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Abstract
Despite significant advances in oncologic treatment, underlying cancer-associated metabolic
derangements and nutritional needs remain largely neglected in cancer care. Cancer cachexia and
protective metabolic changes exhibited by cancerous cells continue to pose formidable barriers to
improving therapeutic outcomes and quality of life for patients. Cancer has traditionally been
viewed as a proliferative disease caused by genetic mutations, but newer perspectives suggest
that it is primarily a metabolic disease. The present paper discusses the etiology of cachexia and
sarcopenia, and nutritional interventions that can be offered to patients suffering from these
wasting disorders. The role of inflammation in cancer and the methods for preventing and
resolving it with nutrition are also explored. Ultimately, a number of nutritional
recommendations aimed at overcoming cachexia, resolving inflammation and improving cancer

outcomes are provided based on a review of the current literature.



The Warburg Effect: An Old Concept with Renewed Interest

It has long been known that cancer cells have distinct metabolic behaviors that promote
their growth and facilitate proliferation. Perhaps the most famous metabolic change is the
Warburg Effect, a phenomenon identified roughly a century ago, wherein proliferating cells
exhibit an impressive increase in glucose uptake and lactate production, even in aerobic
conditions.! The Warburg Effect has a number of proposed functions, including more rapid ATP
synthesis to support the biosynthetic needs of proliferation; acidification of the tumor
microenvironment via lactate secretion to disrupt the immune response; and altered cell signaling
with neighboring tumor cells to promote metastasis.?*

Around the time of Warburg’s original work, other investigators attempted to exploit the
metabolic changes of tumors cells with some success in animal models.* Unfortunately, due to
disparate study outcomes in large human trials and challenges in translation from basic science to
clinical practice, metabolism and nutrition became largely neglected in cancer care.>® Despite
extensive investigation into the metabolic derangements exhibited by cancer cells, cancer has
primarily been viewed as a disease of proliferation that is initiated and maintained by genetic
mutations.” That notion has rapidly changed. A growing body of research suggests that cancer
should be viewed as a metabolic disease.®*! Further, dysregulated metabolism once again
appears to be a promising therapeutic target that can help address cancer-associated
inflammation and even genomic and transcriptional changes associated with cancer.'? With the
resurgence of this perspective, there has been renewed interest in metabolic manipulation to
improve cancer outcomes. In this paper, the current status of nutritional therapy with respect to

managing cancer-associated cachexia and improving outcomes for cancer patients is explored.



Cancer Cachexia and Sarcopenia

Cachexia is a very common feature of advanced cancer, defined as an insidious,
unintentional loss of skeletal muscle mass (as well as potential loss of fat mass) that persists
despite conventional nutritional interventions.>* Many patients, even at their first visit with a
medical oncologist, already have anorexia, malnutrition and weight loss.* In the setting of
advanced cancers of many types, cachexia bears the risk of diminished responsiveness to
chemotherapy and radiotherapy, worse quality of life and reduced duration of survival, making it
a critical target for nutritional therapy.®>*” Assuming that cancer cachexia is a product of simple
nutrient deficiency, it would be reasonable to believe that protein and calorie supplementation
would improve outcomes for all patients. In reality, cachexia is a complex, multi-factorial
syndrome that cannot be fully explained by decreased nutrient intake alone. Although protein
and calorie supplementation does generally result in some weight gain, it does not always
translate to improved outcomes for patients.*®

A wide variety of metabolic changes are partially to blame for cancer cachexia. Tumor
growth incites inflammation and a rise in proinflammatory cytokines. These cytokines upregulate
adipose triglyceride lipase activity, resulting in an increase in plasma free fatty acids.®
Concurrently, enhanced lipolytic effect from catecholamines, a phenomenon observed in
cachectic cancer patients, causes further increase in enzymatic lipolytic activity.?° The
consequent loss of fat mass from these processes appears to be an early step in the initiation of
cachexia.?! Surprisingly, the resultant increase in serum free fatty acids after lipolysis seems to
have a key function in muscle catabolism. Abnormal crosstalk between muscle tissue and fatty
tissue via circulating free fatty acids is a critical part of cachexia during chronic inflammation.*®

Animal studies suggest that this increase in free fatty acids corresponds to muscle catabolism,



ultimately resulting in sarcopenia, or loss of skeletal muscle mass.?? These catabolic effects seen
as a result of chronic inflammation can be further exacerbated by lipolysis and proteolysis related
to chemotherapy.?

As patients lose functionality and mobility—due to treatment, progressed disease, or
other disability—they are at greater risk for immobilization-induced muscle atrophy. In
immobilized populations, decreased protein turnover and anabolic resistance are major
underlying factors that prevent muscle maintenance and growth.?* Immobilization combined
with the various metabolic changes associated with cancer all support the initiation and

progression of cachexia and sarcopenia.

Cachexia and Sarcopenia Diagnosis: Identifying Occult Disease

Despite being a common feature of progressed cancer, cachexia is underdiagnosed and
often goes untreated.?® Part of the challenge is that assessing cachexia clinically—based solely
on changes in body weight—offers an incomplete view of nutritional status and prognosis. A
much stronger indicator of poor prognosis is cachexia with sarcopenia, which is strongly
predictive of treatment toxicity, postoperative complications after tumor resections, and shorter
overall survival.?®?" In the age of the obesity epidemic, many obese patients may not be
identified as having sarcopenia at the time of diagnosis despite potentially presenting with
significant underlying skeletal muscle loss. Cross-sectional imaging modalities—such as CT and
MRI—have traditionally been used in oncology for tumor visualization and treatment planning,
but these imaging modalities can also evaluate for skeletal muscle wasting before a patient is
frankly sarcopenic.'® These new uses of imaging are revealing that cachexia and sarcopenia

develop in cancer patients much earlier than previously assumed. A growing number of studies



show a strong relationship between CT-proven sarcopenia and disease outcomes not only in a
variety of cancers, but in other serious illnesses, as well.?¢-3? Early identification of occult
sarcopenia is particularly valuable in the obese population, as sarcopenic obesity is a strong

predictor of survival, independent of age, sex and functional status.333*

Addressing Cachexia and Sarcopenia

Once a patient has been identified as cachectic, the severity of their cachexia must be
gauged. Patients with cachexia exist on a spectrum that includes pre-cachexia, cachexia and
refractory cachexia; these stages are defined based on clinical presentation, the degree of weight
loss and the presence of sarcopenia.®® The stage of cachexia should be used to guide discussions
about the goals of care with the patient. Those deemed to have refractory cachexia are very
unlikely to realize any benefits from nutritional therapy, so palliative measures and comfort for
the patient and their family should be the primary focus.3>¢ However, if cachexia is identified in
either of the first two stages, nutrition may be beneficial. Pre-cachectic patients often present
with anorexia and modest weight loss, if any. They should be assessed for underlying
symptomology causing anorexia (constipation, pain, nausea from chemotherapy, etc.) followed
by appropriate treatment of symptoms to encourage intake. Food intake—especially protein
intake—should be gauged regularly. A serum C-reactive protein (CRP) may be drawn to
evaluate for systemic inflammation as a possible driver of catabolism, but it is important to note
that cachexia and associated inflammation can be present without an observed CRP elevation.®’
Several molecules have been explored as biomarkers for cachexia, but their utility has not been
confirmed in large prospective studies, and many of the test are not readily available to

clinicians.®®



Patients who have progressed to the cachectic stage should undergo a thorough
evaluation of the causes of their cachexia and multimodal management should be initiated.
Nutrition and lifestyle interventions in these patients should focus on maintaining muscle mass.
Generally speaking, mechanistic data on critically ill patients supports supplementation of
protein or amino acids, be it enterally or parenterally.**-*¢ Aerobic and resistance exercises are a
necessary compliment to increased protein intake as these activities promote anabolism and
maintain skeletal muscle mass.*”*® Although many of their mechanisms are incompletely
understood, some appetite stimulants are also being examined for their role in addressing
cachexia. Megestrol acetate, corticosteroids and anamorelin, a pharmaceutical ghrelin agonist,
have been shown to improve caloric intake and weight stability, but they also come with a host
of side-effects and are not yet widely used in the clinical setting.>® Cannabinoids are also being
investigated for their role as antiemetics and appetite stimulants.>* However, most appetite
stimulants have yet to receive robust support from the literature.

In cancer patients, it is important to understand the factors that contribute to the anabolic
resistance observed in cancer. Systemic availability of amino acids and the route by which they
are delivered both contribute to anabolic resistance. Ideally, patients should receive amino acid
supplementation via enteral feeding, as it results in more effective utilization of amino acids than
parenteral feeding.>? Branched-chain amino acids, especially leucine, prevent muscle breakdown
by promoting protein synthesis.> Supplementation of leucine and leucine metabolites, such as
hydroxymethylbutyrate, have been shown to promote maintenance of muscle mass and growth.?*
Similarly, supplementation of glutamine, carnitine, creatine and vitamin D with whey protein
also support muscle mass growth and muscle function in the sarcopenic population.>

Additionally, supplementation of arginine and nucleotides has been shown to bolster immunity



in surgical and radiation patients with cancer.*” Complementing this supplementation with
resistance exercises is also critical for promoting maintenance of muscle mass and preventing

atrophy from disuse.>®

Inflammation and Cancer

Inflammation is a key part of the etiology of many common diseases, ranging from
diabetes and obesity to autoimmune diseases, and even cancer. Although the incidence of
infectious diseases has steadily decreased over the last half a century, there has been a rise in
diseases of inflammatory origin, such as allergic and autoimmune diseases.***” Many infections
are associated with the onset of cancer. Some of the most famous associations include
Helicobacter pylori (and other gastric microbes) and gastric cancer, hepatitis B or hepatitis C and
liver cancer, and human papillomavirus and cervical cancer, among many others.5%%%. H. pylori,
a class one carcinogen according to the World Health Organization, infects at least half of the
world’s population, with wide variations in infection rates between high-income countries and
low- and middle-income countries.®?5® Infection-associated cancers bear a significant burden
worldwide, as it is estimated that between 20% and 40% of all cancers are related to chronic

infection and the associated inflammation.%

Inflammation as a Carcinogenic Process

While infection is a key player in many cancers, the prolonged increase in diseases of
inflammatory origin cannot be explained by infection alone. Obesity in the setting of metabolic
disease poses serious risk for cancer and has been shown to impact the occurrence and growth of

a variety of cancers.® This is mainly due to the proinflammatory state incited by obesity and



metabolic disease. Inflammation associated with obesity is marked by changes from adipose-
tissue macrophages to the M1 ‘proinflammatory’ phenotype from the M2 anti-inflammatory
phenotype; increased creation of many proinflammatory cytokines; elevated glucose and free
fatty acid levels; and even dysbiosis of colonic microbiota resulting in greater prevalence of
bacterial species that secrete pro-carcinogenic metabolites.®® Recent mitochondrial investigation
has also implicated mitochondrial dysfunction in the facilitation of chronic inflammation, known
to promote certain cancers.®” Indeed, inflammation seems to influence virtually every step of the
neoplastic process by increasing DNA damage, decreasing sensitivity to growth inhibitors,
promoting tissue evasion and metastasis, sustaining angiogenesis and promoting evasion of

apoptosis and senescence. 536468:69

Putting out the Fire: Oil Sources

It is acknowledged that successfully treating cancer and associated cachexia will require a
multifaceted approach that addresses energy intake, activity level and inflammation. Because
manipulation of energy intake has not been consistently successful in cancer treatment and
manipulation of activity has not been studied as thoroughly, inflammation is the current major
focus for intervention.'® Various oil sources have been investigated for their roles as energy
sources and have been compared based on their proinflammatory characteristics. Studies
comparing oil sources in patients requiring parenteral nutrition (PN) have made it clear that some
oil sources vary tremendously in their incitation of inflammation and their promotion of
carcinogenesis.’®"! Standard intravenous lipid emulsions in the United States generally contain
soybean oil, but there is a growing consensus that other oil sources may confer greater benefit.

Transitioning from a soybean oil emulsion to a mixed lipid emulsion containing fish oil has



shown to attenuate systemic inflammation and bolster immunity.’? The use of polyunsaturated
fatty acids (PUFAS), such as those found in fish oil, is supported both by clinical and
biochemical investigation, which show decreased inflammation and improved outcomes in some
cancers.*” ™ Other studies have shown that medium-chain triglycerides, such as those from
purified coconut or palm kernel oil, are an excellent source of energy that is not only less
inflammatory than soybean oil, but that promotes ketogenesis and protein sparing, and is
resistant to peroxidation.’* Many nutrients and biomolecules in foods also have significant
immunologic activity. Among these are glutamine, arginine and nucleotides, which have strong
anti-inflammatory, immunomodulatory and cytoprotective effects in various organs.*’ °

Along with influencing systemic inflammation, marine-derived oil sources also effect
tumors and their growth directly. This is primarily due to the fact that marine-derived oil sources
contain eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), two long-chain -3
PUFAs. Tumors of patients provided with marine-derived oil containing EPA and DHA exhibit
decreased cell proliferation, enhanced apoptosis, and limited tumor angiogenesis.”®’” EPA and
DHA also bolster the effects of chemotherapy and have been shown to enhance tumor toxicity to
antineoplastic drugs while protecting non-tumor tissue.”®’® Although there are many promising
studies exploring the influence of marine-based oil sources on cancer, the literature is quite
confusing with many studies showing conflicting results. For instance, only an equivocal
relationship exists between intake of marine-derived fatty acids and risk of prostate cancer.®
Some of the most encouraging data is in the colorectal literature. A meta-analysis of human
studies that examined 22 prospective cohort studies and 19 case-controlled trials concluded that

consumption of fish decreased the risk of colorectal cancer by 12%.8* Further, proinflammatory



acids, such as saturated fatty acids, have a high association with increased risk of colorectal

cancer.®

Palliative Properties of Marine-Derived Oils

In addition to decreasing inflammation and strengthening the response to cancer therapy,
marine-derived fatty acids can be palliative. Cancer patients face a host of symptoms that impair
their functionality and decrease quality of life. Gastrointestinal symptoms are among the most
common complaints of patients receiving chemotherapy, particularly those being treated for
gastrointestinal cancers. De Quadros Camargo and colleagues carried out a randomized, placebo-
controlled, triple blind clinical trial examining treatment outcomes, adverse events, side-effects
and functionality of patients receiving fish oil and placebo. The fish oil group had less
gastrointestinal symptoms and better performance scores compared to the placebo group, but
there was no difference in lipid peroxidation or adverse events between groups.®

While many studies on fish oil use are promising, it is important to keep in mind that
much of the data on outcomes is conflicting and inconsistent. A randomized, placebo-controlled
trial of 25,871 individuals receiving either fish oil supplementation or placebo demonstrated no
influence of fish oil on cancer or cardiovascular disease prevention.®* Some meta-analyses also
show that PUFAs have no effect on overall cancer diagnosis or cancer death, and that it may
even raise the risk of cancer diagnosis for some specific diseases.® It is unclear if fish oil offers
any protection against loss of muscle mass and function.® Further investigation is warranted to
elucidate the role of fish oil in preventing cancer and bolstering cancer treatment, but it does

appear to offer at least some palliative benefit in some settings.



Resolving Inflammation

Inflammation consists of two phases—initiation and resolution—which are orchestrated
by complex interactions between cells and signaling molecules.®” Although much discussion of
inflammation centers around preventing the initiation phase, it is equally important to understand
and address the resolution of inflammation. Among the most critical chemical signals for
resolving inflammation are specialized pro-resolving mediators (SPMs), which are a group of
biologic mediators that consist of resolvins, protectins and maresins.® These families of
molecules intervene in instances of both acute and chronic inflammation to promote resolution
and ultimately encourage tissue repair and healing. There is a close relationship between EPA,
DHA and SPMs wherein enzymatic lipoxygenase activity on -3 or -6 PUFAS gives rise to
SPMs.2° PUFAs and SPMs have a number of characteristics in common, as they are both
naturally occurring, synthesized endogenously in humans and possess anti-inflammatory
properties. However, only SPMs have the ability to directly orchestrate resolution of
inflammation. Clinical studies have shown that fish oil supplementation does result in increased
-3 index and increased plasma levels of downstream mediators, such as SPMs.%

SPMs not only modulate inflammation, but also help combat disease. Their evolutionary
conservation across a wide variety of species suggests that they are indispensable immune
molecules.”* Greater concentrations of various SPMs have been associated with decreased
mortality in septic patients, decreased rates of surgical infections and even altered angiogenesis
and tumor microenvironment.®*% SPMs are implicated in various steps of neoplastic
progression, especially inflammation and angiogenesis. Cancer cells treated with SPMs, such as
Resolvin D1 and Lipoxin B4, exhibit significantly diminished angiogenic potential. Additionally,

supplementation of ®-3 and -6 fatty acids promotes endogenous production of SPMs.%



Promoting Endogenous Production of Specialized Pro-resolving Mediators

Promotion of endogenous production of SPMs that facilitate effective clearance of tumor
debris is an emerging therapeutic target that can be promoted both nutritionally and
pharmacologically. Observational data suggesting a protective effect of aspirin against cancer
has garnered interest in the mechanism by which this protection occurs.® Biochemical literature
has shown that aspirin promotes endogenous production of aspirin-triggered SPMs, including
resolvins and lipoxins. These aspirin-triggered SPMs cause greater macrophage phagocytosis of
tumor cells and debris while counter-regulating a number of proinflammatory molecules secreted
by macrophages.® These changes in the immediate vicinity of the tumor and their protection
against cancer highlight the importance of the tumor microenvironment. Although cancer therapy
reduces disease burden by killing tumors, it simultaneously leaves tumor debris in the area of the
tumor which promotes inflammation and tumor recurrence. New research has shown that debris-
stimulated tumors were inhibited by SPMs, such as resolvins D1, D2 and D3.28 Furthermore, pre-
operative stimulation of resolvins via ketorolac injection in mouse models was shown to prevent
dormancy escape, micrometastasis and later tumor recurrence caused by chemotherapy and

surgery.*

Emerging Nutrition Therapies: Fact or Fad?
Whole Grains

A variety of nutritional therapies have gain traction both in the lay media and in the
scientific literature. Among the most well-supported nutritional cancer prevention methods is
increased intake of whole grains. As little as three servings per day of whole grains has been

shown to decrease all-cause mortality, including cardiac disease, stroke, type 2 diabetes and



cancer."% A prospective cohort study following 786,076 patients also showed decreased all-
cause mortality associated with whole grains.®® A variety of mechanisms are thought to
contribute to the anti-cancer properties of whole grains, including their bioactive phytochemicals
known to reduce cancer risk; their role as a source of dietary fiber that can be fermented to make
short-chain fatty acids, such as butyrate; their association with reduced risk of obesity and

metabolic disease; and their antioxidant and anti-inflammatory properties.1°%10!

Prebiotics and Probiotics

The host microbiome plays a vital role in modulating the inflammatory state of the colon.
Probiotics have been employed to address treatment-associated symptoms and, in some cancers,
to promote prevention. VVarious mechanisms contribute to the anticarcinogenic effect of
probiotics, including production of anti-inflammatory molecules such as short-chain fatty acids,
degradation of carcinogens in the colonic lumen, immune modulation and bolstering of the
intestinal barrier through promotion of gut homeostasis.'?>1% In patients with colorectal cancer,
use of probiotics improves immunity and decreases gastrointestinal complaints while reducing
tumor formation, proliferation, growth and metastasis. %1% Other cancers, such as pancreatic
cancer, are thought to partially arise due to differential increases in select pathogenic bacteria
which activate immune receptors that promote inflammation and spur on cancer.*%71% There is
also evidence showing that probiotics decrease inflammation and cachexia while preventing
muscle loss in mouse models.*® Probiotics may also be a potential tool for controlling cellular
injury during adjuvant chemoradiation, but review of the literature reveals very mixed

results 110111



Ketogenic Diet and Fasting

Among the most popular emerging nutritional therapies are intermittent fasting and the
ketogenic diet, the ladder of which has been explored for its role in weight loss, epilepsy
treatment, diabetes management and cancer care.'? The ketogenic diet, which is a low carb, high
fat diet, is based on the idea that the absence of glucose will force the cell to rely on fatty acid
oxidation, rather than glycolysis, for energy.'*® Given that hyperglycemia and impaired insulin
sensitivity are generally associated with worse cancer outcomes, a low-carb diet is an effective
method for decreasing blood glucose.!** In some cancers, particularly gliomas, the ketogenic diet
has offered promising results when used concurrently with radiation therapy.*% In animal
models, the ketogenic diet with hyperbaric oxygen treatment decreased the size of certain
implanted metastatic tumors.*'® However, the benefits of the ketogenic diet are not realized in all
cancers, and further investigation is needed to better understand in what settings the ketogenic
diet should be recommended.'":*® Another dietary measure that takes advantage of altered
tumor metabolism is intermittent fasting, which has been shown to slow tumor growth and
enhance tumor sensitivity to chemotherapy.'*® Given the significant change in lifestyle and the
many unanswered questions about ketogenic diets and intermittent fasting, patients pursuing
either should be thoroughly counseled by a physician to achieve the best compliance, and

understand the risks, benefits, limitations and unknowns.2°

Exercise and Cancer
Physical activity is a key compliment to optimal nutrition in cancer patients. Generally
speaking, clinical, functional, and in certain groups, survival outcomes improve with exercise.*?*-

122 Studies using rat models have demonstrated that voluntary running inhibits tumor growth



through increased vascularization and blood perfusion, improved immune function, altered tumor
metabolism and muscle-to-tumor crosstalk.*?3?5 In humans, high intensity exercise has been
shown to reduce colon cancer cell growth and colon cancer mortality, although the precise
mechanism is unclear and the effects appear to be transient.*?® Conversely, sedentary lifestyle
seems to increase risk of cancer mortality.'?” Part of the benefit of exercise is likely attributable
to its role in controlling inflammation by decreasing fat mass.'?® Preoperative exercise may also
be beneficial to surgical oncology patients, as it is associated with a quicker functional recovery,
but these outcomes are likely not specific to surgical oncology.*?®*3° Further research is needed

to explore roles and mechanisms of exercise in improving cancer-specific outcomes.

Takeaways: How to Guide Patients

Overcoming cachexia and improving cancer outcomes are formidable challenges that
require a multimodal approach. As early as possible, patients should be evaluated for underlying
cachexia and sarcopenia, likely with the assistance of cross-sectional imaging to best assess
muscle atrophy.*® Once the stage of cachexia has been identified, a conversation about goals of
care must take place. Patients identified as pre-cachectic or cachectic should begin targeted
multimodal therapy, focused on combatting catabolism and inflammation through increased
protein intake, incorporation of anti-inflammatory foods and supplements (ideally via enteral
route), and correction of symptoms causing anorexia.*’ Increased protein, including
supplementation of leucine and leucine metabolites, should be done in combination with aerobic
exercises and resistance exercises to maintain muscle mass.?* In patients with refractory
cachexia, the focus should be on palliation and symptom management, with the goal of bringing

comfort to the patient and their family.®® For patients complaining of gastrointestinal symptoms,



good evidence exists to suggest that marine-derived oils and probiotics as well as whole grains
can significantly alleviate their symptoms.®3

Much of the role of nutrition in cancer centers around addressing inflammation. A less
inflammatory oil source should be chosen wisely. Marine-derived oils containing PUFAs, such
as EPA and DHA, are ideal oil sources because of their inherent anti-inflammatory properties,
and their close relationships with SPMs.”® 7”8 Surgical oncology patients and patients receiving
chemotherapy or radiotherapy are most likely to reap the benefits of fish oil such as decreased
micrometastases and less chance of future recurrence from dormancy escape.® 3! Medium-
chain triglycerides, such as those in purified coconut oil or palm kernel oil, are also valid oil
sources as they are less inflammatory, enhance ketogenesis and promote protein sparing.” In
certain patient populations, specifically patients with gliomas, there may be benefit in
recommending the ketogenic diet, but this recommendation is not substantiated by robust bodies
of research in many other cancers.*> 117

One vital responsibility of the clinician is to counsel patients on their options and support
them as they commit to the demanding lifestyle changes of cancer care. A team-based approach,
involving physicians, dieticians, patients and their families is recommended to facilitate
successful adoption of individualized diet modification and exercise.**>!3 By understanding the
role of nutrition, individualizing nutrition plans and counseling patients thoroughly, practitioners

have the opportunity to combat cancer-cachexia and improve overall cancer outcomes.
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