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Abstract: Breast cancer (BC), a complex disease with several influencing factors, is significantly
impacted by dietary habits. The ketogenic diet (KD), characterized by high fat and low carbohydrate
intake, has gained attention as a potential therapeutic approach, but its effects on BC remain unclear.
This review seeks to summarize the current knowledge on the principles of the KD, its metabolic
influence on BC cells, and the findings of recent clinical trials, in order to elucidate the potential
therapeutic role of the KD in BC management. For these purposes, a comprehensive literature review
was conducted selecting preclinical and clinical studies that investigate the relationship between
the KD and BC. The selection criteria prioritized studies exploring the KD’s metabolic effects on BC
cells and current clinical trials involving the KD in BC management. The reviewed studies provide
a diverse range of findings, with some suggesting potential benefits of the KD in inhibiting tumor
growth and improving treatment response. However, robust clinical trials providing clear evidence
of the KD’s efficacy as a standalone therapeutic approach in BC are still lacking. There are also
significant concerns regarding the safety and long-term effects of sustained ketosis in cancer patients.
The therapeutic potential of the KD in BC remains an area of active research and debate. While
preliminary findings are promising, definitive conclusions are hindered by inconsistent results and
limited human trial data. Future research, specifically well-structured, large-scale clinical trials,
is necessary to provide a comprehensive understanding of the role of the KD in BC treatment.
Until then, caution should be exercised in its application, and patients should continue prioritizing
evidence-based, standard-of-care treatments.

Keywords: breast cancer; ketogenic diet; integrated treatments; glycemic load; proteins; ketogenesis

1. Introduction

Breast cancer (BC) is globally recognized as the second most prevalent form of cancer,
and it holds the record as the most frequent type of cancer afflicting women. The rate of BC
occurrence is on a steady rise in both advanced and developing nations, largely attributed
to the influences of lifestyle choices and environmental hazards [1,2].

Noteworthily, BC is often diagnosed late when the primitive tumor has spread to
distant organs like the bone, liver, lung, and brain, forming distant metastases which are
often incurable.

Different types of BC, depending on the specific type of tumor cells, have been iden-
tified. Adenocarcinomas are the most common BC and include in situ ductal carcinoma
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(DCIS) and invasive carcinoma where the neoplastic transformation affects gland cells in the
milk duct or the lobules. In addition, BC can also be classified according to several molecu-
lar features: there are four different molecular types of BC, with specific characteristics that
help clinicians determine the most appropriate drug therapy [3].

The most diagnosed form of BC is Luminal A, a tumor that is sensitive to hormones
characterized by estrogen (ER+) and progesterone (PR+) receptors and can, therefore, be
treated with anti-hormonal therapy as well as classic chemotherapy.

A second type, defined as Luminal B, is positive for hormone receptors (ER+, PR+),
but also overexpresses the Her2 (Her2+) receptor, a receptor for epidermal growth factor
(EGF) which is associated with cancer aggressiveness.

The third type of BC is exclusively characterized by the over-expression of Her2;
therefore, it will be sensitive to a targeted therapy toward this receptor [4].

The last and most difficult-to-treat type is called triple-negative BC, a tumor that is neg-
ative for estrogens, progestogens, and Her2 (ER−, PR−, Her2−) receptors. Unfortunately,
triple-negative cancer is the one with the fewest therapeutic options [5].

There are several risk factors responsible for the development of BC including sex,
aging, estrogen receptor status, family history, and gene mutations. In addition, several
studies have demonstrated that daily habits, in particular diet, may be related to an
increased risk of BC. In this context, many studies have pointed out the detrimental role of
red meat consumption and alcohol abuse [1,6].

To delve deeper, a diet rich in proteins could potentially escalate the risk of BC by
boosting the levels of circulating insulin-like growth factor-1 (IGF-1). The link between BC
risk and consumption of red meat or proteins is thought to be due to the higher intake of
carcinogenic byproducts associated with red meat consumption, as well as an increased
intake of hormones derived from the external hormones administered to livestock [7].

As regards alcohol, a majority of studies have demonstrated a proven association
between alcohol intake and BC. Acetaldehyde, benzene and n-nitrosodimethylamines,
alcohol-carcinogenic byproducts, have been found in alcoholic drinks or as products
of alcohol metabolism. Moreover, alcohol determines hormonal alterations causing the
suppression of the metabolism of estrogens in the liver, thus increasing the metabolites
of circulating estrogens. It also determines the conversion of androgens into estrogens.
Alcohol has also been observed to weaken immune system performance, amplify cellular
growth, impede the repair of DNA, and foster the invasion and migration of cells [8].
However, the existing epidemiological data on the influence of particular dietary risk
factors remains inconclusive largely due to the fact that people’s diet does not comprise
isolated foods or nutrients. Instead, people consume a combination of different foods,
each with unique constituents that may have a collective impact, by potentially altering
biological pathways tied to cancer progression or monitoring. Thus, a more comprehensive
assessment of diet, considering all dietary patterns as a whole, is deemed more suitable
for deriving valuable insights into the role diet plays in the risk of BC [9]. Indeed, a
commitment to wholesome dietary practices has been linked to a significant decrease
in BC risk. As such, incorporating nutritional strategies in the treatment plan for BC
patients might be viewed as a critical aspect of a comprehensive therapeutic approach.
Over recent years, numerous studies have explored the impact of specific diets, such as
the Mediterranean diet, on health. This diet, characterized by high consumption of fruits
and vegetables, olive oil, fish, and red wine, is known for its high antioxidant content.
These antioxidants, including polyphenols, flavonoids, carotenoids, and fibers, coupled
with a beneficial profile of fatty acids, are found in the diet’s main components and could
potentially lower the risk of BC [9].

Also the ketogenic diet (KD), characterized by high-fat content and low carbohydrate
and protein content, has shown potential beneficial effects in BC patients undergoing
chemotherapy or in cancer patients in general, due to its composition, which allows the
body to pass from a glucose-dependent energy condition (which favors the development
and growth of tumors) to an energy condition dependent on fats, where the production
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of ketone bodies prevents the growth of cancer cells causing the lack of the necessary
nourishment [10].

2. Review Methodology

A comprehensive literature search was conducted using databases such as PubMed/
MedLine, Scopus, Web of Science, Cochrane Library, and Google Scholar. These platforms
were selected due to their extensive collection of scholarly articles and research papers. The
search was tailored using specific keywords to ensure relevance; these included ((ketogenic
diet) AND (breast cancer) AND (therepaeutic approaches))” and“ ((ketogenic diet) AND
(breast cancer) AND (research findings))” and similar terms and phrases related to the
subject matter.

Inclusion Criteria: Studies that specifically addressed the effects of the KD on BC,
focusing on recent findings and therapeutic strategies. Priority was given to recent research
articles, randomized controlled trials, cohort studies, case–control studies, and clinical
trials, considering both human and animal studies, as long as they were pertinent to the
research topic.

Exclusion Criteria: Articles that were not written in English, commentaries, editorials,
and those without accessible full text, were excluded. Additionally, studies that did not
directly address the influence of the KD on BC were not considered. Although literature
reviews were typically excluded, exceptions were made if they provided substantial insights
or unique perspectives not found in primary research articles.

The potential articles identified through this process were initially checked for duplica-
tion. Titles and abstracts were then screened for suitability, and those that passed this stage
underwent a full-text review. The resulting set of articles was thoroughly examined, and
their important findings were extracted, summarized, and analyzed within the framework
of the KD’s role in BC therapeutics.

3. Breast Cancer Epidemiology and Main Clinical-Pathological Features

Based on the most recent epidemiological data related to BC, the year 2020 found
approximately 2.3 million new cases. The 5-year prevalence stood at roughly 7,790,717 cases.
The age-standardized 5-year relative survival rate for cases diagnosed between 2008 and
2015 in 12 countries in sub-Saharan Africa was reported at 66%. This figure contrasts starkly
with the 85–90% survival rate of cases diagnosed in high-income nations between 2010 and
2014. Furthermore, the mortality rate in 2020 was recorded at 6.9%, equivalent to around
690,000 fatalities [11].

BC is characterized by various molecular subtypes, including those expressing the
estrogen receptor (ER+), progesterone receptor (PR+), or human epidermal growth factor
receptor 2 (HER−2+). Such types can be managed with hormone therapy or Trastuzumab
monoclonal antibodies [12]. A distinct subtype, triple-negative breast cancer (TNBC), does
not express the estrogen receptor (ER), progesterone receptor (PR), or human epidermal
growth factor receptor 2 (HER−2). Clinical traits of TNBC comprise high invasiveness,
pronounced metastatic capacity, a predisposition to recur, and a generally unfavorable
prognosis. When compared to other BC subtypes, TNBC exhibits a higher level of invasive-
ness and an elevated rate of recurrence at an early stage. Recurrence typically occurs within
5 years post-surgery and is associated with a particularly poor overall prognosis. Due to
the absence of ER, PR, and HER2 expression, TNBC is unresponsive to both endocrine
treatment and targeted therapies. The treatment options currently available for TNBC are
extremely limited and generally ineffective. Consequently, there is an urgent need for the
development of novel therapeutic strategies [5,13].

Notably, BC is a complex, heterogeneous, and multifactorial disease, due to several risk
factors. According to the assessment conducted by the International Agency for Research
on Cancer (IARC) on pharmaceuticals as human carcinogens, compelling evidence points
to the causal relationship between combined estrogen–progestin contraceptives (OCs) and
combined estrogen–progestin therapy used during menopause, and the development of BC.
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Studies indicate that the risk of BC rises with prolonged use of hormone therapy among cur-
rent users. However, it is still uncertain whether all current preparations and therapies have
comparable carcinogenic effects [14]. Night work is increasingly common and a necessity
in some sectors of modern society. In particular, night shifts and the lack of daylight lead to
the suppression of melatonin production, which has tumor suppressing properties, and
disrupt circadian rhythms. All these alterations have been recognized as major mechanisms
involved in carcinogenesis [15]. In 2007, the International Agency for Research on Cancer
(IARC) categorized night shift work, known to disrupt circadian rhythms, as “probably
carcinogenic to humans”. This classification was based on somewhat limited evidence from
eight epidemiological studies focusing on BC, reinforced by substantial evidence derived
from animal experiments [15].

Genetic changes also play a role in the onset of this tumor. BRCA1 and BRCA2,
two tumor suppressor genes, are critical for the homologous recombination repair mecha-
nism of double-strand DNA breaks. Cells with mutated BRCA1 or BRCA2 cannot repair
DNA damage via homologous recombination, thus cells use other less efficient mechanisms
like the non-homologous end-joining [16]. This may lead to mutations during strand repair
and chromosomal rearrangements often occur during consecutive cycles of cell division.
Despite the pathogenetic role of gene mutations like BRCA1 and BRCA2 genes, the majority
of BC patients do not exhibit clearly identifiable inheritable mutations [17]. In fact, only
5–10% of all BCs are linked to inherited mutations.

Risk factors consistently associated with BC include age, a personal or family history
of BC, reproductive factors (i.e., early onset of menstruation, late age at first pregnancy,
fewer pregnancies, limited or no breastfeeding, and later menopause), hormonal status
and contraceptive or hormone replacement therapy (HRT), alcohol drinking, sedentari-
ness and a lack of exercise, obesity (specifically for postmenopausal BC), and genetic
predisposition [18].

HER2 (human epidermal growth factor receptor 2), a membrane tyrosine kinase,
influences cell proliferation and survival when activated. The HER2 oncogene, located on
chromosome 17q12 [19], is predominantly overexpressed through amplification and is a
significant driver of tumor development and progression in a subset of BCs. Around 15%
to 20% of BCs exhibit HER2 amplification. Lastly, the most prevalent mutations in ER+ BC
are the activating mutations of the PI3 kinase PIK3CA gene, found in approximately 40%
of tumors [20].

At present, different therapeutic strategies are available for the treatment of BC. The
main pharmacological treatments are summarized below [21]:

3.1. Chemotherapy [22,23]

Alkylating Agents: Drugs like Carboplatin (Paraplatin) and Cyclophosphamide func-
tion by forming covalent bonds with DNA, thereby interfering with its typical operations.
Adverse reactions to these medications can include bone marrow suppression, electrolyte
imbalances, and gastrointestinal disturbances such as nausea and vomiting.

Anthracyclines: Medications such as Doxorubicin (Adriamycin) and Epirubicin (El-
lence) act by disrupting DNA replication and generating free radicals that cause further
harm to cancer cells. Side effects may include both immediate and delayed cardiotoxic-
ity, hair loss (alopecia), myelosuppression, and gastrointestinal disturbances like nausea
and vomiting.

Taxanes: Docetaxel (Taxotere) and Paclitaxel (Taxol) are examples of this class of drugs.
They inhibit the disassembly of microtubules during mitosis, thereby preventing cell division.
Adverse reactions can include hair loss (alopecia), flushing, myelosuppression, gastrointestinal
disturbances such as nausea, vomiting, diarrhea, and peripheral neuropathy.

3.2. Endocrine Therapy [24]

Aromatase Inhibitors: Medications such as Anastrozole (Arimidex), Exemestane (Aro-
masin), and Letrozole (Femara) work by blocking the enzyme aromatase, which prevents
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the transformation of androstenedione into estrone, and testosterone into estradiol. Side
effects can include hot flashes, muscle pain (myalgias), and fractures related to osteoporosis.

Selective Estrogen Receptor Modulators: Drugs like Raloxifene (Evista) and Tamoxifen
function by competitively binding to estrogen receptors on tumor cells. Adverse reactions
can include hot flashes, an elevated risk of thromboembolism, and an increased risk of
uterine cancer.

3.3. Targeted Therapy with Monoclonal Antibodies

ERBB2-Target Monoclonal Antibodies: Drugs such as Pertuzumab (Perjeta) and
Trastuzumab (Herceptin) are monoclonal antibodies that target the extracellular domain
of ERBB2, thus preventing the activation of downstream signaling pathways. Adverse
reactions can include hair loss (alopecia), fatigue, left heart dysfunction, myelosuppression,
and gastrointestinal disturbances such as nausea, vomiting, and diarrhea.

4. Breast Cancer and Dietary Factors: Connecting the Dots

Over time, numerous endeavors have been made to determine if, and in what ways,
diet may be connected to the onset of BC, its prevention, or even its use as a supplement to
various cancer-fighting therapies [25]. With the upward trend in the incidence of BC and the
significant surge observed globally, it was theorized that dietary shifts and the emergence
of contemporary, ultra-processed foods could play a role in the onset of BC [26]. Specifically,
animal-based nutrients and foodstuffs have gained attention as potential contributors to
BC, given the apparent significance of obesity and energy balance as factors associated
with BC risk.

More recent studies have provided a deeper insight into the influence of dietary factors
on specific forms of BC, such as estrogen receptor negative (ER−) BC. Some research sug-
gests that dietary patterns early in life could have a substantial impact on BC development,
though the data and evidence are still sparse [27,28]. Predominantly, a sedentary lifestyle
combined with poor dietary choices, typified by the overconsumption of hypercaloric foods
and underconsumption of healthful foods (rich inω-3 fatty acids, antioxidants, and fiber),
are associated with weight gain and in turn obesity. This status promotes chronic inflam-
mation in adipocytes, establishing a conducive microenvironment for BC emergence and
progression. Indeed, obesity has been linked to both an elevated risk of postmenopausal
BC and an increase in BC recurrence and mortality [29,30].

In line with the abovementioned data, it was also demonstrated that a hypercaloric
diet, characterized by the consumption of red and processed meats, carbohydrates and fatty
foods, increases the risk of developing BC due to the increment of the circulating levels of
endogenous estrogen, IGF-1, and pro-inflammatory cytokines associated with BC [31]. In
contrast, healthy dietary habits characterized by the consumption of fruits and vegetables
rich in fiber,ω-3 polyunsaturated fatty acids (PUFAs), and vitamins exert positive effects
on human health by reducing chronic inflammation and consequent DNA damage [32].

Several dietary intervention studies on BC patients undergoing chemotherapy have
been undertaken to enhance patient outcomes. One of the most notable studies was the
Women’s Intervention Nutrition Study (WINS), which included 2437 BC patients with
stage I-II tumors and >50 years old. The main aim of the study was the evaluation of the
beneficial effects of dietary fat intake reduction on patients’ recurrence-free survival rates.
Women treated with dietary interventions showed a fat intake reduction from 29.2% to
20.3%. After five years of follow-up, the patients treated with dietary interventions showed
a 24% increment of relapse-free interval compared to the regular diet group [33].

In a 2020 review by Buja and collaborators, they reaffirmed the findings of the third
report of the World Cancer Research Fund, which demonstrated the link between the
consumption of certain foods with BC characteristics. Specifically, the intake of non-starchy
vegetables may decrease the risk of luminal B (ER−) BC, consuming carotenoid-rich foods
or adopting diets high in calcium could reduce the risk of BC in both premenopausal
and postmenopausal women, as could the consumption of dairy products. The authors
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also demonstrated that an appropriate intake of vitamins, folates, polyphenols, and other
nutrients reduces the risk of BC [34].

The PREDIMED study demonstrated the positive effect of extra-virgin olive oil (EVOO)
and a Mediterranean diet in the prevention of BC. Through this study it was possible to
establish the anticancer properties of EVOO. Specifically, olive oil represents a rich source
of monounsaturated fatty acids, including squalene and oleic acid. Still, EVOO is also
rich in polyphenols like oleocanthal, oleuropein, hydroxytyrosol, and lignans, which
exert beneficial effects on human health [35]. Studies on cancer cell lines revealed the
antiproliferative effect of oleic acid, which mediates the suppression of key oncogenes [36].
Squalene, a hydrocarbon acid, has positive effects in reducing intracellular oxidative stress
and DNA oxidative damage in mammary epithelial cells [37]. Polyphenols contained in
olive oil might play a role in preventing BC. Oleocanthal has been reported to be able to
inhibit cancer cell proliferation, invasion, and migration thus reducing BC progression
as demonstrated in vitro and in vivo. Oleuropein is able to increase BC cell apoptosis by
stimulating different signal transduction pathways. Finally, hydroxytyrosol is involved
in the reduction in intracellular oxidative stress, thus reducing the occurrence of DNA
damage as demonstrated in vitro [37,38]. Lignans, which are phytoestrogens, have been
associated with a lower risk of BC in postmenopausal women when consumed [39]. Other
studies have demonstrated that low-glycemic index diet, and specifically a Mediterranean
diet, has several positive effects on patients’ outcome. In this context, the DEDiCa study,
based on the administration of a low-glycemic index Mediterranean diet, physical exercise,
and vitamin D revealed that diet may improve the prognosis of patients as well as their
cardiometabolic parameters and quality of life [40–42].

Although the majority of studies to date have focused on the effects of the Mediter-
ranean diet or “healthy diet” as preventive or curative strategies in BC, our understanding
of the potential therapeutic effects and benefits of the KD is limited. The following chapters
will elucidate key aspects of the KD as well as the primary results attained in approved
clinical trials using the KD as a therapeutic intervention in BC.

5. Ketogenic Diet

The KD is a high-fat, low-carbohydrate regimen with adequate protein intake. The
primary outcome of this diet is ketogenesis, a biochemical process that results in the
production of ketones. These ketones are used as an alternative energy source during
periods of fasting or more generally when following diets with reduced carbohydrate
intake [43].

Of note, our body uses glucose as the first source of energy, but in case of low glucose
levels there will be neither the energy necessary for brain function nor efficiency in some
biochemical processes such as the tricarboxylic acid cycle (TCA). In this condition, ketone
bodies provided the energy necessary for brain functions by crossing the blood–brain
barrier. Ketogenesis takes place in the mitochondria of liver cells where fatty acids reach the
mitochondria via carnitine palmitoyltransferase, where they are converted into generating
acetyl CoA molecules. Subsequently, acetyl CoA is transformed into acetone, acetoacetate,
and Beta-Hydroxybutyrate thanks to the action of different enzymes. As already mentioned,
the main principle of the KD is a high-fat load and low carbohydrate diet necessary for the
synthesis of ketone bodies and a better control of blood glucose levels, which in turn leads
to a reduction in the risk of insulin resistance, as well as weight loss [44].

Even if the KD was born as a treatment for refractory epilepsy, today it is under the
spotlight as one of the most used diets to lose weight and regulate metabolic disorders [43].
However, thanks to its benefits, numerous studies have shown that the KD can be applied
in various fields as a treatment for various pathologies, including neurological disorders,
type 2 diabetes, obesity, metabolic syndrome, and different types of cancer [45]. A smaller
number of studies have also shown its efficacy in the treatment of polycystic ovarian
syndrome and in the regulation of the intestinal microbiota [46,47].
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Since its first adoption, various KD protocols have been proposed depending on the
type of disease.

The classic KD was first adopted during the 1920s. In the first KD protocol, 90% of the
energy comes from fat and 10% from a combination of carbohydrates and proteins. This
particular dietary program is achieved by excluding foods high in carbohydrates like fruits
and vegetables, bread, pasta, grains, and sugar, and by increasing the consumption of foods
high in fats, such as nuts, cream, and butter [48].

A valid alternative is the variant based on medium-chain triglycerides (MCTKD), with
a higher proportion of carbohydrates and proteins. Medium-chain triglycerides produce
more ketones per kilocalorie of energy than long-chain triglycerides used in the classic KD,
require less fat intake to induce ketosis, and are metabolized more rapidly [49,50].

Also, the modified Atkins diet (MAD) has a ketogenic ratio of 0.9:1 (fat:carbs to
protein), with approximately 65% of calories derived from fat sources. It consists of the
indefinite restriction of carbohydrate intake replaced with fat intake with the primary goal
of increasing urinary ketones with respect to the secondary endpoint of weight loss [51,52].

Last but not least, the low glycemic index treatment (LGIT) was developed to increase
carbohydrate intake, but limits foods with a glycemic index (GI) < 50. In this protocol,
patients and their families are initially instructed to exclude high glycemic index carbohy-
drates from the diet and limit total carbohydrates to 40–60 g/day. The intake of fats and
proteins is encouraged. No side effects were noted during the diet. Overall, LGIT produces
a low level of ketosis compared to that of the classic KD [53] (Figure 1).

1971 2002 2023

MCTKD Diet

Low GI Treatment

Modern KD  Regimens

Medium Chain Triglyceride
KD with 30–60% of calories
obtained fromMCTs

Low Glycemic Index Treatment
(LGIT) diet is scheduled according
to the glycemic status of patients
and the GI of foods

Standard Ketogenic Diet – SKD
Targeted Ketogenic Diet – TKD
Cyclical Ketogenic Diet – CKD
High-Protein Ketogenic Diet – HPKD

1921
Classic Ketogenic Diet
3:1 or 4:1 fat/protein+carbo
ratio

Modified Atkins Diet

MAD is characterized by
a strong carbohydrate
restriction (<10–20 g/day)

MAD

Figure 1. Timeline of the evolution of the ketogenic diet.

From a functional point of view, the KD is divided into the standard KD (SKD),
which is the currently most adopted form; the targeted ketogenic diet (TKD), most widely
used by athletes; the cyclical ketogenic diet (CKD), alternating KD with a carb-based
diet and a restricted ketogenic diet for therapeutic uses; or the high-protein KD (HPKD).
The SKD is based on a high-fat diet (75%), moderate protein intake (20%), and a limited
amount of carbohydrates (5%), with no more than 20–25 g net carbohydrates. The TKD
is particularly adopted by athletes who consume high amounts of energy; in this dietary
regimen individuals can consume an extra 20–30 g of carbohydrates before and after
workouts. The CKD consists of periodical changes in nutritional intake with five days
characterized by a KD and 2 days of higher carb refeeds. Finally, the HPKD is a KD regimen
mainly based on the consumption of a higher percentage of proteins (30–35%) and the
remaining caloric intake obtained from fat (60%) and carbohydrates (5%) [54] (Figure 2).
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Low carbohydrate intake (< 5%)
- Grain products
- Tubers (Potatoes, carrots, etc.)
- High-glycemic index fruits

Moderate protein intake (20%)
- Egg proteins
- Animal proteins
- Meat-based foods

High-fat intake (75%)
- Olive oil
- Vegetable oils from nuts
- Animal fats (butter, cream, cheese,

fatty fish, etc.)

Standard Ketogenic Diet - SKD

Carbohydrate intakes and exercise
- Up to 20-30 g of carbohydrates 30 

min before and after exercise

Moderate protein intake (15-20%)
- Egg proteins
- Animal proteins
- Meat-based foods

High-fat intake (60-70%)
- Olive oil
- Vegetable oils from nuts
- Animal fats (butter, cream, cheese,

fatty fish, etc.)

Targeted Ketogenic Diet - TKD

High-carbohydrate Diet (Day 6-7)

Ketogenic Diet (Day 1 to 5)

Cyclical Ketogenic Diet - CKD

1-5

6-7

Low carbohydrate intake (< 5%)
- Grain products
- Tubers (Potatoes, carrots, etc.)
- High-glycemic index fruits

Moderate protein intake (35%)
- Egg proteins
- Animal proteins
- Meat-based foods
- Purified proteins

High-fat intake (60%)
- Olive oil
- Vegetable oils from nuts
- Animal fats (butter, cream, cheese,

fatty fish, etc.)

High-Protein Ketogenic Diet - HPKD 

Figure 2. Schematic representation of the most commonly used ketogenic diet regimens.

6. Ketogenic Diet in Cancer

Common metabolic traits are observable in most solid tumors, one of which is an
elevated glucose intake along with a reliance on glycolysis. Otto Warburg, an early observer
of the metabolic distinctions between normal cells and cancerous ones, proposed that cancer
cells predominantly employ glycolysis to generate energy, resulting in lactate production,
regardless of the availability of oxygen for mitochondrial function [55]. This phenomenon
is referred to as the “Warburg Effect”. Subsequent research inferred that this process is
connected to cellular proliferation and the expansion of cancer. Thus, in recent years,
efforts have been dedicated to identifying a dietary strategy that could serve as an effective
supplementary treatment targeting cancer cells [56].

Many studies have shown that the formulation of a KD could alter the metabolism of
cancer cells and in some cases could fight tumor progression. For example, a reduction in
carbohydrate intake causes a reduction in circulating blood glucose. This, in turn, causes a
reduction in insulin levels and/or IGF receptor signaling pathways, key factors associated
with tumor genesis and progression [21] (Figure 3A).
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Secondly, the KD also has profound effects on the mitochondrial metabolism of tumor
cells. In fact, tumor cells with dysfunctional mitochondria use aerobic fermentation to
produce energy. In these cells, the KD induces an increase in ketone bodies and a reduction
in glucose levels; in the case of cancer cells with impaired mitochondria, ketone bodies
cannot be used for the production of energy and consequently cancer cells cannot grow
and survive [57] (Figure 3A). Other studies have been conducted on tumor cells with
functional mitochondria, to evaluate whether in this case the KD could act by counteracting
its metabolism. Indeed, since these cells are capable of metabolizing ketone bodies only
in the presence of certain quantities of oxygen, in hypoxic areas they would not be able to
obtain energy from ketone bodies. Of note, the three mitochondrial enzymes involved in
the utilization of ketone bodies are SCOT, BDH1, and ACAT1. Therefore, the therapeutic
efficacy of the KD should also be evaluated based on the expression of these enzymes
(Figure 3B) [58].

Nucleus

Extracellular Space

Cytoplasm

P
PI3K

P
AKT

P
mTOR

Extracellular Space

Nucleus

BA

Ketogenic
Diet

Insulin
IGF-1

IR
IGF1R

Ketogenic
Diet

Glucose

Glycolysis

ATP

Pyruvate

Acetyl-CoA

Dysfunctional
mitochondria ATP

Ketone
Bodies

Cell
Proliferation

Cell
Survival

Ketone Bodies

Functional
mitochondria

High
[O2] 

Low
[O2] 

BHB

Acetoacetate

Acetoacetyl-CoA

Acetyl-CoA
ATP

Extracellular Space Ketone Bodies

BHB

Cytoplasm

Cytoplasm

Nrf2

Glutathione

ROS
HDACs

Cell
Proliferation

Cell
Survival

Drug
Sensitivity

C

Figure 3. Molecular processes influenced by a ketogenic diet. (A) The low carbohydrate intake
obtained through a ketogenic diet results in the decrement of glucose, insulin, and IGF-1. As a conse-
quence, tumor-promoting pathways, like the PI3K/Akt pathway, are inhibited, as iss the production
of ATP in dysfunctional mitochondria. (B) Ketone bodies can be metabolized by cancer cells only in
presence of O2. In the hypoxic condition typical of tumor cells, BHB cannot be metabolized due to the
absence of SCOT, BDH1, and ACAT1. (C) BHB favors the gene transcription mediated by Nrf2, with
the consequent production of glutathione able to detoxify cells from ROS. In addition, BHB inhibits
the effects of several members of the HDAC family, thus inhibiting the proliferation and survival
of cancer cells. In parallel, BHB-mediated HDAC-inhibition is responsible for the increase in the
cytotoxic effects of chemotherapy on cancer cells.

Another typical feature of tumor cells is the increase in the amount of reactive oxy-
gen species (ROS), driven by the instability associated with the microenvironment and
mitochondrial dysfunction. The increase in ROS can result in resistance to therapeutic
treatments and in tumor progression [59]. Specifically contributing to the balancing of
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ROS levels are the antioxidant potential of glutathione and the activity of the transcription
factor Nrf2. Some preclinical studies in mice treated with a KD have shown an increase
in glutathione levels associated with the activation of the Nrf2 factor, a transcription fac-
tor that regulates the gene expression of a large variety of antioxidant and detoxifying
cytoprotective enzymes (Figure 3C) [60,61]. Such protective effects exerted by the KD may
be useful for the protection of different tumors with an etiology based on environmental
or occupational risk factors which promote oxidative stress including, lung cancer, skin
tumors, mesothelioma, brain tumors, etc. [59,62–65].

The KD might play a significant role in the modulation of gene expression. A key
feature of the KD is the induction of ketogenesis, resulting in an increased production
of beta-hydroxybutyrate (BHB)—the most abundant ketone body. BHB is implicated in
the suppression of histone deacetylases (HDACs), which are enzymes that participate
in gene transcription by removing acetyl groups from lysine residues on histones. The
correlation between HDACs and various cancer states has been thoroughly substantiated.
Multiple studies have explored BHB’s inhibitory impact on these enzymes, leading to
consequent gene regulation. Key findings by Shimazu et al., along with others, affirm
that BHB impairs the functioning of HDAC1, HDAC3, and HDAC4, thus underlining
the physiological significance of this mechanism [66,67]. Emerging evidence suggests
that a KD possesses potential anticancer properties, such as inhibiting tumor growth,
shielding normal cells from chemotherapy or radiation damage, intensifying the toxic
effects of chemotherapy on cancer cells, and mitigating inflammation (Figure 3C). The
KD, in comparison to standard anticancer medications and therapies, is cost-effective,
user-friendly, and generally well-received. An increasing number of preclinical studies
indicate that the KD, as a dietary intervention, could be a powerful anticancer strategy. The
bulk of these preclinical investigations reveals that the KD curtails tumor growth, prolongs
survival, delays tumor onset, and reverses cancer-induced cachexia [56,58,68].

All these molecular and cellular effects driven by the KD result in the dysregulation
of key signal transduction pathways associated with BC development and progression
including the PI3K/Akt, the mTOR, and MAPK signal transduction pathways [10]. It was
also postulated that a KD and other dietary regiments influence the behavior of BC cells
by modulating the expression levels of microRNAs and the functionality of the vitamin
D/VDR pathway [69].

7. Current Clinical Studies on Ketogenic Diet and Breast Cancer

Starting from the interesting results obtained in vitro and in preclinical studies, several
research groups have proposed a KD within clinical trials aimed at patients with BC. More
specifically, key metrics considered in the evaluation of KD efficacy are the impact of diet
on body weight, the reduction in recurrence, the reduction in hyperglycemia the better
response to different treatments, including letrozole, paclitaxel, alpelisib, etc. as showed in
the clinical studies reported in Table 1.
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Table 1. Clinical trials using the KD in breast cancer patients registered at https://clinicaltrials.gov
(accessed on 20 July 2023).

ClinicalsTrials
Identifier Status Objective of the Clinical

Trial Intervention Disease

NCT05234502 O
Impacts of KD on Overweight
and Obese Women Diagnosed

with Breast Cancer

Alternative 1: Comprehensive and
Well-Balanced Diet Regimen (Carbohydrates:

45–60%, Protein: 10–20%, Fat: 20–35%)
Alternative 2: Ketogenic Diet Regimen

(Carbohydrates: 6%, Protein: 19%, Fat: 75%)

Breast Cancer Female

NCT03962647 O

Two-Week Ketogenic Diet
Coupled with Letrozole for the
Regulation of PI3K Signaling

in ER+ Breast Cancer

Supplemental Diet: Two-Week Ketogenic
Diet Regimen

Pharmaceutical Treatment: Letrozole

Estrogen
Receptor-positive Breast

Cancer

NCT03535701 C

Exploring the Role of
Ketogenic Diet and

Chemotherapy in Modulating
Recurrence in Stage IV Breast

Cancer Patients

Nutritional Addendum: Dietary
Intervention Strategy

Alternate: Analysis of Lab-Based Biomarkers
Pharmaceutical: Administration of Paclitaxel

Stage IV Breast Cancer
AJCC v6 and v7

NCT05090358 O

Mitigating Hyperglycemia in
Patients Undergoing

Treatment for Metastatic
Breast Cancer

Nutritional Supplement: Implementation of
the KD

Nutritional Supplement: Adoption of a
Low-Carbohydrate Diet

Pharmaceutical: Usage of Alpelisib

Breast Cancer
Breast Cancer Stage IV

Metastatic Breast Cancer

NCT04469296 O

Adjusting Nutritional Intake
in Luminal Early Stage Breast
Cancer Patients Candidate for

Primary Surgery

Nutritional Intervention 1: Iso-Caloric
KD Regimen

Nutritional Intervention 2: Protein-Limited
Dietary Approach

Breast Cancer
Surgery

NCT02092753 C

Exploring Ketogenic or LOGI
Dietary Approaches in Breast
Cancer Recovery Intervention

(KOLIBRI Study)

Alternate Approach: Standard Dietary
Plan (SD)

Experimental Approach 1: Ketogenic Dietary
Regimen (KD)

Experimental Approach 2: Low Glycemic and
Insulinemic Diet (LOGI)

Quality of Life

NCT02744079 C
Comparative Study of

Healthful Dietary Patterns on
Biomarkers of Breast Cancer

Behavioral Modification 1: Adoption of a
Low-Carbohydrate Diet

Behavioral Modification 2: Implementation of a
Low-Fat Diet

Breast Neoplasms

Abbreviations: C, closed; O, ongoing. A more detailed description of the studies reported in Table 1 is provided
below to better elucidate the main results obtained by using the KD in patients with BC.

7.1. Effects of Ketogenic Diet in Overweight and Obese Women with Breast Cancer
(NCT05234502—Ongoing)

In this clinical study, Alkin SB and team introduce a KD protocol for overweight and
obese women with BC, who are due to undergo neoadjuvant chemotherapy. The study
aims to enroll 56 BC patients and randomize them into two arms: one group will follow
the KD protocol alongside standard neoadjuvant therapy (including an anthracycline
and/or taxane) for 12 weeks, while the second group will adhere to a balanced and healthy
diet in conjunction with the standard neoadjuvant therapy for the same duration. The
study plans to document a range of clinical-pathological features including tumor size,
nutritional status, biochemical findings, anthropometric data, quality of life, sensory and
motor neuropathy, and survival rates. Post the 12-week neoadjuvant therapy, the effects
of the KD on prognosis and the previously listed factors will be compared. Secondary
endpoints include the potential impacts of the KD on chemotherapy-induced neuropathy
and pathological responses. Additionally, an evaluation of the overall quality of life of
patients following the proposed treatments will be carried out. As hypothesized by the
study’s initiators, a KD may enhance patients’ body composition, mitigate obesity-related
complications, and reduce neuropathy, potentially leading to decreased pharmaceutical
usage and hospital visits.

The findings from this research aim to enhance the health and quality of life of women
living with BC.

https://clinicaltrials.gov
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7.2. A 2-Week Ketogenic Diet in Combination with Letrozole to Modulate PI3K Signaling in ER+
Breast Cancer (NCT03962647—Ongoing)

Rexer and colleagues proposed a clinical trial based on a neoadjuvant treatment to
determine the tolerability and effects of a 2-week protocol with a very low carbohydrate
KD in combination with letrozole for patients with early-stage operable ER+ BC. Besides
this fundamental primary endpoint, other objectives of the study will be the evaluation of
cancer cell proliferation, measured by analyzing Ki67 expression, in patients treated or not
with a KD, the evaluation of the activity of the insulin and PI3K pathways, the measurement
of changes in weight, body composition, and insulin resistance as well as the occurrence of
a ketogenic state when a KD is administered concomitantly to endocrine therapy.

This protocol is currently ongoing and is aimed at 36 BC patients as conceived as a
pilot and feasibility study. Specifically, each patient will be evaluated at baseline to measure
metabolic parameters. Patients will be randomized into two groups treated with a daily
dose of 2.5 mg letrozole with or without a 2-week KD. A biopsy from the surgically removed
tumor will be conducted to assess cell proliferation, with these results then compared to
the pre-treatment diagnostic biopsy data.

7.3. Ketogenic Diet and Chemotherapy in Affecting Recurrence in Patients with Stage IV Breast
Cancer (KETO-CARE) (NCT03535701—Completed)

In this preliminary study, the researchers enlisted 20 individuals diagnosed with Stage
IV BC, with the goal of assessing the potential for a KD to enhance the effectiveness of
chemotherapy in mitigating the recurrence of BC. The principal objective was to evaluate
the feasibility of inducing nutritional ketosis through a KD in women about to commence
palliative chemotherapy for advanced-stage BC, in addition to assessing the diet’s impact
on tumor progression and health biomarkers. To facilitate this, patients were divided into
two groups: the first group underwent standard treatment with the drug paclitaxel, while
the second group was given standard paclitaxel treatment along with a regimented KD,
prepared in the research kitchen, for a duration of three months. Commencing two weeks
before the end of the controlled feeding period, patients also began a three-month free-living
KD program. This program consisted of group-based sessions, individual consultations,
and online digital content designed to educate patients on incorporating a ketogenic dietary
pattern into their everyday lifestyle. Although the study was completed, no results were
reported in clinicaltrial.gov.

7.4. Preventing High Blood Sugar in People Being Treated for Metastatic Breast Cancer
(NCT05090358—Ongoing)

Iyengar and colleagues have proposed a randomized clinical trial involving 106 pa-
tients with metastatic BC. These patients will be categorized into three distinct experi-
mental groups. The first group consists of postmenopausal patients with HR-positive,
HER2-negative, metastatic BC with PIK3CA mutation treated at least with a single line of
endocrine-based therapy at the diagnosis of metastatic disease. This group will receive
standard of care (SOC) endocrine therapy (fulvestrant) and PI3K inhibition (alpelisib) plus
a ketogenic dietary schedule. The second group, similar in composition to the first, will
be administered a low carbohydrate diet along with the SOC endocrine therapy and PI3K
inhibition. The third group will receive treatment involving SGLT2i therapy, again in
combination with the SOC endocrine therapy and PI3K inhibition.

The primary goal of this study is to evaluate the reduction in hyperglycemia and the
prevalence of grade 3/4 hyperglycemia-free rate at the 12-week mark. Ultimately, the study
aims to investigate the potential beneficial effects a KD with low-carbohydrate intake as
well as the effects of canagliflozin in preventing glycemia and enhancing the effectiveness
of cancer treatment in PIK3CA-mutant BC patients treated with targeted therapy (alpelisib)
and endocrine therapy (fulvestrant).
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7.5. Diet Modification in Patients with Luminal Early Breast Cancer Candidate for Primary
Surgery (MACS) (NCT04469296—Ongoing)

In this clinical trial, D’Hondt and colleagues proposed dietary protocol aimed at
75 BC patients before BC surgery, divided into three different treatment groups: the
first group is composed of control patients without dietary interventions; the second
group is composed of patients enrolled in the “ketogenic arm” treated with iso-caloric
KD characterized by a scheduled intake of low glycemic index foods and carbohydrate-
free foods ad libitum. The patients will be followed by a nutritionist who give dietary
advice to increase the consumption of lipid foods for a total of 65% of energy intake. In
addition, a list of unauthorized sugars and sweetener substitutes will be proposed; the third
group is composed of patients enrolled in the “protein-restricted diet” group where the
patients are treated with a KD with a 20% reduction in protein compared to the “ketogenic
diet” group. The main aim of this clinical trial is to examine the practicability of dietary
modifications—specifically, adherence to either a ketogenic or protein-restricted diet—for
patients diagnosed with early luminal BC over a period of 9 ± 1 day prior to undergoing
BC surgery.

As secondary endpoints, metabolic changes and potential antitumor effects will be
evaluated following the specific treatment in each arm of the study in order to observe
biological modifications supporting the beneficial effects of KD in BC. Finally, patients’
quality of life, beliefs, anxiety and depression on the compliance of such treatments will
also be analyzed.

7.6. Ketogenic or LOGI Diet in a Breast Cancer Rehabilitation Intervention (KOLIBRI)
(NCT02092753—Completed)

The purpose of this clinical trial was to evaluate the feasibility, safety, and tolerability
of a KD and low glycemic and insulinemic (LOGI) diet in comparison to standard dietary
regimens. Moreover, the study aimed to evaluate the enhancement of patient’s quality
of life and physical performance during the rehabilitation phase for BC patients. The
trial was an open-label study involving 150 BC patients, monitored for a total duration of
20 weeks divided into three different stages: three weeks of in-house protocol, 16 weeks of
out-of-house step, and a final week of in-house intervention.

The primary goal of this KOLIBRI study was to analyze the impacts of a high-fat KD
or a moderate-fat LOGI diet on the quality of life and physical performance of patients
during rehabilitation. Specifically, the patients underwent a KD that consisted of 75% of
daily caloric intake from fat consumption (particularly from vegetable fats derived from
plant oils, nuts, avocados, and animal fats from butter, cream, cheese, eggs, fatty fish, etc.),
very low carbohydrates (around 20–30 g/day), and balanced protein intake (1.4 g/kg body
weight/day).

The LOGI diet involved up to 120 g of carbohydrates (preferably from vegetables
and fruits), high protein (1.7 g/kg body weight/day), and the remaining calories from
fats. For the control group, patients adhered to the standard recommendations of the
German Society for Nutrition (DGE). Although the study has been completed, no results
were reported on the clinicaltrial.gov portal. However, the researchers published an article
demonstrating how low-carb and KDs enhance the quality of life, physical performance,
body composition, and metabolic health of patients with BC [70].

7.7. Comparison of Healthy Diets on Breast Cancer Markers (KetoBreast)
(NCT02744079—Completed)

Fine and colleagues have proposed a study investigating the impacts of a KD on
patients with BC. This pilot trial includes 65 patients with either ER+ or ER− BC, who have
undergone a post-breast mass biopsy. The participants are divided into two distinct arms:
one group adheres to a ketogenic insulin-inhibiting diet, while the second group follows a
low-fat diet incorporating whole grains, fruits, and vegetables.

The primary objective of the study is to contrast the impacts of these two diets on
ER-positive BC tissues. The diets are administered in the interim period between diagnosis
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and surgical removal. Additionally, proliferation (as measured by Ki-67) and apoptosis (as
assessed by TUNEL) rates are evaluated in conjunction with the pathology of the surgical
specimen, to compare changes in biomarkers.

8. Clinical Limitations and Pitfalls in the Application of the Ketogenic Diet to
Breast Cancer

One of the key limitations of the KD is its strict regimen requiring high fat, moderate
protein, and minimal carbohydrate intake. This dietary shift can be challenging for many
patients, which might lead to inconsistent adherence and subsequently affect the clinical
outcomes [66]. A significant pitfall of the KD is the potential for essential nutrient defi-
ciencies. The diet’s restriction on certain food groups could result in inadequate intake of
key vitamins and minerals essential for overall health. The long-term adverse effects of
KD consumption are related to unwanted metabolic changes, including elevated blood
lipid levels, which may escalate the risk of cardiovascular diseases. Other common and
sometimes severe side effects are hepatic steatosis due to hyperlipidemia, kidney stones due
to the formation of protein aggregates, hypoproteinemia as a consequence of the excessive
protein metabolism and co-enzyme deficiencies [71]. Also, the response to the KD can
vary significantly among individuals due to differences in metabolic responses and tumor
characteristics. This individual variability presents a considerable clinical limitation, as it
hampers the predictability of treatment response [71,72].

Other authors have questioned the safety of KD administration in cancer patients due
to the high intake of proteins of animal origin. As already mentioned in the Introduction
section, a diet rich in animal proteins increases the risk of BC due to the activation of signal
transduction pathways which increase cell proliferation and cancer aggressiveness [7,73].
In this context, some authors have proposed plant-based dietary regimens to be associated
with a KD in order to reduce the protein intake derived from animal sources [74].

The absence of standardized KD protocols for BC patients is another significant
clinical gap. This lack of uniformity hampers the comparability of results across studies
and consistency in clinical application. The majority of studies on the KD have focused
on early-stage cancers or used the diet in conjunction with other therapies and its efficacy
in the context of advanced or metastatic BC is still under-explored, thus limiting its scope
of application.

These clinical limitations and pitfalls underscore the necessity for further research and
the development of comprehensive protocols to enhance the efficacy and applicability of
the KD in BC management.

9. Conclusions and Future Perspectives

Different studies have highlighted the potential therapeutic role of the KD in the man-
agement of BC patients. For instance, in their review article Jemal M and colleagues (2021)
report the positive effects of a KD on BC by describing the molecular effects determined
by a KD in tumor cells [10]. Other authors have investigated the beneficial properties of a
KD related to the response to chemotherapy [75]. Starting from these observations, in our
review of the recent literature, we want to update the current knowledge of the molecular
process driven by the KD in BC as well as to provide different examples of KD regimens
that can be adopted as supportive treatments in BC patients. In addition, to the best of
our knowledge, this review is the first which collects nutritional, molecular, and clinical
findings related to the KD in BC by presenting all the clinical studies where a KD was
adopted as a treatment strategy.

Overall, the data contained in our review revealed that several preclinical studies
have shown that the KD can reduce tumor growth, enhance the sensitivity of BC cells to
chemotherapy, and reduce cancer-related symptoms. The KD, a high-fat, low-carbohydrate
dietary regimen, shifts the body’s metabolism from being glucose-based to being ketone-
based. This metabolic shift appears to generate metabolic stress on cancer cells due to
their reliance on glycolysis for energy. Furthermore, the KD has been found to modulate



Nutrients 2023, 15, 4357 15 of 18

inflammation and oxidative stress, which are critical processes in cancer progression.
However, clinical studies evaluating the effects of the KD in BC patients are limited, and
results have been mixed. Some studies report potential benefits in terms of tumor growth
control, overall survival, and quality of life (see Table 1), while others show no significant
difference when compared to standard care [76].

There is a clear need for more robust, well-designed clinical trials to conclusively
determine the efficacy of the KD as a therapeutic approach for BC. These trials should aim
to evaluate not only the diet’s impact on tumor progression but also its effects on patient
wellbeing, quality of life, and potential side effects. It will also be critical to understand
which patient populations are most likely to benefit from this approach. Genomic and
metabolic profiling of tumors might provide valuable information about which patients
would respond favorably to a KD, enabling precision medicine approaches. The KD’s
effects should be evaluated in conjunction with existing treatment modalities, such as
chemotherapy, radiation, and targeted therapies. Additionally, investigating the mecha-
nisms of action through which the diet exerts its effects on cancer cells will provide valuable
insight and could lead to the development of novel therapeutic strategies. Finally, devel-
oping guidelines for implementing the KD in a clinical setting will be crucial. This will
include strategies for dealing with common challenges of the diet, such as maintaining
patient adherence, managing potential side effects, and integrating the diet with existing
therapeutic regimens.

In conclusion, the findings here reported strongly support the potential beneficial
effects of a KD for BC, which may counteract some tumor-promoting pathways by reducing
glucose, insulin, and IGF-1 levels as well as inhibiting the detrimental effects of ROS.
Therefore, the KD holds promise as an additional treatment for BC patients; however,
more clinical studies are needed to clearly establish the duration of treatment and its
potential benefits.
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