

  medicines-11-00005




medicines-11-00005







Medicines 2024, 11(2), 5; doi:10.3390/medicines11020005




Review



Can a Low-Phosphate Diet for Chronic Kidney Disease Treat Cancer? An Interdisciplinary Literature Review



Ronald B. Brown * and Philip Bigelow





School of Public Health Sciences, University of Waterloo, Waterloo, ON N2L 3G1, Canada









*



Correspondence: r26brown@uwaterloo.ca







Citation: Brown, R.B.; Bigelow, P. Can a Low-Phosphate Diet for Chronic Kidney Disease Treat Cancer? An Interdisciplinary Literature Review. Medicines 2024, 11, 5. https://doi.org/10.3390/medicines11020005



Academic Editor: Guy Rostoker



Received: 10 November 2023 / Revised: 19 January 2024 / Accepted: 26 January 2024 / Published: 30 January 2024



Abstract

:

Background: Cancer therapeutics have a low success rate in clinical trials. An interdisciplinary approach is needed to translate basic, clinical, and remote fields of research knowledge into novel cancer treatments. Recent research has identified high dietary phosphate intake as a risk factor associated with cancer incidence. A model of tumor dynamics predicted that reducing phosphate levels sequestered in the tumor microenvironment could substantially reduce tumor size. Coincidently, a low-phosphate diet is already in use to help patients with chronic kidney disease manage high serum phosphate levels. Methods: A grounded-theory literature-review method was used to synthesize interdisciplinary findings from the basic and clinical sciences, including oncology, nephrology, nutritional epidemiology, and dietetic research on cancer. Results: Findings of tumor remission associated with fasting and a ketogenic diet, which lower intake of dietary phosphate, support the hypothesis that a low-phosphate diet will reduce levels of phosphate sequestered in the tumor microenvironment and reduce tumor size. Additionally, long-term effects of a low-phosphate diet may reverse dysregulated phosphate metabolism associated with tumorigenesis and prevent cancer recurrence. Conclusions: Evidence in this article provides the rationale to test a low-phosphate diet as a dietary intervention to reduce tumor size and lower risk of cancer recurrence.
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1. Introduction


More than half a century after the U.S. National Cancer Act of 1971 declared war on cancer, Castuera wrote in the American Journal of Economics and Sociology that the war on cancer failed because its main focus was on increasing technological advancements in cancer research rather than developing more programs to save lives [1]. The decades following 1971 saw a continued rise in cancer deaths until a reversal of cancer mortality during the mid-1990s which was “based more on inexpensive anti-smoking and other prevention programs than on expensive treatment methods” [1]. By 2014, the International Agency for Research on Cancer (IARC) declared that the battle against cancer will not be won with treatments alone and that measures to effectively prevent a global crisis in cancer are needed [2].



However, the majority of international cancer research funding continues to be directed toward cancer treatments, while prevention remains the smallest investment category [3]. Yet, current treatments have significant clinical limitations. For example, a recent review of cancer chemotherapies over the past six decades found that the rate of outcome failures for solid tumors ranged between 85 and 95% [4]. Drug therapies cause more harm than benefits for some patients [5], and cancer drugs licensed by the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) from 2003 to 2013 improved overall patient survival by an average of only 3.43 months compared to treatments in 2003 [6].



Prescribing higher doses of chemotherapy to cancer patients often provides few improved outcomes while increasing toxicity and harm to patients’ quality of life [7], and large amounts of funding are invested in cancer treatment studies with questionable pretrial data [8]. Consequently, the latest drugs and technologies to treat cancer globally will not increase survival, and greater advocacy is needed for less expensive and more effective cancer treatments, “especially in low- and middle-income countries” [9]. Due to changes in lifestyle and increases in the ageing population, cancer is estimated to affect 21.7 million people by 2030 at a cost of USD 458 billion [9]. Effects of financial toxicity experienced by more than half of U.S. patients treated for cancer include “house repossession, bankruptcy, loss of independence, and relationship breakdowns” [10]. Additionally, “Cancer therapeutics currently have the lowest clinical trial success rate of all major diseases”, and “cancer will soon be the leading cause of mortality in developed countries” [11].



But the situation is not hopeless. Researchers can target the development of simple, inexpensive, effective, accessible, and equitable treatments and prevention strategies to address the increasing social and economic burden of global cancer [9]. “Lateral thinking, rather than an approach directed to a particular cancer, has produced the most breakthroughs historically” [1], and “discoveries in medicine have often come from the most remote and unexpected fields of science” [12]. An abundance of new approaches to cancer can be provided by a collaboration of scientists conducting cross-disciplinary research [13]. According to the National Academies of Sciences, Engineering, and Medicine, interdisciplinary research methods can “solve problems whose solutions are beyond the scope of a single discipline or field of research practice” [14].



The purpose of the present interdisciplinary literature review is to synthesize findings from clinical and basic science research in oncology, cancer biology, biochemistry, nephrology, nutritional epidemiology, and dietetics. The results propose a novel treatment for cancer using a low-phosphate diet already in use to manage dysregulated serum phosphate in patients with chronic kidney disease (CKD). The essential mineral phosphorus is acquired mainly through the diet in the form of phosphate (chemical formula PO4) and concentrations of inorganic phosphate (Pi) are regulated in the blood serum by a network of endocrine hormones involving the kidneys, bone, parathyroid glands, and intestines [15]. Dysregulation of phosphate metabolism causes phosphate toxicity in the tissues of the body [16].



This narrative review explores the interdisciplinary relationship of cancer with renal disease and proposes that dysregulated metabolism of Pi is a common mediating factor in the etiology of both diseases. A grounded theory literature-review method was used to purposely search, select, analyze, and compare research findings from online databases like Pub Med and Google Scholar to synthesize new knowledge, insights, and new directions for further research [17]. Findings reviewed in this paper provide the rationale to hypothesize that a low-phosphate dietary intervention administered to patients with CKD will be efficacious in the remission of solid tumors and prevention of tumor recurrence in patients with cancer.




2. Diet and Cancer


In an “Introduction to Dietary Research and Cancer” [18], Gacche wrote “Epidemiological studies have clearly demonstrated the fact that diet and nutrition have profound impact and influence on the progression of cancer and also on risk of developing cancers”.



Yet, the author also points out gaps in the clinical application of this information such as the need for more evidence from rigorous clinical research and the low impact of nutritional advice due to “moderate interest of clinical oncologists in diet and nutritional interventions”. Of importance, patients who confront cancer become much more aware of the value of their health and are highly motivated to do “everything in their power to increase their chance of survival” [19]. Cancer patients also have a high interest in dietary strategies, and a review of popular diets found that almost half of surveyed cancer patients were sufficiently motivated to change their dietary habits “with the hope that they will improve survival and prevent recurrence” [20]. Information in the present review should be of interest to a broad audience of cancer patients, oncologists, and nutritionists.



Among topics in emerging research on diet and cancer, Gacche described “the diet/metabolite-mediated regulation of cancer signaling pathways/growth factors” as well as metastasis and immunosurveillance in cancer biology. Importantly, metabolomics, the study of chemical metabolites derived from metabolic processes “offers an opportunity to develop a biomarker-based approach to dietary assessment in cancer epidemiology” [21]. A 2023 review of nutritional metabolomics in the association of diet and breast cancer described a wide variety of metabolites from fat, protein, carbohydrate, and other nutrients, but significantly, no mention was made of metabolites related to dietary phosphate [22]. Yet, circulating serum Pi derived from dietary phosphorus absorbed in the intestines “functions as a constituent of cellular metabolites” [23].



Accumulation of interstitial Pi in the tumor microenvironment has been identified as a biomarker of cancer progression (metastasis) [24]. Recently, Fu et al. used animal models to lower Pi concentrations in tumors by administering the phosphate binder lanthanum acetate, and the researchers suggested that this procedure might provide a new anticancer strategy to reduce tumor growth and metastatic progression [25]. Lv et al. used the phosphate binder sevelamer in a rabbit model to lower Pi concentrations in tumor grafts, which improved transarterial chemoembolization that blocks the tumor blood supply while increasing tumor accumulation of the chemotherapeutic agent doxorubicin [26]. Bi et al. [27] lowered Pi-induced metabolic stress by using transarterial sevelamer embolization to “occlude the tumor-feeding vessel” and deplete tumor Pi concentrations, leading to inhibition of liver cancer progression in a rabbit model. Furthermore, animal studies have shown that high dietary phosphate increases lung tumorigenesis through cell signaling in the phosphoinositide 3-kinase (PI3K)/Akt/mTOR signaling pathway [28]. A high-phosphate diet fed to mice also increased skin tumorigenesis through the N-ras-extracellular signal-regulating kinase 1/2 (ERK1/2) pathway that regulates cell proliferation [29].



Additionally, obesity is a risk factor for cancers in at least 13 sites in humans, and obesity has been associated with increased dietary phosphate and elevated serum levels of hormones that regulate Pi metabolism: fibroblast growth factor 23 (FGF23) and parathyroid hormone (PTH) [30]. Obesity is also associated with increased intake of ultra-processed foods that are high in phosphate additives, including phosphoric acid in colas [30]. A 2022 systematic review and meta-analysis found that obesity was associated with an increased risk of mortality in prostate cancer [31], and an earlier analysis of 47,885 men in the Health Professionals Follow-Up study found increased risk of lethal and high-grade prostate cancer associated with dietary phosphorus intake [32]. Another 2022 meta-analysis involving 669,080 participants in case–control studies found that high intake of dietary phosphorus and high serum phosphorus concentrations were associated with an 8% and 7% increase in prostate cancer risk, respectively [33]. Higher levels of serum prostate specific antigen (PSA), a biomarker for prostate cancer, were also associated with an intake of dietary phosphorus above 1151 mg per day in a secondary analysis of data from the U.S. National Health and Nutrition Examination Survey (NHANES), 2003–2010 [34].



In 2023, the present authors published a review proposing that the association of alcohol consumption with increased risk of breast cancer is mediated by hyperphosphatemia caused by alcohol-induced rhabdomyolysis which releases intracellular phosphate from skeletal muscle into the serum [35]. Also in 2023, the authors found that a 2.30 relative risk for breast cancer incidence in a cohort of middle-aged U.S. women was associated with >1800 mg dietary phosphorus compared to 800–1000 mg phosphorous recommended by the U.S. National Kidney Foundation for patients with CKD (RR: 2.30; 95% CI: 0.94–5.61; p = 0.07) [36]. Although the study’s small cohort likely reduced statistical significance, these results are supported by evidence in the present review, and further clinical investigations are warranted to test the hypothesis that limiting cancer patients to 800–1000 mg or less of phosphorus a day will reduce and prevent cancer promotion and progression. Furthermore, another 2023 study of the cohort by the present authors found that a greater magnitude of abnormal bone mineral density changes (mineral deposition in osteosclerosis followed by mineral loss in osteoporosis) was associated with women self-reporting breast cancer incidence compared to women remaining cancer-free [37]. This finding implicates phosphate toxicity as a potential contributing factor to bone metastases in metastatic breast cancer, which should also be investigated with a low-phosphate dietary intervention.



In contrast to the above findings, a recent analysis of data from the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial found that dietary phosphorus was not significantly associated with risk of pancreatic cancer in adults [38]. The study examined associations of pancreatic cancer with daily recommended dietary allowances for calcium, magnesium, and phosphorus (700 mg phosphorus [39]) compared to deficient intake of these nutrients. Importantly, effects of excessive nutrient intake were not investigated, and the researchers added “It is biologically plausible that phosphorus is implicated in pancreatic carcinogenesis”. Furthermore, calcium intake in the study was only associated with reduced cancer risk when fat was also consumed, which may be due to the consumption of full-fat dairy products that are high in calcium but lower in phosphorus per calorie compared to low-fat or nonfat dairy products.




3. Pi and Molecular Mechanisms in Tumorigenesis


Hallmarks of cancer metabolism include increased demand for nutrients to support rapid tumor growth and cell proliferation [40,41]. However, evidence of Pi molecular mechanisms in tumorigenesis suggests an opposite dynamic relationship between supply and demand for growth-promoting nutrients. That is, rather than demanding more nutrients for growth, tumorigenesis is associated with a dysregulated oversupply of growth-promoting dietary phosphorus.



Phosphate bonded to deoxyribose forms the backbone of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), which direct the genetic expression of proteins in cell proliferation [42]. A genetic code transcribed from the cell nucleus is transported via messenger RNA (mRNA) to the cell ribosomes for biosynthesis of cell proteins. Early animal research shows that a high-phosphorus diet induced hyperphosphatemia, increased biosynthesis of mRNA, and stimulated hyperplasia in the parathyroid glands, one of the organs that regulates phosphorus metabolism [43]. Researchers also described how liver tumorigenesis was delayed in precancerous tissue when phosphorus incorporation into cellular nucleic acids was depressed [44]. Phosphorus in RNA also contributes significantly to a higher total biomass of phosphorus in malignant tissue compared to normal tissue [45].



Exposure to high Pi levels increases expression of genes in cancer cells that promote angiogenesis and neovascularization which supply blood to the tumor [46]. Additionally, sodium phosphate cotransporter 2b (NaPi2b) is highly expressed in cancer cells of the ovary, lung, thyroid, and breast compared to normal tissue [47]. By comparison, H+-dependent Pi transport in breast cancer cells is five times higher than Na+-dependent Pi transport when the cells are exposed to high extracellular levels of Pi [48], facilitating sequestration of excessive phosphate into the tumor.



A biologically plausible advantage of Pi sequestration in tumorigenesis is that it removes potentially lethal and tissue-damaging amounts of serum Pi circulating throughout the body, which may explain why immune system responses appear to protect tumors in putative “tumor immune evasion” [49]. For example, a model with mice that overexpress the tumor-suppression protein P53 reduced tumorigenesis but increased cachexia, including sarcopenia, organ atrophy, skeletal kyphosis, and premature death. These cachexic effects are similar to effects from phosphate toxicity in a model of mice lacking klotho, a regulator of phosphate metabolism [50]. Consequently, if a tumor is destroyed with conventional treatments like radiation or chemotherapy, rapid release of large amounts of intracellular Pi and other cellular constituents into the serum can cause an oncologic emergency known as tumor lysis syndrome [51]. Moreover, surgical removal of a primary tumor is associated with increased tumor recurrence and metastasis [52], which implies a plausible protective response that persistently sequesters dysregulated Pi into tumors.



Tumor progression is also associated with inflammation [53], and inflammation in hemodialysis patients is strongly correlated with serum phosphorus levels [54], suggesting that dysregulated phosphate metabolism and hyperphosphatemia are potential mediating factors in the association of inflammation with tumor progression [55]. Additionally, hyperphosphatemia in hemodialysis patients with end-stage renal disease (ESRD) is associated with increased proliferation and complexity of bacterial flora in the gut microbiota compared to controls without ESRD, but increased proliferation ceased as intestinal phosphorus levels were lowered with phosphate binders [56]. Furthermore, “dysbiosis of gut bacteria, fungi, viruses and Archaea accompanies colorectal tumorigenesis” [57]. The association of intestinal cancer risk with flora dysbiosis may be mediated by high phosphate levels that stimulate microbial overgrowth, and research should investigate the use of phosphate binders or a low-phosphate diet to reduce intestinal phosphate levels, lower the risk of tumorigenesis, and restore normal balance to the gut microbiota.




4. Dietary Recommendations to Reduce Cancer Risk


Describing the general lack of policies for cancer prevention based on nutrition and lifestyle, Kerschbaum and Nüssler pointed out that 30–50% of cancers can be prevented through diet and lifestyle modifications [58], and the researchers cited findings of the World Cancer Research Fund (WCRF). Recommendations of the WCRF/American Institute for Cancer Research (AICR) prioritize future research on nutrients and the metabolism of the tumor microenvironment [59]. This future research direction has special relevance for research of phosphate toxicity and cancer. For example, Table 1 lists WCRF/AICR recommendations to prevent cancer, with additional associations based on cited research findings for phosphate toxicity.



An analysis of cohort data from the Iowa Women’s Health Study reported that “better adherence to the WCFR/AICR cancer prevention guidelines is associated with a lower risk of postmenopausal breast cancer” [67]. Yet, the researchers did not find an association between the specific diet recommendations and incidence of breast cancer, perhaps due to the dietary recommendation allowing unrestricted amounts of high-phosphate foods like wholegrains, legumes, nuts, seeds, and tubers. Nevertheless, other studies found reduced risk of breast cancer with greater adherence to the overall WCFR/AICR cancer prevention guidelines, including Hastert et al. [68]; Harris, Bergkvist, and Wolk [69]; Makarem et al. [70]; and Catsburg, Miller, and Rohan [71].



Related to dietary patterns in cancer, Gacche [18] wrote that the epidemiological evidence is unconvincing that a particular dietary pattern reduces cancer “prognosis, recurrence and mortality”. The author notes however that overall, for a variety of cancers, “the Western dietary pattern seems to be detrimental”. Gacche also expressed surprise that many of the world’s top hospitals and healthcare agencies are unable to provide consistent answers to questions asked by cancer patients regarding “the optimal diet during and after cancer treatments,” and the author suggested that the scientific community “undertake research activity for resolving the questions being asked by cancer patients”. With over 1000 registered clinical trials investigating the effect of dietary factors on cancer, no dietary interventions have received FDA approval for prevention of cancer, and Gacche suggested focusing research on “molecular mechanisms” and “impact on current chemotherapy efficacy” through dietary adjuvant therapies [18].




5. Diet Therapy for Hyperphosphatemia


Dysregulated serum phosphate in hypophosphatemia (low serum Pi) is common in cancer patients, but “it is important to be aware of pseudohypophosphatemia, defined as spuriously low serum phosphorus values that do not correspond to their actual systemic levels” [72]. Osuka and Razzaque noted that “most of the body phosphate is present in the bone as hydroxyapatite, and only 1% of the total phosphate is available in the extracellular compartment” [73]. The authors added that “serum measurements of extracellular phosphate therefore reveal only a tiny fraction of total body phosphate and might not always reflect the amount of phosphate uptake and its distribution”. For example, hypophosphatemia in cancer patients can be caused by a shift of serum phosphate into the intracellular compartment of tumors during tumor genesis syndrome [74].



Dysregulated serum phosphate is also common in renal disease. In 2021, an analysis of mineral metabolism markers in hemodialysis patients from Taiwan with ESRD found that a short-term increase in dietary phosphorus intake of only 100 mg was associated with a statistically significant serum phosphate increase of 0.28 mg/dL [75]. In a 2023 study of Taiwan hemodialysis patients with ESRD, Tsai et al. found that serum phosphate levels rapidly declined within 2 days of lowering dietary phosphate by 300 mg to an average of 520 mg phosphate (SD 104 mg) [76].



Additionally, high pill burden in hemodialysis patients (about half of the pills from phosphate binders) averages 19 pills per day which is associated with “poor adherence, higher serum phosphate levels, and impaired health-related quality of life,” implying a need to further emphasize control of dietary phosphate intake [77]. Education and planning talks were provided to hemodialysis patients who identified barriers to long-term management of hyperphosphatemia, including the need to tailor phosphate binder prescriptions to their eating habits and the need for sufficient resources on diet change, and the talks were successful in reducing patients’ mean serum phosphate levels by 0.31 mg/dL [78].



Education in hyperphosphatemia management for hemodialysis patients is enhanced by dietitian-led guidance in renal diet education [79]. In addition to clinical improvements, educational programs in management of hyperphosphatemia have potential for significant savings in healthcare costs [80]. A 2020 systematic review and meta-analysis of clinical trials found that 20–30 min of phosphate-specific diet therapy provided monthly by a dietitian to patients on hemodialysis with persistent hyperphosphatemia significantly lowered serum phosphate for 4–6 months without negatively affecting nutritional status [81]. Another systematic review in 2021 examined patient adherence to phosphate control through educational or behavioral interventions and found that outcomes included improved serum phosphate levels in patients and better knowledge, self-efficacy, and adherence to phosphate control methods [82].



Because dietary sources of phosphate have different levels of bioavailability, researchers suggested that indexing foods by degree of phosphate bioavailability (Phosphatemic Index) could assist patients with CKD in food selection for phosphate management [83]. However, an important limitation of this approach is that phosphate in the form of phytates in plant-based foods like legumes and grains can bind with calcium in the intestines and reduce calcium absorption, potentially contributing to disturbances in calcium homeostasis [84].



Vitamin D and Hyperphosphatemia


The bioactive form of vitamin D, 1,25-dihydroxyvitamin D3 [1,25(OH)2D] or calcitriol, is biosynthesized by the kidneys from the storage form of vitamin D, 25(OH)D, and calcitriol increases dietary phosphate absorption in the intestines to increase serum Pi levels [85]. If serum Pi levels are high, the kidneys produce less calcitriol. This regulatory mechanism potentially explains why bioactive vitamin D levels drop in patients with CKD [86] and in patients with cancer [87], potentially related to rising serum Pi levels in hyperphosphatemia. Additionally, the inability to reduce cancer risk with vitamin D supplements in patients with cancer may be explained by failure to address the underlying cause of dysregulated Pi in tumorigenesis [65]. Moreover, calcitriol is associated with “antiproliferative, pro-apoptotic, anti-cell migration and antiangiogenic activity in a number of preclinical studies in many different cancer types” [87], but these associations could be mediated by reduced serum phosphate levels. For example, a low-phosphate diet was found to restore normal calcitriol levels in patients with CKD [88], and future research is needed to investigate how a low-phosphate diet with reductions in serum phosphate may increase calcitriol levels in patients with cancer.





6. Cancer Cachexia, Protein, and Dietary Phosphate


Cachexia in cancer patients from sarcopenia or loss of skeletal muscle mass is more complicated than simply being a problem of insufficient nutrient intake, and “nutrition alone cannot reverse cachexia” [89]. A negative balance of protein and energy in cachexia is “driven by a variable combination of reduced food intake and abnormal metabolism” [90], suggesting a role for dysregulated phosphate metabolism. For example, in 2018, researchers from the Republic of China found that serum phosphate levels within the high end of the normal range were associated with age-related loss of muscle strength, or dynapenia, in an analysis of U.S. NHANES data [91]. Additionally, a 2023 study in the Journal of Cachexia, Sarcopenia and Muscle found that feeding geriatric mice a low-phosphate diet lowered the serum phosphate of the mice to levels approaching serum levels in younger mice [92]. Remarkably, compared to geriatric mice fed a standard diet three-times higher in phosphate, the muscle mass measured in the gastrocnemius and tibialis of the geriatric mice receiving the low-phosphate diet increased by 44%, along with increases in strength and physical performance. These findings help ameliorate the concern that a low-phosphate diet for cancer patients with cachexia might increase sarcopenia.



Nevertheless, dietary recommendations and specific nutrients needed to avoid muscle loss in patients with sarcopenia and cancer cachexia are rarely based on evidence from clinical trials [89]. For example, the European Society for Clinical Nutrition and Metabolism (ESPEN) recommends a daily dietary protein intake for cancer patients of between 1.0 and 1.5 g/kg body weight [93], but “evidence-based studies to support the optimal quantity are largely missing” [94]. Furthermore, a gram of protein on a mixed diet contains an average of 12–14 mg phosphorus [95]. Therefore, at a body weight of 154 pounds (~70 kg), the ESPEN protein recommendations range from 70 g to 105 g which calculates to between 840 mg and 1470 mg of phosphorus, approximating the level of >1400 mg phosphorus intake associated with increased all-cause mortality in a 2013 analysis of data from the U.S. NHANES III [96]. Alternatively, a 2020 review suggests that a plant-based low-protein diet, with 0.6–0.8 g protein per kg body weight, is more conservative, effective, and safe when “administered by dietitians trained in non-dialysis CKD care” [97]. This lower level of recommended protein at 70 kg body weight ranges between 42 g and 56 g of daily protein intake, which calculates to between 504 mg and 784 mg of dietary phosphorus. The 2020 updated guidelines from the U.S. National Kidney Foundation also confirms that a low-protein diet (0.55–0.60 g/kg body weight) in combination with sufficient energy intake is safe for nondialysis adults and patients with CKD [98].




7. Low-Phosphate Diet for Cancer Treatment


Phosphoproteins in animal-based foods (casein in bovine milk and ovo-vitellin in egg yolk [99]) are proteins with attached phosphate groups [100], and phosphorylated proteins are associated with cancer and metabolic disorders [101]. Conversely, lower amounts of phosphoproteins in plant-based diets may contribute to a reduced cancer risk associated with plant-based dietary patterns [102]. Additionally, phosphate stored in plants as phytates have lower bioavailability compared to phosphate in animal-based foods [103].



Unlike dietary phosphoproteins, dietary lipids lack phosphorus, which explains why ketogenic diets that are high in lipids tend to be lower in overall dietary phosphorus levels. For example, in 2022, Hagihara et al. administered a high-lipid/low-carbohydrate ketogenic diet to patients with advanced cancer and used positron emission tomography–computed tomography (PET-CT) to document remission of tumors that occurred in patients [104]. Based on examples of daily menus provided in the study’s supplementary material, the daily phosphorus content of the ketogenic formula administered to the patients (2.4 mg phosphorus per gram ketogenic formula) totaled 582.7 mg phosphorus. This amount of phosphorus is similar to the average of 520 mg previously cited in the 2023 Taiwan study by Tsai et al. which rapidly reduced serum phosphate levels in hemodialysis patients with ESRD [76]. These dietary phosphorus levels are also lower than the dietary reference intake (DRI) of 700 mg for adults and approximately equal the estimated average requirement (EAR) of 580 mg for adults [39]. Moreover, the ketogenic formula provides an amount of dietary phosphorus that is much lower than the average daily intake of 1189 mg for U.S. adult women and 1596 mg for U.S. adult men [64].



Although animal-based proteins in the ketogenic formula used by Hagihara et al. are generally high in phosphorus, the overall low phosphorus content of the diet is likely due to high lipid intake and restricted intake of carbohydrate foods that contain high levels of phosphorus like starchy vegetables, legumes, tubers, and grains. Hagihara et al. also reported that “total cholesterol and low-density lipoprotein cholesterol levels were significantly increased” in cancer patients [104], likely related to the high intake of dietary cholesterol in the diet.



Of concern, low-carbohydrate diets with animal-based protein and fat are generally associated with higher mortality [105]. Long-term compliance with the ketogenic diet is also challenging for patients, and the diet can increase risks of cardiovascular disease [106]. Interestingly, while a dietary pattern with a relatively higher intake of cholesterol is associated with increased cardiovascular disease risk, the relatively lower phosphate intake in this dietary pattern reduces cancer risk, which likely explains the inverse relationship between atherosclerosis and cancer in the medical literature [107]. The ketogenic diet may also induce inflammation and oxidative stress and accelerate aging, and adverse effects of the diet include muscle pain, flu-like symptoms, low energy, hepatic insulin resistance, and micronutrient deficiencies [108]. Furthermore, a ketogenic diet tested in a mouse model of cancer cachexia delayed tumorigenesis but also reduced the cancer survival time and caused more rapid development of cachexia related to reduced synthesis of corticosterone [109]. For comparison purposes, a similar mouse model of cachexia could test effects of a diet containing normal amounts of macronutrients (carbohydrates, protein, and fat) with reduced amounts of phosphate.



The rationale for the hypothesis that the low-carbohydrate component of the ketogenic diet will reduce tumor size is based on the Warburg effect, which states that tumors are dependent on anaerobic metabolism of glucose [110]. But drastically restricting carbohydrate dietary intake has little effect on serum levels of glucose due to the compensatory release of glucose from glycogenolysis and de novo synthesis of glucose from the breakdown of lactate, glycerol, and glucogenic amino acids in gluconeogenesis, even during fasting [111]. Moreover, consumption of carbohydrates by a very large tumor weighing half a kilogram “would account for only 9.8 g/day, a negligible percentage of the total glucose disposal of the body” [112]. The evidence suggests that therapeutic effects of the ketogenic formula administered by Hagihara et al. to patients with advanced cancer are due more to lower dietary phosphorus levels rather than to lower dietary glucose levels.



Overall, the ketogenic diet is an inefficient, over-restrictive, unhealthy, nutritionally imbalanced, and unsafe diet to temporarily lower dietary phosphate intake for cancer treatment. “For most individuals, the risks of such diets outweigh the benefits” [106]. No major cancer agency has recommended ketogenic diets for either prevention or treatment of cancer [113]. Alternatively, a low-phosphate diet with a proper balance of mostly plant-based proteins, healthy plant-based lipids, unrefined carbohydrates, and other nutrients associated with health benefits offers patients more food choices with possibly more satisfaction and better compliance and may have higher therapeutic prospects for long-term success in reducing cancer risk [102].



7.1. Fasting for Cancer Treatment


“Emerging evidence suggests that fasting could play a key role in cancer treatment by fostering conditions that limit cancer cells’ adaptability, survival, and growth. Fasting could increase the effectiveness of cancer treatments and limit adverse events. Yet, we lack an integrated mechanistic model for how these two complicated systems interact, limiting our ability to understand, prevent, and treat cancer using fasting” [114]. Intermittent fasting, in which food intake is restricted to limited feeding periods, is another dietary approach that has potential to improve cancer treatment efficacy and quality of life for patients, but clinical trials have not vetted the effects of intermittent fasting for clinical use [115]. Water-only fasting was associated with remission of follicular lymphoma in a case study of a 42-year-old woman, and the malignancy did not reoccur during a three-year follow-up period during which the woman strictly followed a whole-food plant-based diet [116]. The researchers suggested that “fasting affects cancer cells by reducing nutrients necessary for sustained growth”.



Importantly, when fasting or a fasting-mimicking diet was combined with chemotherapy to reduce tumor size, “the necrotic/apoptotic areas were not expanded compared with chemotherapy alone and tumor tissue showed decreased proliferation markers, meaning that the dietary intervention acted by preventing cells from proliferating rather than killing them” [117]. This finding supports an earlier hypothesis by Schipper, Turley, and Baum proposing that cancer is caused by dysregulated metabolism which may be reversible, and the researchers suggested that “killing strategies may be counter productive” in treating cancer [118]. “Ideally, one would like a treatment that eradicated the tumor, not necessarily by killing but by reregulation which may lead to restoration of normal patterns of cell death (apoptosis) or reversion to a resting proliferative state” [118].



As in the ketogenic diet, one of the effects of fasting for treatment of cancer is attributed to dietary glucose deprivation and the Warburg effect [114]. Yet, the compensatory mechanisms of glycogenolysis and gluconeogenesis that maintain serum glucose levels in the ketogenic diet also apply in fasting [111]. Furthermore, evidence in the present interdisciplinary review suggests that reduction of Pi concentrations in the tumor microenvironment through restricted dietary phosphate intake is a mediating factor linking fasting and effective cancer treatments. Moreover, although fasting is a short-term strategy that may contribute to the restoration of nutritional imbalances, fasting, like a ketogenic diet, is not a substitute for a long-term strategy to prevent cancer with a properly balanced diet that proscribes excessive intake of dietary phosphate.




7.2. Tumor Dynamics Model


In 2004, Kuang, Nagy, and Elser used a tumor dynamics model to predict that reducing the phosphorus concentrations of tumor cells by half could lead to a 75% reduction in tumor size [119]. Despite the negative effects associated with ketogenic diets, tumor remission following administration of Hagihara et al.’s low-phosphate ketogenic formula to patients with advanced cancer inadvertently confirms Kuang, Nagy, and Elser’s prediction of tumor reduction through dietary phosphorus restriction. Effects of fasting and fasting-mimicking diets on cancer also indirectly support the benefits of reduced dietary phosphate intake. Furthermore, the U.S. National Cancer Institute described the possibility of conducting a randomized trial based on emerging evidence of reduced cancer risk associated with a dietary component [120], and future trials should investigate dietary phosphate restriction as a treatment for tumor remission in patients with cancer.



The answer to the question posed in the title of this paper, “can a low-phosphate diet for chronic kidney disease treat cancer?”, lies in breakthrough knowledge synthesized from extant evidence in the present interdisciplinary literature review combined with new evidence from findings in future clinical research. Figure 1 shows that dysregulated phosphate metabolism, hyperphosphatemia, and phosphate toxicity are common factors in CKD and cancer, and the figure shows that a low-phosphate diet for CKD should be tested to treat cancer.





8. Conclusions


Interdisciplinary research is needed to develop new strategies to prevent and treat cancer. Dysregulated phosphate metabolism and phosphate toxicity are associated with tumorigenesis, and world-wide agency recommendations to reduce cancer risk factors are consistent with effects of phosphate toxicity in cancer. A low-phosphate diet is used by patients with CKD to manage high serum-phosphate levels, and, in addition to fasting, a ketogenic diet that is low in phosphorus is effective in tumor remission in patients with advanced cancer. However, ketogenic diets have adverse effects including raised risks of cardiovascular disease. Many cancer patients seek dietary advice, but to the best of our knowledge, an anti-cancer response to a diet low in phosphate has not been clinically tested in humans. Future research should investigate the role of a low-phosphate diet in reducing tumors and preventing tumor recurrence in patients with cancer.







Author Contributions


Conceptualization, R.B.B.; investigation, R.B.B.; writing—original draft preparation, R.B.B.; writing—review and editing, P.B. 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


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Castuera, I. Why the War on Cancer Failed. Am. J. Econ. Sociol. 2022, 81, 671–700. [Google Scholar] [CrossRef]

	



International Agency for Research on Cancer. Press Release No 224—Global Battle against Cancer Won’t Be Won with Treatment Alone Effective Prevention Measures Urgently Needed to Prevent Cancer Crisis. 2014. Available online: https://www.iarc.who.int/pressrelease/#year:2014 (accessed on 28 June 2023).

	



Abudu, R.; Bouche, G.; Bourougaa, K.; Davies, L.; Duncan, K.; Estaquio, C.; Font, A.D.; Hurlbert, M.S.; Jackson, P.; Kroeskop-Bossenbroek, L.; et al. Trends in International Cancer Research Investment 2006–2018. JCO Glob. Oncol. 2021, 7, 602–610. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, H.; Khatami, M. Analyses of repeated failures in cancer therapy for solid tumors: Poor tumor-selective drug delivery, low therapeutic efficacy and unsustainable costs. Clin. Transl. Med. 2018, 7, 11. [Google Scholar] [CrossRef]

	



Mirzayans, R.; Murray, D. What Are the Reasons for Continuing Failures in Cancer Therapy? Are Misleading/Inappropriate Preclinical Assays to Be Blamed? Might Some Modern Therapies Cause More Harm than Benefit? Int. J. Mol. Sci. 2022, 23, 13217. [Google Scholar] [CrossRef] [PubMed]

	



Salas-Vega, S.; Iliopoulos, O.; Mossialos, E. Assessment of Overall Survival, Quality of Life, and Safety Benefits Associated With New Cancer Medicines. JAMA Oncol. 2017, 3, 382–390. [Google Scholar] [CrossRef] [PubMed]

	



Dalgleish, A.G.; Stern, P.L. The failure of radical treatments to cure cancer: Can less deliver more? Ther. Adv. Vaccines Immunother. 2018, 6, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Fojo, T. Journeys to Failure that Litter the Path to Developing New Cancer Therapeutics. JAMA Netw. Open 2023, 6, e2324949. [Google Scholar] [CrossRef]

	



Sullivan, R.; Pramesh, C.S.; Booth, C.M. Cancer patients need better care, not just more technology. Nature 2017, 549, 325–328. [Google Scholar] [CrossRef]

	



Gilligan, A.M.; Alberts, D.S.; Roe, D.J.; Skrepnek, G.H. Death or Debt? National Estimates of Financial Toxicity in Persons with Newly-Diagnosed Cancer. Am. J. Med. 2018, 131, 1187–1199.e1185. [Google Scholar] [CrossRef]

	



Cagan, R.; Meyer, P. Rethinking cancer: Current challenges and opportunities in cancer research. Dis. Models Mech. 2017, 10, 349–352. [Google Scholar] [CrossRef]

	



Bush, V. Science, the Endless Frontier; National Science Foundation: Washington, DC, USA, 1947. [Google Scholar]

	



Thomas, L. Report of Panel on the National Cancer Program Plan. In National Cancer Act of 1974: Hearing Before the Subcommittee on Health of the U.S. Senate Committee on Labor and Public Welfare; U.S. Government Printing Office: Washington, DC, USA, 1974. [Google Scholar]

	



National Academy of Sciences; National Academy of Engineering; Institute of Medicine. Facilitating Interdisciplinary Research; The National Academies Press: Washington, DC, USA, 2005; p. 332. [Google Scholar]

	



Brown, R.B.; Razzaque, M.S. Chapter 31—Endocrine Regulation of Phosphate Homeostasis. In Textbook of Nephro-Endocrinology, 2nd ed.; Singh, A.K., Williams, G.H., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 539–548. [Google Scholar]

	



Brown, R.B.; Razzaque, M.S. Dysregulation of phosphate metabolism and conditions associated with phosphate toxicity. BoneKEy Rep. 2015, 4, 705. [Google Scholar] [CrossRef] [PubMed]

	



Wolfswinkel, J.F.; Furtmueller, E.; Wilderom, C.P.M. Using grounded theory as a method for rigorously reviewing literature. Eur. J. Inf. Syst. 2013, 22, 45–55. [Google Scholar] [CrossRef]

	



Gacche, R.N. Dietary Research and Cancer; Springer: Singapore, 2021. [Google Scholar]

	



Hosseini, F.; Alavi, N.M.; Mohammadi, E.; Sadat, Z. Motivation for Healing in Cancer Patients: A Qualitative Study. Iran J. Nurs. Midwifery Res. 2021, 26, 555–561. [Google Scholar] [PubMed]

	



Zick, S.M.; Snyder, D.; Abrams, D.I. Pros and Cons of Dietary Strategies Popular Among Cancer Patients. Oncology 2018, 32, 542–547. [Google Scholar]

	



McGee, E.E.; Kiblawi, R.; Playdon, M.C.; Eliassen, A.H. Nutritional Metabolomics in Cancer Epidemiology: Current Trends, Challenges, and Future Directions. Curr. Nutr. Rep. 2019, 8, 187–201. [Google Scholar] [CrossRef]

	



Vahid, F.; Hajizadeghan, K.; Khodabakhshi, A. Nutritional Metabolomics in Diet-Breast Cancer Relations: Current Research, Challenges, and Future Directions-A Review. Biomedicines 2023, 11, 1845. [Google Scholar] [CrossRef]

	



Arkady, M. Inorganic Phosphate: The Backbone of Life. In Functional Phosphate Materials and Their Applications; Sadia, A., Mohammad Shaheer, A., Hyung-Shik, S., Eds.; IntechOpen: Rijeka, Croatia, 2023; pp. 1–37. [Google Scholar]

	



Bobko, A.A.; Eubank, T.D.; Driesschaert, B.; Dhimitruka, I.; Evans, J.; Mohammad, R.; Tchekneva, E.E.; Dikov, M.M.; Khramtsov, V.V. Interstitial inorganic phosphate as a tumor microenvironment marker for tumor progression. Sci. Rep. 2017, 7, 41233. [Google Scholar] [CrossRef]

	



Fu, X.; Zhao, J.; Liang, Q.-R.; Luo, R.-G.; Fan, G.-Q.; Tang, Q. Intratumoral inorganic phosphate deprivation: A new anticancer strategy? Med. Hypotheses 2020, 135, 109497. [Google Scholar] [CrossRef]

	



Lv, Y.F.; Deng, Z.Q.; Bi, Q.C.; Tang, J.J.; Chen, H.; Xie, C.S.; Liang, Q.R.; Xu, Y.H.; Luo, R.G.; Tang, Q. Intratumoral Pi deprivation benefits chemoembolization therapy via increased accumulation of intracellular doxorubicin. Drug Deliv. 2022, 29, 1743–1753. [Google Scholar] [CrossRef] [PubMed]

	



Bi, Q.-C.; Luo, R.-G.; Li, Y.-S.; Zhao, J.; Fu, X.; Chen, H.; Lv, Y.-F.; Liu, Z.-X.; Liang, Q.-R.; Tang, Q. Low Inorganic Phosphate Stress Inhibits Liver Cancer Progression: From In Vivo to In Vitro. Adv. Ther. 2022, 5, 2100224. [Google Scholar] [CrossRef]

	



Jin, H.; Xu, C.-X.; Lim, H.-T.; Park, S.-J.; Shin, J.-Y.; Chung, Y.-S.; Park, S.-C.; Chang, S.-H.; Youn, H.-J.; Lee, K.-H. High dietary inorganic phosphate increases lung tumorigenesis and alters Akt signaling. Am. J. Respir. Crit. Care Med. 2009, 179, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Camalier, C.E.; Young, M.R.; Bobe, G.; Perella, C.M.; Colburn, N.H.; Beck, G.R. Elevated phosphate activates N-ras and promotes cell transformation and skin tumorigenesis. Cancer Prev. Res. 2010, 3, 359–370. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.B. Obesity and Cancer: Potential Mediation by Dysregulated Dietary Phosphate. Obesities 2022, 2, 64–75. [Google Scholar] [CrossRef]

	



Tzenios, N.; Tazanios, M.E.; Chahine, M. The impact of body mass index on prostate cancer: An updated systematic review and meta-analysis. Medicine 2022, 101, e30191. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, K.M.; Shui, I.M.; Mucci, L.A.; Giovannucci, E. Calcium and phosphorus intake and prostate cancer risk: A 24-y follow-up study. Am. J. Clin. Nutr. 2015, 101, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



Lv, L.; Ye, D.; Chen, J.; Qian, Y.; Fu, A.N.; Song, J.; Yang, H.; Liu, B.; Sun, X.; Du, L.; et al. Circulating phosphorus concentration and risk of prostate cancer: A Mendelian randomization study. Am. J. Clin. Nutr. 2022, 115, 534–543. [Google Scholar] [CrossRef]

	



Zhu, G.; Chen, C.; Hu, B.; Yuan, D.; Chen, W.; Wang, W.; Su, J.; Liu, Z.; Jiao, K.; Chen, X.; et al. Dietary phosphorus intake and serum prostate-specific antigen in non-prostate cancer American adults: A secondary analysis of the National Health and Nutrition Examination Survey (NHANES), 2003–2010. Asia Pac. J. Clin. Nutr. 2020, 29, 322–333. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.B.; Bigelow, P.; Dubin, J.A.; Neiterman, E. Breast cancer, alcohol, and phosphate toxicity. J. Appl. Toxicol. 2024, 44, 17–27. [Google Scholar] [CrossRef]

	



Brown, R.B.; Bigelow, P.; Dubin, J.A.; Mielke, J.G. High Dietary Phosphorus Is Associated with Increased Breast Cancer Risk in a U.S. Cohort of Middle-Aged Women. Nutrients 2023, 15, 3735. [Google Scholar] [CrossRef]

	



Brown, R.B.; Bigelow, P.; Dubin, J.A. Breast Cancer and Bone Mineral Density in a U.S. Cohort of Middle-Aged Women: Associations with Phosphate Toxicity. Cancers 2023, 15, 5093. [Google Scholar] [CrossRef]

	



Hoyt, M.; Song, Y.; Gao, S.; O’Palka, J.; Zhang, J. Intake of Calcium, Magnesium, and Phosphorus and Risk of Pancreatic Cancer in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial. J. Am. Nutr. Assoc. 2022, 41, 747–757. [Google Scholar] [CrossRef] [PubMed]

	



Institute of Medicine. Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride; Institute of Medicine Standing Committee on the Scientific Evaluation of Dietary Reference Intakes; National Academy of Sciences: Washington, DC, USA, 1997. [Google Scholar]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27–47. [Google Scholar] [CrossRef] [PubMed]

	



Minchin, S.; Lodge, J. Understanding biochemistry: Structure and function of nucleic acids. Essays Biochem. 2019, 63, 433–456. [Google Scholar] [CrossRef]

	



Hernández, A.; Concepción, M.T.; Rodríguez, M.; Salido, E.; Torres, A. High phosphorus diet increases preproPTH mRNA independent of calcium and calcitriol in normal rats. Kidney Int. 1996, 50, 1872–1878. [Google Scholar] [CrossRef]

	



Ward, D.N.; Griffin, A.C. Phosphorus incorporation into nucleic acids and proteins of liver nuclei of normal and azo dye-fed rats. Cancer Res. 1955, 15, 456–461. [Google Scholar]

	



Elser, J.J.; Kyle, M.M.; Smith, M.S.; Nagy, J.D. Biological stoichiometry in human cancer. PLoS ONE 2007, 2, e1028. [Google Scholar] [CrossRef]

	



Lin, Y.; McKinnon, K.E.; Ha, S.W.; Beck, G.R., Jr. Inorganic phosphate induces cancer cell mediated angiogenesis dependent on forkhead box protein C2 (FOXC2) regulated osteopontin expression. Mol. Carcinog. 2015, 54, 926–934. [Google Scholar] [CrossRef]

	



Banerjee, S.; Drapkin, R.; Richardson, D.L.; Birrer, M. Targeting NaPi2b in ovarian cancer. Cancer Treat. Rev. 2023, 112, 102489. [Google Scholar] [CrossRef]

	



Lacerda-Abreu, M.A.; Russo-Abrahão, T.; Cosentino-Gomes, D.; Nascimento, M.T.C.; Carvalho-Kelly, L.F.; Gomes, T.; Rodrigues, M.F.; König, S.; Rumjanek, F.D.; Monteiro, R.Q.; et al. H(+)-dependent inorganic phosphate transporter in breast cancer cells: Possible functions in the tumor microenvironment. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 2180–2188. [Google Scholar] [CrossRef]

	



Cruz-Bermúdez, A.; Laza-Briviesca, R.; Casarrubios, M.; Sierra-Rodero, B.; Provencio, M. The Role of Metabolism in Tumor Immune Evasion: Novel Approaches to Improve Immunotherapy. Biomedicines 2021, 9, 361. [Google Scholar] [CrossRef]

	



Brown, R.B. Cancer Cachexia and Dysregulated Phosphate Metabolism: Insights from Mutant p53 and Mutant Klotho Mouse Models. Metabolites 2022, 12, 1284. [Google Scholar] [CrossRef]

	



Adeyinka, A.; Bashir, K. Tumor Lysis Syndrome. Available online: https://www.ncbi.nlm.nih.gov/books/NBK518985/ (accessed on 14 January 2024).

	



Tohme, S.; Simmons, R.L.; Tsung, A. Surgery for Cancer: A Trigger for Metastases. Cancer Res. 2017, 77, 1548–1552. [Google Scholar] [CrossRef]

	



Zhao, H.; Wu, L.; Yan, G.; Chen, Y.; Zhou, M.; Wu, Y.; Li, Y. Inflammation and tumor progression: Signaling pathways and targeted intervention. Signal Transduct. Target. Ther. 2021, 6, 263. [Google Scholar] [CrossRef]

	



Mahmudpour, M.; Ghasemi, K.; Nasiri, M. Association between Hyperphosphatemia and Inflammation in Patients with End-Stage Renal Diseases Undergoing Hemodialysis. J. Adv. Pharm. Educ. Res. 2020, 10, 117. [Google Scholar]

	



Brown, R.B. Potential interaction of inflammatory hyperemia and hyperphosphatemia in tumorigenesis. Future Oncol. 2019, 15, 3909–3916. [Google Scholar] [CrossRef] [PubMed]

	



Miao, Y.Y.; Xu, C.M.; Xia, M.; Zhu, H.Q.; Chen, Y.Q. Relationship between Gut Microbiota and Phosphorus Metabolism in Hemodialysis Patients: A Preliminary Exploration. Chin. Med. J. 2018, 131, 2792–2799. [Google Scholar] [PubMed]

	



Rahbar Saadat, Y.; Niknafs, B.; Hosseiniyan Khatibi, S.M.; Ardalan, M.; Majdi, H.; Bahmanpoor, Z.; Abediazar, S.; Zununi Vahed, S. Gut microbiota; an overlooked effect of phosphate binders. Eur. J. Pharmacol. 2020, 868, 172892. [Google Scholar] [CrossRef] [PubMed]

	



Kerschbaum, E.; Nüssler, V. Cancer Prevention with Nutrition and Lifestyle. Visc. Med. 2019, 35, 204–209. [Google Scholar] [CrossRef] [PubMed]

	



World Cancer Research Fund/American Institute for Cancer Research. Diet, Nutrition, Physical Activity and Cancer: A Global Perspective; Continuous Update Project Expert Report 2018; World Cancer Research Fund International: London, UK, 2018; Available online: https://www.wcrf.org/wp-content/uploads/2021/02/Summary-of-Third-Expert-Report-2018.pdf (accessed on 17 October 2023).

	



Dale, G.; Fleetwood, J.; Weddell, A.; Ellis, R.; Sainsbury, J. Fitness, unfitness, and phosphate. Br. Med. J. (Clin. Res. Ed.) 1987, 294, 939. [Google Scholar] [CrossRef] [PubMed]

	



Orcy, R.; Antunes, M.F.; Schiller, T.; Seus, T.; Böhlke, M. Aerobic exercise increases phosphate removal during hemodialysis: A controlled trial. Hemodial Int. 2014, 18, 450–458. [Google Scholar] [CrossRef]

	



Schroeder, J. Phosphorus Impacts from Meat-, Dairy-, and Plant-Based Diets. Consilience 2018, 18, 17–35. [Google Scholar]

	



Calvo, M.S.; Dunford, E.K.; Uribarri, J. Industrial Use of Phosphate Food Additives: A Mechanism Linking Ultra-Processed Food Intake to Cardiorenal Disease Risk? Nutrients 2023, 15, 3510. [Google Scholar] [CrossRef]

	



nih.gov. Phosphorus—Fact Sheet for Health Professionals. Available online: https://ods.od.nih.gov/factsheets/Phosphorus-HealthProfessional/ (accessed on 16 October 2023).

	



Brown, R.B. Vitamin D, cancer, and dysregulated phosphate metabolism. Endocrine 2019, 65, 238–243. [Google Scholar] [CrossRef] [PubMed]

	



Leung, A.K.; Sauve, R.S. Whole cow’s milk in infancy. Paediatr. Child Health 2003, 8, 419–421. [Google Scholar] [CrossRef] [PubMed]

	



Nomura, S.J.; Inoue-Choi, M.; Lazovich, D.; Robien, K. WCRF/AICR recommendation adherence and breast cancer incidence among postmenopausal women with and without non-modifiable risk factors. Int. J. Cancer 2016, 138, 2602–2615. [Google Scholar] [CrossRef]

	



Hastert, T.A.; Beresford, S.A.; Patterson, R.E.; Kristal, A.R.; White, E. Adherence to WCRF/AICR cancer prevention recommendations and risk of postmenopausal breast cancer. Cancer Epidemiol. Biomark. Prev. 2013, 22, 1498–1508. [Google Scholar] [CrossRef]

	



Harris, H.R.; Bergkvist, L.; Wolk, A. Adherence to the World Cancer Research Fund/American Institute for Cancer Research recommendations and breast cancer risk. Int. J. Cancer 2016, 138, 2657–2664. [Google Scholar] [CrossRef]

	



Makarem, N.; Lin, Y.; Bandera, E.V.; Jacques, P.F.; Parekh, N. Concordance with World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR) guidelines for cancer prevention and obesity-related cancer risk in the Framingham Offspring cohort (1991–2008). Cancer Causes Control. 2015, 26, 277–286. [Google Scholar] [CrossRef]

	



Catsburg, C.; Miller, A.B.; Rohan, T.E. Adherence to cancer prevention guidelines and risk of breast cancer. Int. J. Cancer 2014, 135, 2444–2452. [Google Scholar] [CrossRef]

	



Adhikari, S.; Mamlouk, O.; Rondon-Berrios, H.; Workeneh, B.T. Hypophosphatemia in cancer patients. Clin. Kidney J. 2021, 14, 2304–2315. [Google Scholar] [CrossRef]

	



Osuka, S.; Razzaque, M.S. Can features of phosphate toxicity appear in normophosphatemia? J. Bone Miner. Metab. 2012, 30, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Dukmak, O.N.; Ayyad, M.; Albandak, M.; Hamadah, A.; Gharaibeh, K. Tumor Genesis Syndrome Presenting as Severe Hypophosphatemia in a Patient With T-Cell Acute Lymphoblastic Leukemia. Cureus 2023, 15, e38815. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, W.C.; Wu, H.Y.; Chiu, Y.L.; Yang, J.Y.; Pai, M.F.; Wu, Y.R.; Lin, W.Y.; Hung, K.Y.; Chien, K.L.; Hsu, S.P.; et al. Acute effects of dietary phosphorus intake on markers of mineral metabolism in hemodialysis patients: Post hoc analysis of a randomized crossover trial. Ren. Fail. 2021, 43, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, W.-C.; Hsu, S.-P.; Chiu, Y.-L.; Wu, H.-Y.; Luan, C.-C.; Yang, J.-Y.; Pai, M.-F.; Lin, C.-J.; Lin, W.-Y.; Sun, W.-H.; et al. Short-Term Effects of a Therapeutic Diet on Biochemical Parameters in Hemodialysis Patients: A Randomized Crossover Trial. J. Ren. Nutr. 2023, 33, 731–739. [Google Scholar] [CrossRef] [PubMed]

	



Narasaki, Y.; Rhee, C.M. Dietary Therapy for Managing Hyperphosphatemia. Clin. J. Am. Soc. Nephrol. 2020, 16, 9–11. [Google Scholar] [CrossRef] [PubMed]

	



Brauer, A.; Waheed, S.; Singh, T.; Maursetter, L. Improvement in Hyperphosphatemia Using Phosphate Education and Planning Talks. J. Ren. Nutr. 2019, 29, 156–162. [Google Scholar] [CrossRef]

	



Tsai, W.C.; Yang, J.Y.; Luan, C.C.; Wang, Y.J.; Lai, Y.C.; Liu, L.C.; Peng, Y.S. Additional benefit of dietitian involvement in dialysis staffs-led diet education on uncontrolled hyperphosphatemia in hemodialysis patients. Clin. Exp. Nephrol. 2016, 20, 815–821. [Google Scholar] [CrossRef]

	



Karavetian, M.; Rizk, R. Patient education for hyperphosphatemia management: Improving outcomes while decreasing costs? Kidney Res. Clin. Pract. 2018, 37, 4–7. [Google Scholar] [CrossRef]

	



St-Jules, D.E.; Rozga, M.R.; Handu, D.; Carrero, J.J. Effect of Phosphate-Specific Diet Therapy on Phosphate Levels in Adults Undergoing Maintenance Hemodialysis: A Systematic Review and Meta-Analysis. Clin. J. Am. Soc. Nephrol. 2020, 16, 107–120. [Google Scholar] [CrossRef]

	



Milazi, M.; Bonner, A.; Douglas, C. Effectiveness of educational or behavioral interventions on adherence to phosphate control in adults receiving hemodialysis: A systematic review. JBI Database System Rev. Implement. Rep. 2017, 15, 971–1010. [Google Scholar] [CrossRef] [PubMed]

	



Narasaki, Y.; Yamasaki, M.; Matsuura, S.; Morinishi, M.; Nakagawa, T.; Matsuno, M.; Katsumoto, M.; Nii, S.; Fushitani, Y.; Sugihara, K.; et al. Phosphatemic Index Is a Novel Evaluation Tool for Dietary Phosphorus Load: A Whole-Foods Approach. J. Ren. Nutr. 2020, 30, 493–502. [Google Scholar] [CrossRef] [PubMed]

	



Kim, O.H.; Booth, C.J.; Choi, H.S.; Lee, J.; Kang, J.; Hur, J.; Jung, W.J.; Jung, Y.S.; Choi, H.J.; Kim, H.; et al. High-phytate/low-calcium diet is a risk factor for crystal nephropathies, renal phosphate wasting, and bone loss. eLife 2020, 9, 52709. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.; Joe, D.; Shah, A.D. Forget the phosphorus: A case of hypervitaminosis D-induced symptomatic hypercalcemia. Clin. Nephrol. Case Stud. 2021, 9, 1–3. [Google Scholar] [CrossRef] [PubMed]

	



Pavlovic, D.; Katicic, D.; Gulin, T.; Josipovic, J. Vitamin d in the patients with chronic kidney disease: When, to whom and in which form. Mater. Sociomed. 2015, 27, 122–124. [Google Scholar] [CrossRef]

	



Trump, D.L. Calcitriol and cancer therapy: A missed opportunity. Bone Rep. 2018, 9, 110–119. [Google Scholar] [CrossRef]

	



Ritter, C.S.; Slatopolsky, E. Phosphate Toxicity in CKD: The Killer among Us. Clin. J. Am. Soc. Nephrol. 2016, 11, 1088–1100. [Google Scholar] [CrossRef]

	



Prado, C.M.; Anker, S.D.; Coats, A.J.S.; Laviano, A.; von Haehling, S. Nutrition in the spotlight in cachexia, sarcopenia and muscle: Avoiding the wildfire. J. Cachexia Sarcopenia Muscle 2021, 12, 3–8. [Google Scholar] [CrossRef]

	



Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.; et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [Google Scholar] [CrossRef]

	



Chen, Y.Y.; Kao, T.W.; Chou, C.W.; Wu, C.J.; Yang, H.F.; Lai, C.H.; Wu, L.W.; Chen, W.L. Exploring the Link between Serum Phosphate Levels and Low Muscle Strength, Dynapenia, and Sarcopenia. Sci. Rep. 2018, 8, 3573. [Google Scholar] [CrossRef]

	



Alcalde-Estévez, E.; Sosa, P.; Asenjo-Bueno, A.; Plaza, P.; Valenzuela, P.L.; Naves-Díaz, M.; Olmos, G.; López-Ongil, S.; Ruiz-Torres, M.P. Dietary phosphate restriction prevents the appearance of sarcopenia signs in old mice. J. Cachexia Sarcopenia Muscle 2023, 14, 1060–1074. [Google Scholar] [CrossRef]

	



Arends, J.; Bachmann, P.; Baracos, V.; Barthelemy, N.; Bertz, H.; Bozzetti, F.; Fearon, K.; Hütterer, E.; Isenring, E.; Kaasa, S.; et al. ESPEN guidelines on nutrition in cancer patients. Clin. Nutr. 2017, 36, 11–48. [Google Scholar] [CrossRef]

	



van de Worp, W.R.P.H.; Schols, A.M.W.J.; Theys, J.; van Helvoort, A.; Langen, R.C.J. Nutritional Interventions in Cancer Cachexia: Evidence and Perspectives From Experimental Models. Front. Nutr. 2020, 7, 601329. [Google Scholar] [CrossRef] [PubMed]

	



D’Alessandro, C.; Piccoli, G.B.; Cupisti, A. The “phosphorus pyramid”: A visual tool for dietary phosphate management in dialysis and CKD patients. BMC Nephrol. 2015, 16, 9. [Google Scholar] [CrossRef] [PubMed]

	



Chang, A.R.; Lazo, M.; Appel, L.J.; Gutiérrez, O.M.; Grams, M.E. High dietary phosphorus intake is associated with all-cause mortality: Results from NHANES III. Am. J. Clin. Nutr. 2013, 99, 320–327. [Google Scholar] [CrossRef] [PubMed]

	



Kalantar-Zadeh, K.; Joshi, S.; Schlueter, R.; Cooke, J.; Brown-Tortorici, A.; Donnelly, M.; Schulman, S.; Lau, W.L.; Rhee, C.M.; Streja, E.; et al. Plant-Dominant Low-Protein Diet for Conservative Management of Chronic Kidney Disease. Nutrients 2020, 12, 1931. [Google Scholar] [CrossRef] [PubMed]

	



Ikizler, T.A.; Burrowes, J.D.; Byham-Gray, L.D.; Campbell, K.L.; Carrero, J.-J.; Chan, W.; Fouque, D.; Friedman, A.N.; Ghaddar, S.; Goldstein-Fuchs, D.J.; et al. KDOQI Clinical Practice Guideline for Nutrition in CKD: 2020 Update. Am. J. Kidney Dis. 2020, 76, S1–S107. [Google Scholar] [CrossRef] [PubMed]

	



Ahluwalia, V.K.; Kumar, L.S.; Kumar, S. Proteins. In Chemistry of Natural Products: Amino Acids, Peptides, Proteins and Enzymes; Ahluwalia, V.K., Kumar, L.S., Kumar, S., Eds.; Springer International Publishing: Cham, Switzerland, 2022; pp. 113–156. [Google Scholar]

	



Sarode, A.R.; Sawale, P.D.; Khedkar, C.D.; Kalyankar, S.D.; Pawshe, R.D. Casein and Caseinate: Methods of Manufacture. In Encyclopedia of Food and Health; Caballero, B., Finglas, P.M., Toldrá, F., Eds.; Academic Press: Oxford, UK, 2016; pp. 676–682. [Google Scholar]

	



Batalha, I.L.; Lowe, C.R.; Roque, A.C.A. Platforms for enrichment of phosphorylated proteins and peptides in proteomics. Trends Biotechnol. 2012, 30, 100–110. [Google Scholar] [CrossRef] [PubMed]

	



DeClercq, V.; Nearing, J.T.; Sweeney, E. Plant-Based Diets and Cancer Risk: What is the Evidence? Curr. Nutr. Rep. 2022, 11, 354–369. [Google Scholar] [CrossRef] [PubMed]

	



St-Jules, D.E.; Jagannathan, R.; Gutekunst, L.; Kalantar-Zadeh, K.; Sevick, M.A. Examining the Proportion of Dietary Phosphorus From Plants, Animals, and Food Additives Excreted in Urine. J. Ren. Nutr. 2017, 27, 78–83. [Google Scholar] [CrossRef]

	



Hagihara, K.; Kajimoto, K.; Osaga, S.; Nagai, N.; Shimosegawa, E.; Nakata, H.; Saito, H.; Nakano, M.; Takeuchi, M.; Kanki, H.; et al. Promising Effect of a New Ketogenic Diet Regimen in Patients with Advanced Cancer. Nutrients 2020, 12, 1473. [Google Scholar] [CrossRef]

	



Seidelmann, S.B.; Claggett, B.; Cheng, S.; Henglin, M.; Shah, A.; Steffen, L.M.; Folsom, A.R.; Rimm, E.B.; Willett, W.C.; Solomon, S.D. Dietary carbohydrate intake and mortality: A prospective cohort study and meta-analysis. Lancet Public Health 2018, 3, e419–e428. [Google Scholar] [CrossRef] [PubMed]

	



Crosby, L.; Davis, B.; Joshi, S.; Jardine, M.; Paul, J.; Neola, M.; Barnard, N.D. Ketogenic Diets and Chronic Disease: Weighing the Benefits Against the Risks. Front. Nutr. 2021, 8, 702802. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.B. Phosphate and oxysterols may mediate an inverse relationship between atherosclerosis and cancer. Eur. Med. J.-Oncol. 2020, 8, 114–121. [Google Scholar] [CrossRef]

	



Kundu, S.; Hossain, K.S.; Moni, A.; Zahan, M.S.; Rahman, M.M.; Uddin, M.J. Potentials of ketogenic diet against chronic kidney diseases: Pharmacological insights and therapeutic prospects. Mol. Biol. Rep. 2022, 49, 9749–9758. [Google Scholar] [CrossRef]

	



Ferrer, M.; Mourikis, N.; Davidson, E.E.; Kleeman, S.O.; Zaccaria, M.; Habel, J.; Rubino, R.; Gao, Q.; Flint, T.R.; Young, L.; et al. Ketogenic diet promotes tumor ferroptosis but induces relative corticosterone deficiency that accelerates cachexia. Cell Metab. 2023, 35, 1147–1162.e1147. [Google Scholar] [CrossRef] [PubMed]

	



Weber, D.D.; Aminazdeh-Gohari, S.; Kofler, B. Ketogenic diet in cancer therapy. Aging 2018, 10, 164–165. [Google Scholar] [CrossRef]

	



Sahoo, B.; Srivastava, M.; Katiyar, A.; Ecelbarger, C.; Tiwari, S. Liver or kidney: Who has the oar in the gluconeogenesis boat and when? World J. Diabetes 2023, 14, 1049–1056. [Google Scholar] [CrossRef]

	



Bozzetti, F.; Zupec-Kania, B. Toward a cancer-specific diet. Clin. Nutr. 2016, 35, 1188–1195. [Google Scholar] [CrossRef]

	



Nelson, M. Ketogenic Diet and Cancer Treatment. Available online: https://www.aicr.org/resources/blog/the-ketogenic-diet-and-cancer-treatment-what-patients-should-know/ (accessed on 9 January 2024).

	



Tiwari, S.; Sapkota, N.; Han, Z. Effect of fasting on cancer: A narrative review of scientific evidence. Cancer Sci. 2022, 113, 3291–3302. [Google Scholar] [CrossRef]

	



Kalam, F.; James, D.L.; Li, Y.R.; Coleman, M.F.; Kiesel, V.A.; Cespedes Feliciano, E.M.; Hursting, S.D.; Sears, D.D.; Kleckner, A.S. Intermittent fasting interventions to leverage metabolic and circadian mechanisms for cancer treatment and supportive care outcomes. JNCI Monogr. 2023, 2023, 84–103. [Google Scholar] [CrossRef]

	



Myers, T.R.; Zittel, M.; Goldhamer, A.C. Follow-up of water-only fasting and an exclusively plant food diet in the management of stage IIIa, low-grade follicular lymphoma. BMJ Case Rep. 2018, 2018, bcr–2018-225520. [Google Scholar] [CrossRef]

	



Grassilli, E.; Cerrito, M.G. “Ironing out” fasting-induced persister cancer cells to render chemotherapy effective: Is this the solution? eBioMedicine 2023, 90, 104542. [Google Scholar] [CrossRef] [PubMed]

	



Schipper, H.; Turley, E.A.; Baum, M. A new biological framework for cancer research. The Lancet 1996, 348, 1149–1151. [Google Scholar] [CrossRef] [PubMed]

	



Kuang, Y.; Nagy, J.D.; Elser, J.J. Biological stoichiometry of tumor dynamics: Mathematical models and analysis. Discret. Contin. Dyn. Syst. Ser. B 2004, 4, 221–240. [Google Scholar]

	



National Cancer Institute. Diet. Available online: https://www.cancer.gov/about-cancer/causes-prevention/risk/diet (accessed on 19 August 2023).








[image: Medicines 11 00005 g001] 





Figure 1. A low-phosphate diet for CKD should be tested to treat cancer, based on common factors of dysregulated phosphate metabolism, hyperphosphatemia, and phosphate toxicity. 
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Table 1. WCRF/AICR recommendations for cancer prevention and additional associations with phosphate toxicity.






Table 1. WCRF/AICR recommendations for cancer prevention and additional associations with phosphate toxicity.





	WCRF/AICR Recommendations for Cancer Prevention
	Additional Associations with Phosphate Toxicity





	“Be a healthy weight—Keep your weight within the healthy range and avoid weight gain in adult life”
	Obesity is linked to higher dietary phosphate intake and increased risk of certain cancers [30].



	“Be physically active—Be physically active as part of everyday life—walk more and sit less”
	During exercise, phosphorus shifts from intracellular areas to extracellular fluid [60] for removal by the kidneys, and phosphate removal from blood during hemodialysis is increased with aerobic exercise [61].



	“Eat a diet rich in wholegrains, vegetables, fruit and beans—Make wholegrains, vegetables, fruit and pulses (legumes) such as beans and lentils a major part of your usual daily diet”
	Plant-based diets are generally lower in phosphorus compared to meat-based and dairy-based diets [62].



	“Limit consumption of ‘fast foods’ and other processed foods high in fat, starches or sugars—Limiting these foods helps control calorie intake and maintain a healthy weight”
	Ultra-processed food consumption with highly absorbable phosphate food additives is increasing [63].



	“Limit consumption of red and processed meat—Eat no more than moderate amounts of red meat, such as beef, pork and lamb. Eat little, if any, processed meat”
	Meat is naturally high in phosphorus [62].



	“Limit consumption of sugar sweetened drinks—Drink mostly water and unsweetened drinks”
	Phosphoric acid is a common additive in sugar-sweetened beverages like colas [63].



	“Limit alcohol consumption—For cancer prevention, it’s best not to drink alcohol”
	Non-traumatic rhabdomyolysis from alcohol intake increases serum Pi [35].



	“Do not use supplements for 