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Abstract: The median overall survival of patients with metastatic breast cancer is only 2-3 years,
and for patients with untreated liver metastasis, it is as short as 4-8 months. Improving the survival of
women with breast cancer requires more effective anti-cancer strategies, especially for metastatic dis-
ease. Nutrients can influence tumor microenvironments, and cancer metabolism can be manipulated
via a dietary modification to enhance anti-cancer strategies. Yet, there are no standard evidence-based
recommendations for diet therapies before or during cancer treatment, and few studies provide
definitive data that certain diets can mediate tumor progression or therapeutic effectiveness in human
cancer. This review focuses on metastatic breast cancer, in particular liver metastatic forms, and recent
studies on the impact of diets on disease progression and treatment.
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1. Introduction

Data from the American Cancer Society estimate that there will be 1.9 million new
cancer cases diagnosed and 608,570 cancer deaths in the US in 2021 [1]. For women in the
US, breast cancer is the most common cancer (30% of all new cases), with an estimated
281,550 newly diagnosed cases and 43,600 deaths in 2021 [1]. In 2018, an estimated 3.7 mil-
lion women were living with breast cancer in the US [2]. Furthermore, global breast cancer
mortality is increasing substantially, especially in developing regions such as Latin America
and the Caribbean, rising by an estimated 7 million deaths every five years [3]. These
trends demonstrate a need for continued efforts to abate a serious public health concern.

One emerging approach to intervene on breast cancer outcomes is the use of targeted
dietary interventions. Indeed, accumulating data indicate that practical clinical dietary
interventions, such as the ketogenic diet, can improve the efficacy of anticancer therapy [4].
Thus, dietary approaches hold potential to enhance therapeutic effectiveness and improve
overall survival in breast cancer patients, thereby offering new promise for clinical practice
that can change outcomes for a substantial number of patients worldwide.

Here, we review studies demonstrating how diet impacts disease progression and
treatment in metastatic breast cancer, particularly metastases to liver.
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2. Breast Cancer Metastasis

Approximately 63% of breast cancer patients are diagnosed with local-stage breast
cancer, 27% with regional-stage disease, and 6% with distant (metastatic) disease [1]. In the
US, an estimated >168,000 women were living with metastatic breast cancer in 2020 [5]. Al-
though metastatic disease accounts for a small percentage of breast cancer cases, metastatic
tumors are responsible for more than 90% of all cancer-related deaths [6]. Indeed, among
breast cancer cases, the five-year survival rate for those with localized disease is more than
90%, but for those with metastases, the rate falls to just 28% [7]. Furthermore, the me-
dian survival of patients with metastatic disease at the time of diagnosis is approximately
18-24 months, and roughly 13% will survive 10 years [8]. About one-third of women diag-
nosed early with non-metastatic breast cancer will ultimately develop metastatic disease [9],
which tends to develop resistance to therapies [10]. These phenomena underscore the
increasing importance of developing therapies to prevent and treat metastatic disease and
thus improve the overall survival of women with breast cancer [6].

The sites of distant metastasis among stage IV breast cancer patients include bone
(68.8%), lung (16.0%), liver (13.3%), and brain (1.9%) [11]. Based on limited therapy
options and dire disease outcomes for patients with liver metastasis, we will focus on liver
metastatic ER* breast cancer in this review. Important data on the impact of location of
metastases on patient survival come from the National Cancer Institute’s Surveillance,
Epidemiology, and End Results (SEER), a network of tumor registries that include about
30% of the US population and harboring data from 1975 to 2017 [9]. Of the 2.4 million cancer
patients within this database, 5.14% present with synchronous liver metastases (LM) [9,12].
Half of all breast cancer patients develop LM, which often carries poor survival [13]—as
low as 4-8 months if the disease is left untreated [14]. Surprisingly, metastatic breast cancer
in the liver is observed more frequently in younger women (occurring in 34.2% of all
patients < 50 years) than older women (occurring in 8.9% of all patients > 50 years) [15,16].
In addition, patients with hormone receptor (HR)+/HER2+ breast cancer with LM have a
longer median survival than patients with HR+/HER?2- and triple-negative breast cancer
due to the introduction of HER2-targeted therapy [17,18]. Thus, liver metastatic disease
represents an important subgroup of breast cancer diagnoses that warrants focused efforts
to improve outcomes.

3. Breast Cancer Liver Metastasis Diagnosis, Therapies, and Potential Treatments

Breast cancer LM may at first be asymptomatic, but possible symptoms include fatigue
and weakness, pain or discomfort in the mid-section, weight loss or poor appetite, swelling
in the legs, fever, and/or a yellow tint to the skin or whites of the eyes [19]. It is often
identified by liver function tests that detect liver disease or damage [20]. Diagnosis may
also be facilitated through imaging (MRI (magnetic resonance imaging), CT (computed
tomography), PET (positron emission tomography), and PET/CT) or biopsy [21].

Most patients with breast cancer LM are treated with either systemic medications or
local treatment [22]. Chemotherapy, hormonal therapies, or targeted therapies are common
systemic treatments [23]. Chemotherapy involves the use of anti-cancer drugs to destroy
or damage cancer cells [24]. Hormonal therapies use drugs such as tamoxifen, aromatase
inhibitors, and fulvestrant to target estrogen and help shrink or slow the growth of HR+
metastatic breast cancer [25-27]. Targeted therapies exploit specific characteristics of cancer
cells to treat metastatic disease. Some common targeted therapeutics are everolimus,
bevacizumab+paclitaxel, palbociclib, and ribociclib [28-33]. Table 1 describes more current
options such as potential oral selective estrogen receptor degraders or other pathway
inhibitors. Local treatments for breast cancer LM include surgery, radiation therapy, and
local chemotherapy. Surgery is most often used when the liver is the only site of metastasis
and the symptoms are severe. Radiation therapies such as stereotactic body radiation
therapy and Y-90 (Yttrium 90) radioembolization deliver or target radiation therapy directly
to tumors in the liver [34,35].
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Endocrine therapies reduce breast cancer mortality and relieve symptoms, but some
persistent tumor cells frequently develop resistance in the metastatic and adjuvant set-
ting [36-38]. Liver metastatic estrogen receptor o (ER)-positive breast cancer is currently
incurable [39]. Some potential small molecule therapies show good tumor responses in
metastatic breast cancers. Axl kinase is associated with aggressive migratory behavior in
tumors in a mouse model, and a combination of R428, a selective small molecule Axl in-
hibitor, with cisplatin positively reinforces both agents to block liver micro-metastases [40].
VERU-111 acts by depolymerizing microtubules, often leading to cell apoptosis due to the
inability to complete mitosis, and is highly effective especially against fibrous tumors and
metastases [41]. Recent evidence indicates that ErSO, a small molecule activator of a stress
response mechanism that stimulates the anticipatory unfolded protein response (a-UPR),
can eradicate most lung, bone, and liver metastases in orthotopic cell line xenograft and
patient-derived xenograft (PDX) mouse models [39].

Table 1. Selected Oral Selective Estrogen Receptor Degraders or Other Inhibitors in Clinical Investigation.

Therapy Administration Target Combination Status Year
Everolimus Oral mTOR Not noted FDA 2020
[42] approved
.. Combination with
Alpelisib Oral PI3K-alpha fulvestrantor FDA 2020
[28,42] approved
letrozole
Elacestrant Oral Estrogen Low—fat c!let Phase Ib 2020
[43] receptor combination
Giredestrant Oral Estrogen Not noted Phase III 2021
[44] receptor
AZDI833 Oral Estrogen Not noted Phase I 2020
[45] receptor

4. Link between Diets and Metastatic Breast Cancer

Dietary factors account for about 30% of cancer cases; thus, diet is one of the most
modifiable causes of cancer [46]. High consumption of red meat, animal fats, and re-
fined carbohydrates is associated with increased risk and severity of diseases such as
breast cancer [47-51]. Furthermore, postmenopausal women have an increased risk of
developing obesity-related breast cancer due to Western diets that promote weight gain,
fat redistribution, dyslipidemia, hypertension, and insulin resistance, all of which are
important in the recognition of metabolic syndrome [52-54]. For overweight or obese
women, postmenopausal estrogen receptor-positive (ER+) and progesterone receptor-
positive (HR+) breast cancer risks are about 1.5-2 times that of women with normal body
weights [55,56]. This could be due to higher levels of estrogen produced by extra fat
tissues in postmenopausal women and/or other mechanisms such as elevated levels of
insulin [57,58]. Many studies have shown that weight gain also increases the risk of breast
cancer in postmenopausal women compared with normal-weight women [59-63].

4.1. Western Diet

The Western diet is rich in fat and sugar, involving a high intake of saturated fats
and sucrose and a low intake of fiber [64]. It plays a role in inflammatory disease and
negatively affects both the immune system and gut microbiota [65]. Western diets are
strongly associated with obesity and other metabolic effects such as weight gain and are
often blamed for “the obesity epidemic”, as well as rising incidences of type 1 and type 2
diabetes [66].

Glucose is central to the Western diet, so it is important to understand how cancer
cells behave on a primary glucose energy source. (Figure 1). The Western diet directly
promotes tumor cell proliferation via mechanisms involving the insulin/insulin-like growth
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factor 1 (IGF1)/phosphoinositide 3-kinase (PI3K) signaling pathway [67]. During regular
cell function, glucose stimulates pancreatic 3 cells to release insulin, allowing glucose to
enter cells to be used as a fuel source [68]. The high intake of carbohydrates and glucose
stimulates the pancreas to increasingly secrete more insulin, which promotes the interaction
of growth hormone receptors and growth hormones [69]. This elevates the levels of free
IGF-1 released from the liver, which are associated with cell growth and proliferation and
can harm cancer patients [70]. IGF-1 stimulates phosphorylation and activation of the
serine/threonine kinase Akt via PI3K signaling. Akt then activates mammalian target of
rapamycin (mTOR) and induces aerobic glycolysis by c-Myc and hypoxia-inducible factor
(HIF)-1. Insulin also stimulates interleukin 6 (IL-6) and tumor necrosis factor o (TNF-)
release [71-73].

Breast Cancer Liver Metastasis
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Figure 1. Suggested liver metastatic cancer metabolism in normal diet or fasting-mimicking diet. In
the presence of glucose, the breast cancer cells metastasized to the liver mainly go through glycolysis
to produce pyruvate, which is converted to acetyl-CoA via oxidative decarboxylation. Acetyl-CoA
enters the tricarboxylic acid cycle (TCA cycle) and generates adenosine-3-phosphate (ATP) for cell
survival and proliferation. Excessive glucose can be stored as glycogen for further usage. When
glucose is limited (under a fasting-mimicking diet), the cancer cells switch to acquire ATP by fatty
acid oxidation. The fatty acid oxidation is also highly activated in peripheral hepatocytes, where
abundant acetyl-CoA feeds into ketogenesis and produces a large amount of acetoacetate and f3-
hydroxybutyrate. The liver does not use ketone bodies for energy because it lacks the necessary
enzyme thiophorase (beta ketoacyl-CoA transferase). The unclear part is how these released ketone
bodies function on breast cancer cells.

There is evidence that deregulated glucose signaling influences cancer. Overexpression
of glucose transporters 1 and 3 occurs in many aggressive tumors, and this correlates with
elevated glucose uptake [74,75]. Furthermore, reducing glucose concentrations significantly
decreases the proliferation of MCF-7 and T47D breast cancer cells and MCF-10A breast
epithelial cells [76]. High glucose (25 mM) levels significantly abrogate the therapeutic
effects of metformin on triple-negative breast cancer cell proliferation, death, and cell cycle
arrest and contributed to metastatic progression and the development of resistance to
chemotherapy/radiotherapy [77]. Additionally, mice with breast cancer liver metastasis
fed sugar-rich diets had high metastatic burden, while mice fed high-fat/low-sugar diets
had low tumor burden despite obesity [78]. In other mice studies, hepatocellular carcinoma
tumor burden positively correlated with hepatic fat accumulation and insulin and liver
IL-6 levels and inversely correlated with adiponectin levels [79,80]. These results indicate
that dietary sugar intake may stimulate liver tumor growth.
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Analysis of metabolic pathway components in mice indicates that reduced extracel-
lular glucose can stimulate coactivator-associated arginine methyltransferase 1 (CARM1)
to methylate GAPDH at R234, decreasing its likelihood of associating with its coenzyme
NAD-+. This inhibits the enzymatic activity of GAPDH and represses glycolysis to delay
liver cancer cell growth, as cancer cells depend on glycolysis for proliferation [81]. Numer-
ous other studies found that cancer cells become more dependent on blood glucose due
to the demand for rapid cell growth, while others indicate that glucose may directly or
indirectly affect tumor cell proliferation [77,82-84]. Notably, there is a higher incidence
of breast cancer among diabetic and obese populations, contributing to the theory that
a low-carbohydrate diet may limit or prevent tumor growth [85]. Emerging evidence
supports a role of dietary interventions to counteract this putative effect.

4.2. Fasting-Mimicking Diet

The fasting-mimicking diet is low in calories from sugars, and protein but high in
unsaturated fats. This diet is widely studied in relation to disease prevention and treatment,
and although it has low levels of toxicity, it may have limits in terms of diet adherence and
preexisting nutritional deficiencies [86]. Unlike the Western diet, low-carbohydrate diets
slow cancer by inhibiting insulin/IGF and downstream intracellular signaling pathways,
specifically PI3K/Akt/mTOR. Indeed, fasting prevents a Warburg shift, curbs glycolysis,
and impedes AKT/mTOR signaling to improve the therapeutic response of Sorafenib-
resistant hepatocellular carcinoma via p53-dependent metabolic synergism [82]. Increased
AMP-activated protein kinase (AMPK) levels, stimulated by adenosine monophosphate,
inhibit aerobic glycolysis and suppress proliferation, migration, and invasion of tumor
cells [87].

Fluorodeoxyglucose-positron emission tomography (FDG-PET) demonstrates that
most human cancer cells have a higher demand for glucose than surrounding non-cancer
cells [88,89]. Metastatic cancer cells typically resemble cells of the primary cancer, but they
can also be influenced by the milieu of the organs they colonize. Metabolic reprogramming
happens after cells metastasize and colonize the liver. Liver cancer cells, like most other
cancers, perform metabolic rewiring to increase their energy metabolism, becoming depen-
dent on glucose or fructose as energy sources to fuel high rates of glycolysis or fructolysis,
respectively [75,90-92], resulting in the use of the pentose phosphate pathway and glycoly-
sis to generate NADPH and pyruvate [93-95] (Figure 1, left panel). For instance, dietary
fructose provides fuel for major pathways of central carbon metabolism during tumor
cell proliferation by activating the enzyme aldolase B (ALDOB) or its upstream regulator
GATAG6 in colon cancer liver metastasis [92]. Cancer cells become dependent on adenosine
triphosphate (ATP) produced by the less efficient process of glycolysis [96]. Furthermore,
tumor cells have more mitochondrial DNA mutations than normal cells, producing an
increased number of reactive oxygen species (ROS) during respiration [97]. These cells are
less capable of producing NADPH because gluconeogenesis cannot be performed to form
the glucose-6-phosphate (G-6-P) necessary to enter the pentose phosphate pathway [98].

When glucose is limited, the body produces an alternative form of energy for its cells.
Under the fasting-mimicking diet, cancer cells are forced to use mitochondrial oxidative
metabolism, which causes metabolic oxidative stress as well as the production of ketones for
energy instead (Figure 1, right panel). Ketone bodies produced by the liver benefit normal
cells but not cancer cells [99,100]. As part of the Warburg effect, lactate is produced in excess,
which compensates for dysfunctional mitochondrial oxidative phosphorylation [74,101,102].
High-fat, low-carbohydrate diets such as the fasting-mimicking diet are notable due to their
ability to restrict the availability of glucose and limit a Warburg-type metabolism [103],
further supporting that these diets have the potential to prevent or reverse tumor growth.

These series of events mean tumor cells are dependent on glucose, and this depen-
dency can be exploited with the fasting-mimicking diet to selectively starve tumors by
providing fat and protein that the tumor cells cannot use [104]. Several animal studies
of various cancer types showed that the fasting-mimicking diet effectively limits tumor
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growth by itself or in combination with other therapies without causing the rebound hyper-
glycemia and hyperinsulinemia [100,101,105-113]. Metastatic TNBC patients with lower
glycemia survive longer compared with those with higher glycemia. FMD reduces TNBC
cancer stem cells (CSCs) and delays tumor progression [114]. Synergistic anti-neoplastic
effects of the metformin/hypoglycemia combination were regulated by PP2A-GSK33-
MCL-1 axis, leading to a decline in the pro-survival protein MCL-1 and reduction in
tumor growth in in vitro and in vivo metastatic melanomas models [115]. Furthermore,
the very low carbohydrate diet reduces tumor incidence in a spontaneous mouse model
of breast cancer [101]. In the metastatic 4T1 mouse mammary tumor model, combining a
low-carbohydrate/high-protein diet and a cyclooxygenase-2 inhibitor significantly lowers
the levels of breast cancer lung metastasis [108]. A low-carbohydrate diet also suppresses
prostate cancer tumor growth in mice compared to a Western diet, which increases serum
insulin, blood glucose, and tumor tissue insulin receptor levels [107]. Finally, a fasting-
mimicking diet synergizes with classical chemotherapy to treat metastatic murine pancreas
cancer in preclinical models by decreasing tumor glucose and glycolytic intermediates,
increasing 3-hydroxybutyrate and boosting reactive oxygen species [112].

4.3. B-Hydroxybutyrate Paradox

On a high-fat/low-carbohydrate diet, a process called ketogenesis produces ketone
bodies in the liver [103,116] through the production of acetyl-coenzyme A (CoA) [117].
When the supply of liver carbohydrates is low, acetyl-CoA is broken down to acetoacetate
(AcAc) and then further reduced to -hydroxybutyrate (3HB), one of the most abun-
dant and principle ketone bodies [116,118]. Though PHB is derived in the liver from the
-oxidation of free fatty acids (FFAs), the liver does not use ketone bodies for energy
because it lacks the necessary enzyme thiophorase (beta ketoacyl-CoA transferase) [119]
(Figure 1, right panel). In most humans, the plasma BHB concentration is typically at least
2 mM on a low-carbohydrate/high-fat diet [120]. BHB, a major metabolite of the fasting-
mimicking diet, helps regulate many metabolic diseases due to its ability to control signaling
events [116], e.g., the PI3K/Akt/mTOR pathways [110,121,122]. A fasting-mimicking diet
enhances the anti-cancer efficacy of the endocrine therapeutics including tamoxifen and
fulvestrant and delays endocrine resistance by lowering circulating IGF1, insulin, and
leptin and by inhibiting AKT-mTOR signaling via upregulation of EGR1 and PTEN in
mouse models of hormone-receptor-positive breast cancer [110]. Vernieri, Claudio, et al.
reported the FMD first-in-human clinical trial (NCT03340935) in patients with different
tumor types (including 56 breast cancer patients, 26 luminal, 19 TNBC, and 11 HER+) and
treated with concomitant antitumor therapies. The FMD favorably modulates systemic and
intratumor immunity and activates several antitumor immune programs by significantly
reducing plasma glucose concentration, serum insulin, and serum IGF1 [123]. Some of its
other key molecular targets include the NLRP3 inflammasome, RNA-binding proteins, and
G protein-coupled receptors [124].

BHB has anti-inflammatory properties [122,125] and is characterized as an epigenetic
modifier that produces anti-cancer effects by modifying chromatin and inhibiting histone
deacetylases [126,127]. However, some studies link BHB to tumor progression, metastasis,
and clinical failure [128-131]. These inverse effects gave rise to the “-hydroxybutyrate
paradox” theory [131].

Metastatic cancer models indicate that exogenous ketones have direct cytotoxic ef-
fects on the viability and survival of tumors [87]. For example, fHB effectively inhibits
52-013 cells, a cloned subline derived from a liver metastasis, with consequent metabolic
reprogramming, of a human pancreatic tumor line (SUIT-2) [132]. Maldonado et al. demon-
strated that low-carbohydrate diet-induced glucose deprivation is a potential strategy to
enhance breast cancer treatment—very high $HB levels (25 mM) do not stimulate breast
cancer cell proliferation, suggesting that breast cancer cells cannot use $HB as fuel to
proliferate [76]. In an in vivo study of mice implanted with VM-M3 tumors, dietary ketone
supplementation (either 1,3-butanediol or a ketone ester, which are metabolized to the
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ketone bodies BHB and acetoacetate) prolonged survival and reduced tumor burden in
mice with metastatic cancer. In addition, supplementation lowers blood glucose, elevates
blood ketones, and decreases overall body weight [87]. In another study, HB enhances
cisplatin-induced apoptosis via the histone deacetylase (HDAC)3/6 inhibition/survival
axis in hepatocellular carcinoma [133]. Furthermore, clinical trials at the University of
Wiirzburg tested low-carbohydrate/high-fat diets in 16 patients with advanced /metastatic
solid malignant tumors and found that 3 months of ketogenic diet therapy resulted in a
stable physical condition, lower body mass index, a somewhat better quality of life, and/or
slowed tumor growth [134].

The B-hydroxybutyrate paradox indicates that BHB'’s effect on cancer growth de-
pends on the tumor’s energetic phenotype. Cells with an “oxidative phosphorylation
phenotype” use BHB as an additional energy source whenever it is available, while cells
with a “glycolytic, Warburg-like phenotype” cannot metabolize HB, causing it to accu-
mulate within the cell and inhibit tumor growth through cell signaling and epigenetic
mechanisms [131,135]. An in vitro study determined that BHB can change the energetic
phenotype of breast cancer cells but not their glucose consumption and production of
lactate [135]. Furthermore, in a spontaneous mouse mammary tumor model, AHB at low
concentration (<1 mM) increased tumor growth by acting as an oxidative energy source
rather than as an epigenetic factor [131].

In addition to the -hydroxybutyrate paradox, there is a paradox surrounding the
common ketone body butyrate. The butyrate paradox suggests that, like HB, butyrate
can mediate histone acetylation and inhibit cell proliferation in cells following the War-
burg effect and preferentially using glucose [131,136-138]. However, in cancer cells that
do not follow the Warburg effect and oxidize butyrate as fuel, butyrate fails to reach in-
hibitory concentrations and can stimulate tumor growth [131]. An in vitro study showed
that sodium butyrate (NaBu), an HDAC inhibitor, inhibits breast cancer cell growth in a
time- and dose-dependent manner. This possible anti-cancer effect is due to NaBu elic-
iting apoptosis through elevated levels of ROS, increased caspase activity, and reduced
mitochondrial membrane potential [139]. Luo et al. also demonstrated that NaBu induces
autophagy in colorectal cancer cells through phosphorylated liver kinase B1 (LKB1)/ AMPK
signaling [138].

Overall, there are still many controversial opinions about high-fat/low-glucose diets,
and the scientific community has not reached a consensus on its benefits or detriments.
However, a fasting-mimicking diet can reduce the toxic effects of chemotherapy and
enhance therapeutic efficacy beyond chemotherapy alone [140,141]. When used alongside
chemotherapy, the fasting-mimicking diet delays breast cancer and melanoma progression
in mice by reducing HO-1 to sensitize tumors to chemotherapy [142]. When applied to
individuals with HER2-early breast cancer during chemotherapy, the fasting-mimicking
diet increased tumor cell death and significantly slowed chemotherapy-induced DNA
damage in T-lymphocytes [140,141]. Both animal studies and clinical trials are ongoing to
better understand the mechanism of the fasting-mimicking diet and 3HB-altered tumor
microenvironments in specific cancer types.

5. Conclusions and Future Perspective

Globally, breast cancer is the most prevalent cancer in women, and metastatic disease
is highly predictive of shortened survival. Improving the general survival of women with
metastatic breast cancer requires more effective anti-cancer strategies in combination with
current therapies or medications. Nutrition plays an important role before/during/after
cancer treatment. While dietary modifications mostly have positive effects in the context
of specific cancers, it is critical to optimize future investigations on metabolic therapies to
understand how dietary factors and pharmacotherapies influence carcinogenesis based
on tumor- and patient-related characteristics. To further improve the effects of the fasting-
mimicking diet on the quality of life or cancer progression, more clinical studies are needed,
as the safety and efficacy of the fasting-mimicking diet strongly depends on the tumor
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variety and its genotype. Understanding diet-associated molecular mechanisms involved
in therapy resistance, especially the “3-hydroxybutyrate paradox theory”, will help reduce
mortality and morbidity associated with metastatic breast cancer and prolong the quality-
adjusted life expectancy of cancer survivors.
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