the Literature. Nutrients 2019, 11, 725. [CrossRef]

Neuhouser, M.L.; Prentice, R.L.; Tinker, L.F.; Lampe, ].W. Enhancing Capacity for Food and Nutrient Intake Assessment in
Population Sciences Research. Annu Rev Public Health 2023, 44, 37-54. [CrossRef]

Lopez-Pentecost, M.; Crane, T.E.; Garcia, D.O.; Kohler, L.N.; Wertheim, B.C.; Hebert, ].R.; Steck, S.E.; Shivappa, N.; Santiago-Torres,
M.; Neuhouser, M.L.; et al. Role of dietary patterns and acculturation in cancer risk and mortality among postmenopausal
Hispanic women: Results from the Women’s Health Initiative (WHI). Z Gesundh Wiss. 2022, 30, 811-822. [CrossRef]

Liese, A.D.; Wambogo, E.; Lerman, J.L.; Boushey, C.J.; Neuhouser, M.L.; Wang, S.; Harmon, B.E.; Tinker, L.F. Variations in Dietary
Patterns Defined by the Healthy Eating Index 2015 and Associations with Mortality: Findings from the Dietary Patterns Methods
Project. J. Nutr. 2022, 152, 796-804. [CrossRef] [PubMed]

Donaldson, M.S. Nutrition and cancer: A review of the evidence for an anti-cancer diet. Nutr. J. 2004, 3, 19. [CrossRef]

Zhong, L.; Li, Y;; Xiong, L.; Wang, W.; Wu, M.; Yuan, T.; Yang, W.; Tian, C.; Miao, Z.; Wang, T.; et al. Small molecules in targeted
cancer therapy: Advances, challenges, and future perspectives. Signal Transduct. Target. Ther. 2021, 6, 201. [CrossRef] [PubMed]
Wu, Q.; Qian, W.; Sun, X.; Jiang, S. Small-molecule inhibitors, immune checkpoint inhibitors, and more: FDA-approved novel
therapeutic drugs for solid tumors from 1991 to 2021. J. Hematol. Oncol. 2022, 15, 143. [CrossRef] [PubMed]

Ayala-Aguilera, C.C.; Valero, T.; Lorente-Macias, A.; Baillache, D.J.; Croke, S.; Unciti-Broceta, A. Small Molecule Kinase Inhibitor
Drugs (1995-2021): Medical Indication, Pharmacology, and Synthesis. J. Med. Chem. 2022, 65, 1047-1131. [CrossRef]


https://doi.org/10.1038/nrc844
https://doi.org/10.1073/pnas.1616440113
https://doi.org/10.1289/ehp.1509912
https://www.ncbi.nlm.nih.gov/pubmed/26600562
https://doi.org/10.1038/s12276-023-00969-3
https://www.ncbi.nlm.nih.gov/pubmed/37009794
https://doi.org/10.1126/science.aaf9011
https://www.ncbi.nlm.nih.gov/pubmed/28336671
https://doi.org/10.3390/ijms222010969
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1101/2022.03.17.484800
https://doi.org/10.4103/ijpvm.IJPVM_375_19
https://doi.org/10.1055/s-0040-1701989
https://doi.org/10.1002/jcph.765
https://doi.org/10.1146/annurev-cancerbio-030518-055645
https://doi.org/10.1016/j.tifs.2022.08.017
https://doi.org/10.3390/cancers14010157
https://doi.org/10.1016/S0140-6736(20)30752-2
https://www.ncbi.nlm.nih.gov/pubmed/33069327
https://doi.org/10.1016/j.annonc.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/32067678
https://doi.org/10.1136/bmj.m511
https://doi.org/10.1038/s41467-021-24861-8
https://doi.org/10.1126/science.1260825
https://doi.org/10.3390/nu11040725
https://doi.org/10.1146/annurev-publhealth-071521-121621
https://doi.org/10.1007/s10389-020-01342-8
https://doi.org/10.1093/jn/nxab383
https://www.ncbi.nlm.nih.gov/pubmed/34755860
https://doi.org/10.1186/1475-2891-3-19
https://doi.org/10.1038/s41392-021-00572-w
https://www.ncbi.nlm.nih.gov/pubmed/34054126
https://doi.org/10.1186/s13045-022-01362-9
https://www.ncbi.nlm.nih.gov/pubmed/36209184
https://doi.org/10.1021/acs.jmedchem.1c00963

Nutrients 2023, 15,2219 12 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Molinski, T.F. Microscale methodology for structure elucidation of natural products. Curr. Opin. Biotechnol. 2010, 21, 819-826.
[CrossRef] [PubMed]

Lescinsky, H.; Afshin, A.; Ashbaugh, C.; Bisignano, C.; Brauer, M,; Ferrara, G.; Hay, S.I; He, ].; Iannucci, V.; Marczak, L.B.; et al.
Health effects associated with consumption of unprocessed red meat: A Burden of Proof study. Nat. Med. 2022, 28, 2075-2082.
[CrossRef]

Stanaway, J.D.; Afshin, A.; Ashbaugh, C.; Bisignano, C.; Brauer, M.; Ferrara, G.; Garcia, V.; Haile, D.; Hay, S.I; He, ] ; et al. Health
effects associated with vegetable consumption: A Burden of Proof study. Nat. Med. 2022, 28, 2066-2074. [CrossRef]

Wink, M. Evolution of secondary metabolites from an ecological and molecular phylogenetic perspective. Phytochemistry 2003, 64,
3-19. [CrossRef]

Wink, M. Plant secondary metabolism: Diversity, function and its evolution. Nat. Prod. Commun. 2008, 3, 1205-1216. [CrossRef]
Klurfeld, D.M.; Davis, C.D.; Karp, R.W.; Allen-Vercoe, E.; Chang, E.B.; Chassaing, B.; Fahey, G.C., Jr.; Hamaker, B.R.; Holscher,
H.D.; Lampe, ].W.; et al. Considerations for best practices in studies of fiber or other dietary components and the intestinal
microbiome. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E1087-E1097. [CrossRef] [PubMed]

Baier, A.; Szyszka, R. Compounds from Natural Sources as Protein Kinase Inhibitors. Biomolecules 2020, 10, 1546. [CrossRef]
[PubMed]

Roskoski, R. Properties of FDA-approved small molecule protein kinase inhibitors: A 2023 update. Pharmacol. Res. 2023,
187, 106552. [CrossRef] [PubMed]

Zhong, Z.; Vong, C.T,; Chen, E; Tan, H.; Zhang, C.; Wang, N.; Cui, L.; Wang, Y.; Feng, Y. Inmunomodulatory potential of natural
products from herbal medicines as immune checkpoints inhibitors: Helping to fight against cancer via multiple targets. Med. Res.
Rev. 2022, 42, 1246-1279. [CrossRef] [PubMed]

Juliano, R.L. Addressing cancer signal transduction pathways with antisense and siRNA oligonucleotides. NAR Cancer 2020,
2, zcaa025. [CrossRef]

Hager, K.; Cudhea, F.P,; Wong, ].B.; Berkowitz, S.A.; Downer, S.; Lauren, B.N.; Mozaffarian, D. Association of National Expansion
of Insurance Coverage of Medically Tailored Meals with Estimated Hospitalizations and Health Care Expenditures in the US.
JAMA Netw. Open 2022, 5, €2236898. [CrossRef] [PubMed]

Go, A.S.; Tan, T.C.; Horiuchi, K.M.; Laws, D.; Ambrosy, A.P.; Lee, K.K.; Maring, B.L.; Joy, J.; Couch, C.; Hepfer, P; et al. Effect
of Medically Tailored Meals on Clinical Outcomes in Recently Hospitalized High-Risk Adults. Med. Care 2022, 60, 750-758.
[CrossRef]

Hoelder, S.; Clarke, P.A.; Workman, P. Discovery of small molecule cancer drugs: Successes, challenges and opportunities. Mol.
Oncol. 2012, 6, 155-176. [CrossRef]

Liu, G.H.; Chen, T.; Zhang, X.; Ma, X.L.; Shi, H.S. Small molecule inhibitors targeting the cancers. MedComm 2022, 3, e181.
[CrossRef]

Sun, G.; Rong, D.; Li, Z.; Sun, G.; Wu, F; Li, X.; Cao, H.; Cheng, Y.; Tang, W.; Sun, Y. Role of Small Molecule Targeted Compounds
in Cancer: Progress, Opportunities, and Challenges. Front. Cell Dev. Biol. 2021, 9, 694363. [CrossRef]

Alganem, K.; Hamoud, A.-R.; Creeden, ].F; Henkel, N.D.; Imami, A.S.; Joyce, A.W.; Ryan, VW.G.; Rethman, ].B.; Shukla, R.;
O’Donovan, S.M.; et al. The active kinome: The modern view of how active protein kinase networks fit in biological research.
Curr. Opin. Pharmacol. 2022, 62, 117-129. [CrossRef] [PubMed]

Fleuren, E.D.G.; Zhang, L.; Wy, J.; Daly, R.J. The kinome ‘at large” in cancer. Nat. Rev. Cancer 2016, 16, 83-98. [CrossRef] [PubMed]
Wang, Q.; Chaerkady, R.; Wu, J.; Hwang, H.J.; Papadopoulos, N.; Kopelovich, L.; Maitra, A.; Matthaei, H.; Eshleman, J.R.; Hruban,
R.H.; et al. Mutant proteins as cancer-specific biomarkers. Proc. Natl. Acad. Sci. USA 2011, 108, 2444-2449. [CrossRef] [PubMed]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]
Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Martinez-Jiménez, F.; Muifios, F; Sentis, I.; Deu-Pons, J.; Reyes-Salazar, I.; Arnedo-Pac, C.; Mularoni, L.; Pich, O.; Bonet, J.; Kranas,
H.; et al. A compendium of mutational cancer driver genes. Nat. Rev. Cancer 2020, 20, 555-572. [CrossRef]

Bozic, I.; Antal, T.; Ohtsuki, H.; Carter, H.; Kim, D.; Chen, S.; Karchin, R.; Kinzler, K.W.; Vogelstein, B.; Nowak, M.A. Accumulation
of driver and passenger mutations during tumor progression. Proc. Natl. Acad. Sci. USA 2010, 107, 18545-18550. [CrossRef]
Vogelstein, B.; Kinzler, K.W. The Path to Cancer —Three Strikes and You're Out. N. Engl. ]. Med. 2015, 373, 1895-1898. [CrossRef]
Tomasetti, C.; Marchionni, L.; Nowak, M.A.; Parmigiani, G.; Vogelstein, B. Only three driver gene mutations are required for the
development of lung and colorectal cancers. Proc. Natl. Acad. Sci. USA 2015, 112, 118-123. [CrossRef]

Wang, Y.; Douville, C.; Cohen, J.D.; Mattox, A.; Curtis, S.; Silliman, N.; Popoli, M.; Ptak, ].; Dobbyn, L.; Nehme, N.; et al. Detection
of rare mutations, copy number alterations, and methylation in the same template DNA molecules. Proc. Natl. Acad. Sci. USA
2023, 120, €2220704120. [CrossRef]

Imran, M.; Asdaq, S.M.B.; Khan, S.A.; Unnikrishnan Meenakshi, D.; Alamri, A.S.; Alsanie, W.F.; Alhomrani, M.; Mohzari, Y,;
Alrashed, A.; AlMotairi, M.; et al. Innovations and Patent Trends in the Development of USFDA Approved Protein Kinase
Inhibitors in the Last Two Decades. Pharmaceuticals 2021, 14, 710. [CrossRef] [PubMed]

Roskoski, R. Properties of FDA-approved small molecule protein kinase inhibitors. Pharmacol. Res. 2019, 144, 19-50. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.copbio.2010.09.003
https://www.ncbi.nlm.nih.gov/pubmed/20880694
https://doi.org/10.1038/s41591-022-01968-z
https://doi.org/10.1038/s41591-022-01970-5
https://doi.org/10.1016/S0031-9422(03)00300-5
https://doi.org/10.1177/1934578X0800300801
https://doi.org/10.1152/ajpendo.00058.2018
https://www.ncbi.nlm.nih.gov/pubmed/30130151
https://doi.org/10.3390/biom10111546
https://www.ncbi.nlm.nih.gov/pubmed/33198400
https://doi.org/10.1016/j.phrs.2022.106552
https://www.ncbi.nlm.nih.gov/pubmed/36403719
https://doi.org/10.1002/med.21876
https://www.ncbi.nlm.nih.gov/pubmed/35028953
https://doi.org/10.1093/narcan/zcaa025
https://doi.org/10.1001/jamanetworkopen.2022.36898
https://www.ncbi.nlm.nih.gov/pubmed/36251292
https://doi.org/10.1097/MLR.0000000000001759
https://doi.org/10.1016/j.molonc.2012.02.004
https://doi.org/10.1002/mco2.181
https://doi.org/10.3389/fcell.2021.694363
https://doi.org/10.1016/j.coph.2021.11.007
https://www.ncbi.nlm.nih.gov/pubmed/34968947
https://doi.org/10.1038/nrc.2015.18
https://www.ncbi.nlm.nih.gov/pubmed/26822576
https://doi.org/10.1073/pnas.1019203108
https://www.ncbi.nlm.nih.gov/pubmed/21248225
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1038/s41568-020-0290-x
https://doi.org/10.1073/pnas.1010978107
https://doi.org/10.1056/NEJMp1508811
https://doi.org/10.1073/pnas.1421839112
https://doi.org/10.1073/pnas.2220704120
https://doi.org/10.3390/ph14080710
https://www.ncbi.nlm.nih.gov/pubmed/34451807
https://doi.org/10.1016/j.phrs.2019.03.006
https://www.ncbi.nlm.nih.gov/pubmed/30877063

Nutrients 2023, 15,2219 13 of 14

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kannaiyan, R.; Mahadevan, D. A comprehensive review of protein kinase inhibitors for cancer therapy. Expert Rev. Anticancer
Ther. 2018, 18, 1249-1270. [CrossRef]

Thompson, H.J.; Levitt, ].O.; McGinley, ].N.; Chandler, P.; Guenther, PM.; Huybrechts, I.; Playdon, M.C. Measuring Dietary
Botanical Diversity as a Proxy for Phytochemical Exposure. Nutrients 2021, 13, 1295. [CrossRef] [PubMed]

Thompson, H.J.; Lutsiv, T. Natural Products in Precision Oncology: Plant-Based Small Molecule Inhibitors of Protein Kinases for
Cancer Chemoprevention. Nutrients 2023, 15, 1192. [CrossRef] [PubMed]

Lim, B.; Greer, Y.; Lipkowitz, S.; Takebe, N. Novel Apoptosis-Inducing Agents for the Treatment of Cancer, a New Arsenal in the
Toolbox. Cancers 2019, 11, 1087. [CrossRef]

Liu, C.; Zeng, Y.; Wen, Y.; Huang, X.; Liu, Y. Natural Products Modulate Cell Apoptosis: A Promising Way for the Treatment of
Ulcerative Colitis. Front. Pharmacol. 2022, 13, 806148. [CrossRef]

Shadman, M. Diagnosis and Treatment of Chronic Lymphocytic Leukemia: A Review. JAMA 2023, 329, 918-932. [CrossRef]
Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anti-cancer Therapy. Int. . Mol. Sci. 2018, 19, 448. [CrossRef]

Fischer, K.; Al-Sawaf, O.; Hallek, M. Preventing and monitoring for tumor lysis syndrome and other toxicities of venetoclax
during treatment of chronic lymphocytic leukemia. Hematol. Am. Soc. Hematol. Educ. Program 2020, 2020, 357-362. [CrossRef]
Tahergorabi, Z.; Khazaei, M. A review on angiogenesis and its assays. Iran J. Basic Med. Sci. 2012, 15, 1110-1126. [PubMed]
Hicklin, D.J.; Ellis, L.M. Role of the Vascular Endothelial Growth Factor Pathway in Tumor Growth and Angiogenesis. J. Clin.
Oncol. 2005, 23, 1011-1027. [CrossRef] [PubMed]

Eelen, G.; Treps, L.; Li, X.; Carmeliet, P. Basic and Therapeutic Aspects of Angiogenesis Updated. Circ. Res. 2020, 127, 310-329.
[CrossRef] [PubMed]

Cook, K.M.; Figg, W.D. Angiogenesis Inhibitors: Current Strategies and Future Prospects. CA Cancer J. Clin. 2010, 60, 222-243.
[CrossRef] [PubMed]

Rege, T.A; Fears, C.Y.; Gladson, C.L. Endogenous inhibitors of angiogenesis in malignant gliomas: Nature’s antiangiogenic
therapy. Neuro Oncol. 2005, 7, 106-121. [CrossRef]

Ansari, M.].; Bokov, D.; Markov, A.; Jalil, A.T.; Shalaby, M.N.; Suksatan, W.; Chupradit, S.; Al-Ghamdi, H.S.; Shomali, N.; Zamani,
A.; et al. Cancer combination therapies by angiogenesis inhibitors; a comprehensive review. Cell Commun. Signal. 2022, 20, 49.
[CrossRef]

Martinez-Poveda, B.; Torres-Vargas, J.A.; Ocana, M.d.C.; Garcia-Caballero, M.; Medina, M.A.; Quesada, A.R. The Mediterranean
Diet, a Rich Source of Angiopreventive Compounds in Cancer. Nutrients 2019, 11, 2036. [CrossRef]

Salehi, B.; Machin, L.; Monzote, L.; Sharifi-Rad, J.; Ezzat, S.M.; Salem, M.A.; Merghany, R.M.; El Mahdy, N.M.; Kilig, C.S,; Sytar,
O.; et al. Therapeutic Potential of Quercetin: New Insights and Perspectives for Human Health. ACS Omega 2020, 5, 11849-11872.
[CrossRef]

Li, WW,; Li, VW,; Hutnik, M.; Chiou, A.S. Tumor angiogenesis as a target for dietary cancer prevention. J. Oncol. 2012,
2012, 879623. [CrossRef]

Baumeister, S.H.; Freeman, G.J.; Dranoff, G.; Sharpe, A.H. Coinhibitory Pathways in Immunotherapy for Cancer. Annu. Rev.
Immunol. 2016, 34, 539-573. [CrossRef]

Carbone, D.P;; Reck, M.; Paz-Ares, L.; Creelan, B.; Horn, L.; Steins, M.; Felip, E.; van den Heuvel, M.M.; Ciuleanu, T.E.; Badin,
F; et al. First-Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung Cancer. N. Engl. . Med. 2017, 376, 2415-2426.
[CrossRef] [PubMed]

Marin-Acevedo, J.A.; Kimbrough, E.O.; Lou, Y. Next generation of immune checkpoint inhibitors and beyond. J. Hematol. Oncol.
2021, 14, 45. [CrossRef] [PubMed]

Park, J.-J.; Thi, E.P,; Carpio, V.H.; Bi, Y.; Cole, A.G.; Dorsey, B.D.; Fan, K.; Harasym, T.; Iott, C.L.; Kadhim, S.; et al. Checkpoint
inhibition through small molecule-induced internalization of programmed death-ligand 1. Nat. Commun. 2021, 12, 1222.
[CrossRef] [PubMed]

Sasikumar, P.G.; Sudarshan, N.S.; Adurthi, S.; Ramachandra, R.K.; Samiulla, D.S.; Lakshminarasimhan, A.; Ramanathan, A.;
Chandrasekhar, T.; Dhudashiya, A.A.; Talapati, S.R.; et al. PD-1 derived CA-170 is an oral immune checkpoint inhibitor that
exhibits preclinical anti-tumor efficacy. Commun. Biol. 2021, 4, 699. [CrossRef]

Saldivar-Gonzalez, FI.; Aldas-Bulos, V.D.; Medina-Franco, J.L.; Plisson, F. Natural product drug discovery in the artificial
intelligence era. Chem. Sci. 2022, 13, 1526-1546. [CrossRef]

Mishra, S.K.; Jain, N.; Shankar, U.; Tawani, A.; Mishra, A.; Kumar, A. SMMDB: A web-accessible database for small molecule
modulators and their targets involved in neurological diseases. Database 2018, 2018, bay082. [CrossRef]

International Agency for Research on Cancer. World Health Organization. Exposome Explorer. Available online: http:/ /exposome-
explorer.iarc.fr/ (accessed on 1 February 2023).

Gonzalez, G.; Gong, S.; Laponogov, L.; Bronstein, M.; Veselkov, K. Predicting anti-cancer hyperfoods with graph convolutional
networks. Hum Genom. 2021, 15, 33. [CrossRef]

Cayman Chemical. Small Molecule Inhibitors Selection Guide. Available online: https://www.caymanchem.com/news/small-
molecule-inhibitors-selection-guide (accessed on 15 February 2023).

Uitdehaag, J.C.; Verkaar, F; Alwan, H.; de Man, J.; Buijsman, R.C.; Zaman, G.J. A guide to picking the most selective kinase
inhibitor tool compounds for pharmacological validation of drug targets. Br. J. Pharm. 2012, 166, 858-876. [CrossRef]


https://doi.org/10.1080/14737140.2018.1527688
https://doi.org/10.3390/nu13041295
https://www.ncbi.nlm.nih.gov/pubmed/33919845
https://doi.org/10.3390/nu15051192
https://www.ncbi.nlm.nih.gov/pubmed/36904191
https://doi.org/10.3390/cancers11081087
https://doi.org/10.3389/fphar.2022.806148
https://doi.org/10.1001/jama.2023.1946
https://doi.org/10.3390/ijms19020448
https://doi.org/10.1182/hematology.2020000120
https://www.ncbi.nlm.nih.gov/pubmed/23653839
https://doi.org/10.1200/JCO.2005.06.081
https://www.ncbi.nlm.nih.gov/pubmed/15585754
https://doi.org/10.1161/CIRCRESAHA.120.316851
https://www.ncbi.nlm.nih.gov/pubmed/32833569
https://doi.org/10.3322/caac.20075
https://www.ncbi.nlm.nih.gov/pubmed/20554717
https://doi.org/10.1215/S115285170400119X
https://doi.org/10.1186/s12964-022-00838-y
https://doi.org/10.3390/nu11092036
https://doi.org/10.1021/acsomega.0c01818
https://doi.org/10.1155/2012/879623
https://doi.org/10.1146/annurev-immunol-032414-112049
https://doi.org/10.1056/NEJMoa1613493
https://www.ncbi.nlm.nih.gov/pubmed/28636851
https://doi.org/10.1186/s13045-021-01056-8
https://www.ncbi.nlm.nih.gov/pubmed/33741032
https://doi.org/10.1038/s41467-021-21410-1
https://www.ncbi.nlm.nih.gov/pubmed/33619272
https://doi.org/10.1038/s42003-021-02191-1
https://doi.org/10.1039/D1SC04471K
https://doi.org/10.1093/database/bay082
http://exposome-explorer.iarc.fr/
http://exposome-explorer.iarc.fr/
https://doi.org/10.1186/s40246-021-00333-4
https://www.caymanchem.com/news/small-molecule-inhibitors-selection-guide
https://www.caymanchem.com/news/small-molecule-inhibitors-selection-guide
https://doi.org/10.1111/j.1476-5381.2012.01859.x

Nutrients 2023, 15,2219 14 of 14

92. Salimi, A.; Lim, ].H.; Jang, ].H.; Lee, J.Y. The use of machine learning modeling, virtual screening, molecular docking, and
molecular dynamics simulations to identify potential VEGFR2 kinase inhibitors. Sci. Rep. 2022, 12, 18825. [CrossRef]

93. Fountzilas, E.; Tsimberidou, A.M.; Vo, H.H.; Kurzrock, R. Clinical trial design in the era of precision medicine. Genome Med. 2022,
14, 101. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-022-22992-6
https://doi.org/10.1186/s13073-022-01102-1

	Introduction 
	Definitions 
	The Top-Down Approach: Dietary Patterns 
	Bottom-Up: Natural Products from Food 
	From Food Patterns and Their Bioactive Food Components to Precision Oncology 
	A Mechanistic Foundation 
	Protein Kinases 
	Apoptosis 
	Angiogenesis 
	Immune Checkpoints 

	Developing the Cross Walk between Precision Oncology and Precision Nutrition 
	Next Steps 
	Conclusions 
	References

