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Abstract
Ketogenic diets (KDs) can improve the well-being and quality of life of breast cancer patients. However, data on the effects 
of KDs on mammary tumors are inconclusive, and the influence of KDs on metastasis in general remains to be investigated. 
We therefore assessed the impact of a KD on growth and metastasis of triple negative murine 4T1 mammary tumors, and 
on the progression of luminal breast tumors in an autochthonous MMTV-PyMT mouse model. We found that KD did not 
influence the metastasis of 4T1 and MMTV-PyMT mammary tumors, but impaired 4T1 tumor cell proliferation in vivo, and 
also temporarily reduced 4T1 primary tumor growth. Notably, the ketogenic ratio (the mass of dietary fat in relation to the 
mass of dietary carbohydrates and protein) that is needed to induce robust ketosis was twice as high in mice as compared to 
humans. Surprisingly, only female but not male mice responded to KD with a sustained increase in blood β-hydroxybutyrate 
levels. Together, our data show that ketosis does not foster primary tumor growth and metastasis, suggesting that KDs can 
be safely applied in the context of luminal breast cancer, and may even be advantageous for patients with triple negative 
tumors. Furthermore, our data indicate that when performing experiments with KDs in mice, the ketogenic ratio needed to 
induce ketosis must be verified, and the sex of the mice should also be taken into account.
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Introduction

 Ketogenic diets (KDs) are nutritional therapies that mimic 
specific aspects of a starvation response. KDs are character-
ized by a defined ratio of the mass of dietary fats in rela-
tion to the mass of dietary carbohydrates and proteins. In 
the clinic, the ketogenic ratio is adjusted individually for 
patients with the aim of achieving a state of ketosis that, 

according to medical guideline, is defined by sustained 
blood β-hydroxybutyrate (BHB) concentrations of between 
2 and 5 mM [1]. In humans, this requirement can typically 
be fulfilled with a ketogenic ratio of 4:1.

The fat components of KDs are metabolized in the liver, 
resulting in the production of the three ketone bodies, BHB, 
acetoacetic acid and acetone. While acetone is partially con-
verted to methylglyoxal, and subsequently catabolized via 
lactate and pyruvate [2, 3], BHB and acetic acid are released 
into the circulation, taken up by extrahepatic target cells, and 
transported to the mitochondria, where they are converted 
into acetyl-CoA, which then enters the citric cycle to pro-
duce ATP.

Mainly known for their successful application in drug-
resistant epilepsy patients (reviewed in [4]), KDs can also 
positively influence body composition of cancer patients 
[5–8], and improve the well-being and quality of life of 
patients suffering from different kinds of solid tumors [6, 
9–11], including breast cancer [6, 7, 10]. It may therefore 
make sense to offer KDs to tumor patients as adjunct thera-
pies. However, although several studies with human cancer 
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patients suggest that KDs may also have anti-tumor effects, 
the significance of these studies is limited by the fact that 
most studies describing effects of KD on cancer patients 
are either only case reports or cohort studies that show het-
erogeneity and/or include only small numbers of patients 
(reviewed in [12–14]). In the context of breast cancer, pre-
clinical studies employing murine models showed that ele-
vated BHB and lactate levels promoted primary mammary 
tumor growth and metastasis in experimental mice [15, 16]. 
In contrast, in studies in which mammary tumor-bearing 
mice were maintained on KDs, primary tumor growth was 
at least temporarily reduced [17–21]. However, the impact 
of the KDs on metastasis was not examined in all of these 
studies. Where metastasis was assessed, the experimental 
design and analysis do not allow a conclusive interpretation 
of the results [19, 20, 22].

In view of these observations, we examined the influence 
of ketosis on the growth and metastasis of breast tumors 
in experimental mice. Our results show that ketosis did 
not affect the metastasis of triple negative 4T1 and lumi-
nal MMTV-PyMT mammary tumors in vivo, and only had 
temporary effects on 4T1 primary tumor growth, suggest-
ing that KDs can be safely applied in the context of luminal 
and triple negative breast cancer. In addition, our data indi-
cate that the ketogenic ratio required to establish ketosis in 
humans is insufficient in mice, and a ketogenic ratio of at 
least 8:1 is required in mice to establish a sustained ketosis 
with blood BHB concentrations above 2 mM. Moreover, we 
also found that only female but not male mice responded to 
KDs with a sustained increase in blood BHB levels, even 
when a KD with a ketogenic ratio of 10:1 was applied. These 
findings suggest that dietary regimens used in patients can-
not be directly transferred to experimental mice, but have to 
be adapted to the model organism accordingly. Furthermore, 
when KDs are fed to mice, the sex of the animals also has to 
be taken into account.

Methods

Tissue culture

4T1 cells were cultivated in DMEM supplemented with 10% 
FCS and 1% penicillin-streptomycin.

Experimental mice and genotyping

All animal experiments were approved by the local regula-
tory authorities (License Numbers: AZ 35-9185.81/G-43/19 
and AZ 35-9185.81/G-122/21), and were performed accord-
ing to German legal requirements. 

BALB/c mice were purchased from Envigo (Venray, 
Netherlands).

FVB/N-Tg(MMTV-PyMT)634Mul/J (“MMTV-PyMT”) 
mice express the mammary tumor virus-polyoma middle T 
(PyMT)-oncoprotein under the control of the mouse mam-
mary tumor virus LTR (MMTV LTR), restricting PyMT 
expression to the mammary epithelium [23, 24]. MMTV-
PyMT mice were bred and maintained on an FVB/N back-
ground. Genotyping was performed by PCR using genomic 
DNA as a template. “Plg-in2-3’” (tgt ggg ctct aaa gat gga 
act cc) and “Plg-ex2-5’” (gac aag ggg act cgc tgg atg gct 
a) primers that detect the plasminogen gene that serves as 
a positive control were used in PCR reactions (95°C, 45 s; 
60°C, 45 s; 72°C, 45 s; 35 cycles; 72°C, 10 min), resulting 
in an amplicon of 268 nucleotides. Detection of PyMT, indi-
cating a transgenic allele, was achieved by using “PyMT3p” 
(cgg cgg agc gag gaa ctg agg aga g) and “PyMT4m” (tca gaa 
gac tcg gca gtc tta ggc g) primers in PCR reactions creating 
an amplicon of 160 nucleotides with the following condi-
tions: 95°C, 45 s; 60°C, 45 s; 72°C, 45 s; 35 cycles; 72°C, 
10 min.

Mice were kept in groups of four in type III and type IIL 
polysulfon IVC cages (Tecniplast, Hohenpeißenberg, Ger-
many) containing soft bedding (Mini Chips LTE E-003 L-10 
ABEDD B, Ssniff GmbH, Soest, Germany). Mice were also 
provided with nesting material (Pura Cocoons Soft Cotton 
Cylinder, Code 211–1240 HV/MG/0822, Labodia, Swit-
zerland), a mouse house and tubes (Play Tunnels: CS3B01 
213–1041) made of cardboard and wooden sticks (Nage-
hölzer, H0234-NGS, Ssniff and Pura Sticks, Code 213–1001, 
Labodia, Switzerland) for gnawing. The cages were changed 
exclusively under laminar flow conditions. Rat/mouse main-
tenance complete feed (Ssniff; composition see below) and 
tap water were provided ad libitum. The specific pathogen-
free housing was kept at 20–22°C and 45–60% humidity on 
a 06:00–18:00 h light cycle.

Routine health monitoring was carried out in accord-
ance with FELASA recommendations [25]. Parasitological 
tests were performed in the laboratory of the Core Facil-
ity Preclinical Models, bacteriological tests in the Institute 
of Microbiology, Klinikum Mannheim and serological and 
PCR tests at BioDoc, Labor für Biomedizinische Diagnostik, 
Hannover and GIM (Gesellschaft für innovative Mikroökol-
ogie mbH, Michendorf, Germany).

KD and standard diet formulations

Both KD and standard diet were purchased from Ssniff. 
Standard diet contained 19.0% crude protein, 3.3% crude fat, 
5.0% crude fiber, 6.4% crude ash, 25.9% starch, 5.4% sugar 
and 54.6% N free extracts (ketogenic ratio: 0.055:1). The 
ingredients, contents, and fatty acid fractions of KD with 
the different ketogenic ratios provided by the manufacturer 
are summarized in Table 1.
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Assessment of the effect of different ketogenic 
ratios

BALB/c and MMTV-PyMT mice (8 weeks old) were fed 
standard diet or KD (both Ssniff) with ketogenic ratios of 
3:1, 4:1, 5:1, 6:1, 8:1 and 10:1 (BALB/c ) or 6:1, 8:1 and 
10:1 (MMTV-PyMT) ad libitum. The animals were weighed, 
and blood was taken from the tail vein twice per week for 
8 weeks for BALB/c mice or, for the MMTV-PyMT mice, 
until an individual tumor reached the legal limit of 1.5 cm 
in one dimension or when the sum of the largest diameters 
of several tumors reached the legal limit of 3 cm. BHB 
and glucose concentrations were measured using an Abbot 
Freestyle Precision Neo H combined glucose/blood ketone 
meter (Abbott Diagnostics, Wiesbaden, Germany) with the 

appropriate glucose or β-ketone strips (Abbott Diagnostics), 
respectively.

Spontaneous metastasis assay

A KD with a ketogenic ratio of 8:1 was initiated in 8-week-
old BALB/c mice ad libitum. Animals in the control group 
were maintained on standard chow. The respective diets were 
maintained throughout the duration of the experiment. Syn-
geneic 4T1 cells (1 × 106 each animal) were injected ortho-
topically into the mammary fat pads of the mice of both KD 
and control groups 10 days after the initiation of KD. The 
animals were weighed, and blood was taken from the tail 
vein twice per week. BHB and glucose concentrations were 
measured using a combined glucose/blood ketone meter with 

Table 1   Composition of KDs 
with the different ketogenic 
ratios used in this study

3:1 4:1 5:1 6:1 8:1 10:1

Ingredient [%]
 Casein 18.90 15.00 12.90 12.00 9.60 8.00
 Maltodextrin 4.00 3.10 2.00 0.60 0.30 0.15
 Sucrose 0.50 0.50 0.50 0.50 0.20 0.05
 Cellulose powder 4.00 4.00 4.00 4.00 3.15 2.20
 l-Cystine 0.30 0.25 0.20 0.20 0.15 0.10
 Vitamin premixture 1.00 1.00 1.00 1.00 1.00 1.00
 Mineral premix 5.00 5.00 5.00 5.00 5.00 5.00

Choline 0.20 0.20 0.20 0.20 0.20 0.20
 Corn oil 7.00 7.50 7.70 8.00 8.40 8.70
 Butter fat, dehydrated 10.90 11.70 12.30 12.50 13.10 13.60
 Pork lard 48.20 51.80 54.20 56.00 58.90 61.00

Proximate contents [%]
 Crude protein 16.7 13.3 11.4 10.7 8.6 7.1
 Crude fat 66.1 71.0 74.2 76.5 80.3 83.2
 Crude fiber 4.0 4.0 4.0 4.0 3.1 2.2
 Crude ash 4.5 4.4 4.4 4.4 4.3 4.3
 Sugar (sucrose) 1.5 1.5 1.5 1.5 1.2 1.1
 Dextrin 4.0 3.0 2.0 0.6 0.3 0.2

Fatty acids, % in the diet
 C 4:0 0.42 0.44 0.47 0.48 0.50 0.52
 C 6:0 0.27 0.29 0.31 0.32 0.33 0.34
 C 8:0 0.15 0.16 0.17 0.17 0.18 0.19
 C 10:0 0.38 0.40 0.42 0.43 0.45 0.47
 C 12:0 0.47 0.50 0.53 0.54 0.56 0.59
 C 14:0 1.80 1.93 2.02 2.07 2.17 2.25
 C 16:0 15.31 16.44 17.20 17.72 18.62 19.28
 C 18:0 7.69 8.26 8.65 8.92 9.37 9.71
 C 20:0 0.19 0.21 0.22 0.22 0.23 0.24
 C 16:1 1.63 1.75 1.83 1.89 1.99 2.06
 C 18:1 24.68 26.51 27.70 28.59 30.05 31.13
 C 18:2 8.48 9.10 9.44 9.78 10.27 10. 64
 C 18:3 0.60 0.65 0.68 0.70 0.73 0.76
 C 20:4 0.82 0.88 0.92 0.95 1.00 1.04
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the appropriate glucose or β-ketone strips (Abbott Diagnos-
tics). Tumor size was measured with a micrometer caliper. 
Once a tumor reached the maximum approved limit of 2 cm 
in one dimension, or a mouse reached a humane end point, 
the animal was killed, serum was obtained, and an autopsy 
was performed. The volume of the draining ipsilateral axil-
lary lymph nodes was assessed as a measure of lymph node 
metastasis. Contralateral lymph nodes served as a control. 
The lung was examined for the occurrence of metastases, 
and nodules were counted under a stereo microscope. The 
tumors and surrounding tissue were isolated, formalin-fixed 
and embedded in paraffin for histological studies.

Experimental metastasis assay

Maintenance on a KD with a ketogenic ratio of 8:1 was 
initiated in 8-week-old BALB/c mice ad libitum. Animals 
of the control group were maintained on the standard diet. 
The respective diets were maintained for the duration of 
the experiment. Syngeneic 4T1 cells (2.5 × 104 each ani-
mal) were injected into the tail vein of the mice of both 
KD and control groups 10 days after the initiation of the 
KD. The animals were weighed regularly, and blood was 
taken from the tail vein twice per week. BHB and glucose 
concentrations were measured using a combined glucose/
blood ketone meter with the appropriate glucose or β-ketone 
strips (Abbott Diagnostics). The animals were killed on day 
21 post tumor cell injection, and serum was obtained. An 
autopsy was performed, and the lung was examined for the 
occurrence of metastases. Metastatic nodules were counted 
under a stereo microscope.

Autochthonous model

Maintenance on a KD with a ketogenic ratio of 8:1 was initi-
ated in 8 week old MMTV-PyMT mice ad libitum. Animals 
in the control group were maintained on the standard diet. 
The respective diets were maintained for the duration of 
the experiment. The animals were weighed, and blood was 
taken from the tail vein twice per week. BHB and glucose 
concentrations were measured using an Abbot Freestyle 
Precision Neo H with the appropriate glucose or β-ketone 
strips (Abbott Diagnostics). Tumor size was measured with 
a micrometer caliper. Once an individual tumor reached the 
legal limit of 1.5 cm in one dimension or when the sum 
of the largest diameters of several tumors reached the legal 
limit of 3 cm, or a mouse reached a humane end point, the 
animal was killed, serum was obtained, and an autopsy was 
performed. The number of primary tumors was counted, 
and the volume of the draining ipsilateral axillary lymph 
nodes was assessed as a measure of lymph node metasta-
sis. Contralateral lymph nodes served as a control. The lung 
was examined for the occurrence of metastases, and nodules 

were counted under a stereo microscope. The tumors and 
surrounding tissue were isolated, formalin-fixed and embed-
ded in paraffin for histological studies.

Histology and immunohistochemistry

 Pieces of tumor were formalin-fixed and embedded in 
paraffin wax. Paraffin wax-embedded section (5 μm thick) 
were boiled in citric acid-based buffer (Dako, Hamburg, 
Germany), pH 6.1 in a steam cooker for 30 min to retrieve 
antigens, then blocked with 10% goat serum in PBS, and 
incubated with primary antibodies directed against Ki-67 
(Abcam, Cambridge, UK) or Hcar2 (Novus Biologicals, 
Centennial, CO) at 1  µg/ml or 0.5  µg/ml, respectively, 
overnight at 4 °C. Binding of the primary antibodies was 
visualized using ABC-HRP reagent with Nova Red (Vector 
Laboratories, Newark, CA). Cell nuclei were counterstained 
with hematoxylin. Specimens were examined and imaged on 
an AxioImager Z1 microscope equipped with an AxioCam 
HRc camera (Carl Zeiss Microscopy, Jena, Germany). The 
proliferative index (percentage of Ki-67 positive cells) and 
the Hcar2 positive area [%] as well as the staining intensity 
(Nova Red signal intensity in the Hcar2-positive area) were 
quantified with Fiji/ImageJ (PMID 22,743,772). For this, 
three representative images of each stained tumor section 
were analyzed, and their mean values were assessed. Mean 
values for each group (standard diet or KD group) were then 
calculated.

Statistics

Testing for statistical significance was performed either by 
2-tailed unpaired t tests, a mixed-effects model with Šídák’s 
multiple comparisons test (tumor growth) or Fisher´s Exact 
Tests (proportion of animals with pulmonary metastasis).

Results

A ketogenic ratio of 8:1 is necessary to induce 
sustained ketosis in BALB/c mice

In the clinic, KDs are usually initiated with a ketogenic ratio 
of 4:1 that is then further adjusted for each individual patient 
to achieve a blood BHB concentration between 2 and 5 mM, 
which define the recommended state of ketosis [1]. To estab-
lish the optimal ketogenic ratio that would induce sustained 
ketosis in BALB/c mice, a strain that is syngeneic for 4T1 
triple-negative breast cancer cells that we intended to use 
for spontaneous and experimental metastasis assays, we fed 
BALB/c mice ad libitum (N = 4; 2 males and 2 females per 
group) with standard diet or with KDs containing ketogenic 
ratios of 3:1, 4:1, 5:1, 6:1, 8:1 and 10:1. Blood BHB, blood 
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glucose and the weight of the animals was monitored for 8 
weeks.

Only KD ratios of 8:1 and 10:1 induced elevated and 
sustained ketosis (Fig. 1a). With both of these ketogenic 
ratios, BHB levels peaked 4 days after KD initiation, 
reaching levels of between 4 and 5 mM. BHB levels were 
reduced at day 8, and had reached a stable state at day 11 

post KD initiation, which then remained constant until the 
end of the observation period. Surprisingly, only female 
but not male animals responded to the diet and reached 
stable and sustained blood BHB concentrations above 2 
mM (Fig. 1a). There were no significant changes in blood 
glucose and weight between the experimental groups 
(Fig. 1b, c).

Fig. 1   Sustained ketosis can be induced by KDs containing ketogenic 
ratios of 8:1 and 10:1 in female but not in male BALB/c mice. 
BALB/c mice (N = 4; 2 males and 2 females per group) were fed with 
standard diet (SD) or ketogenic diet (KD) with ketogenic ratios of 

3:1, 4:1, 5:1, 6:1, 8:1 and 10:1 ad libitum. Blood BHB (a), blood glu-
cose (b) and the  weight of the animals (c) were monitored regularly 
for 8 weeks. The lines represent the values for the four individual ani-
mals
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These findings indicate that the ketogenic ratios that 
are needed to induce sustained ketosis, defined by blood 
BHB concentrations above 2 mM, are much higher in mice 
compared to humans, and that male mice do not respond to 
KDs with sustained elevated blood BHB levels, even with 
a ketogenic ratio of 10:1.

KD only temporarily reduces primary tumor growth 
and does not affect metastasis in a spontaneous 
metastasis model of triple‑negative breast cancer

KD is characterized by the production of BHB from dietary 
fats. Since BHB has been reported to promote triple-nega-
tive breast tumor growth [15], and the influence of KD on 
metastasis in general remains to be investigated, we assessed 
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the effect of KD in a spontaneous metastasis assay using 
triple-negative 4T1 mammary carcinoma cells inoculated 
into syngeneic BALB/c mice.

For the KD, we chose a ketogenic ratio of 8:1. Our finding 
that male mice did not respond to KDs with elevated blood 
BHB concentrations (Fig. 1a) did not limit our experiments, 
since the use of female mice is the natural choice for breast 
cancer studies. We injected syngeneic 4T1 triple-negative 
tumor cells orthotopically into the fourth mammary fat pad 
10 days after the initiation of the KD, a timepoint at which 
the concentrations of BHB in the blood have reached a stable 
state (Fig. 1a). Furthermore, based on observations from the 
literature, we reasoned that the effect of the KD would be 
most pronounced when the diet was initiated before tumor 
cell inoculation [26]. The KD was maintained throughout 
the experiment. Blood BHB, glucose, weight of the animals, 
and tumor growth were monitored, and the animals were 
killed once the tumors reached the legal limit of 2 cm in 
one dimension. Post mortem examinations were performed, 
and primary tumors, the lungs and axillary lymph nodes 
were removed. The number of metastases on the surface of 
the lung lobes was counted, and the volume of the axillary 
lymph nodes was calculated.

In the KD group, blood BHB concentrations reached a 
stable state above 2 mM 8 days post initiation of the KD, 
and this level was maintained throughout the duration of the 
experiment (Fig. 2a). Blood glucose was only marginally 
reduced in the group fed with the KD in comparison with 

the standard diet group (Fig. 2b), while the weight of the 
animals was not affected by the KD (Fig. 2c). Tumor growth 
was statistically significantly reduced in the KD group for 
the first 2 weeks after tumor cell inoculation, but the differ-
ence became less pronounced and was no longer statistically 
significant at day 27 post tumor cell inoculation and later 
(Fig. 2d, e). Nevertheless, at the end of the experiment, the 
proliferative index, determined by Ki-67 staining of the pri-
mary tumors was still statistically significantly lower in the 
KD group (Figs. 2f, S1a). The volume of the axillary lymph 
nodes did not differ between the KD and the standard diet 
groups (Fig. 2g), and the number of pulmonary metastatic 
nodules was not statistically significantly reduced in the KD 
group (Fig. 2h). Although the proportion of mice developing 
pulmonary metastases was slightly higher in the KD than 
in the standard diet group (6/6 animals with metastases vs. 
9/11 animals with metastases), the effect was not statistically 
significant (Fisher’s Exact Test, p = 0.5147). Our data indi-
cate that a KD can suppress the proliferation of 4T1 tumor 
cells, and can temporarily impair the growth of primary 4T1 
tumors.

Since the slight reduction in blood glucose levels was too 
small to explain the reduction in primary tumor growth, we 
considered alternative mechanisms. A recent report shows 
that a KD can substantially reduce colon carcinoma growth 
via activation of BHB receptor Hcar2  [27]. In order to test 
whether Hcar2 is present in 4T1 tumors and if the expression 
of the Hcar2 differs between mice fed KD or standard diet, 
we stained sections of primary 4T1 tumors with antibod-
ies specific for Hcar2. Hcar2 was ubiquitously expressed in 
4T1 tumors (Figs. 2i, S1b). However, although there was a 
slight tendency towards reduced expression in the KD group, 
neither the positively-staining area nor the staining intensity 
was statistically significantly different between the KD and 
the standard diet groups (Fig. 2j, k).

Together, these data suggest that despite the promi-
nent expression of BHB receptor Hcar2, KD can impair 
the growth of primary triple-negative breast tumors only 
temporarily, and has no significant impact on spontaneous 
metastasis.

KD does not affect lung metastasis formation 
in an experimental metastasis model 
of triple‑negative breast cancer

Although the number of lung metastases did not signifi-
cantly differ between mice receiving standard diet or KD 
(Fig. 2h), the effect of the KD on tumor cell proliferation 
and primary tumor growth that we observed in the sponta-
neous metastasis model (Fig. 2d, f) may nevertheless have 
had an impact on metastasis formation, because metasta-
sis is a function of primary tumor volume in spontaneous 
metastasis models, and the KD may therefore also have 

Fig. 2   KD temporarily reduces primary tumor growth but does not 
affect metastasis to lymph nodes and lung in a spontaneous metasta-
sis assay upon orthotopic implantation of 4T1 mammary carcinoma 
cells. Female BALB/c mice were either fed standard diet (SD; N = 11 
animals) or ketogenic diet (KD; N = 6 animals) with a ketogenic ratio 
of 8:1 ad libitum. 4T1 cells (1 × 106 each animal) were injected ortho-
topically into the mammary fat pads of syngeneic BALB/c mice 10 
days after the initiation of KD. (a) BHB and (b) glucose concentra-
tions were longitudinally measured in the peripheral blood. (c)  The 
weight of the animals was determined. (d) Tumor growth was mon-
itored regularly, and the animals were killed as soon as the tumors 
reached the legal limit of 2  cm in one dimension, or when the ani-
mals reached a humane endpoint. The final measurement shown was 
made when the first animal had to be taken out of the experiment for 
these reasons. Three animals of the SD group were killed on day 27, 
the remaining animals were killed on day 29. Tumor volume was cal-
culated assuming spherical geometry. The volumes of the primary 
tumors are plotted against time. (e)  Final volumes of the primary 
tumors measured when the animals were killed. (f)  Paraffin sec-
tions of the primary tumors were stained with antibodies specific for 
Ki-67, and the proliferative index was determined. (g)  Post mortem 
examinations were performed, and the dimensions of the ipsilateral 
tumor-draining axillary lymph nodes (ips) were measured, and their 
volume calculated, assuming spherical shape. Contralateral lymph 
nodes (con) served as internal controls. (h) The number of superficial 
lung metastases was counted. (i) Histological sections of the primary 
tumors were stained with antibodies specific for Hcar2. (j) The area 
and (k) intensity of the Hcar2 staining was assessed. Error bars repre-
sent SE (*p < 0.05; n.s. not significant). Scale bars: 50 μm

◂
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influenced the efficiency of the metastatic process. In 
order to assess a possible influence of KD on metastasis 
directly, we therefore performed an experimental metas-
tasis assay in which primary tumor growth is bypassed by 
the injection of the tumor cells directly into the circula-
tion, resulting in metastatic colonization of the lung. To 
this end, we injected syngeneic 4T1 triple-negative tumor 
cells into the tail vein of female BALB/c mice 10 days 
after the initiation of maintenance on a KD (8:1), or into 
mice receiving standard diet. Blood BHB and glucose 
levels as well as the weight of the animals were monitored 
regularly. The animals were killed 3 weeks after tumor 
cell injection, the lungs were removed, and the number of 
surface lung metastases was counted. As before, ketosis 
was robustly induced by the KD (Fig. 3a). Glucose levels 
(Fig. 3b) and body weight (Fig. 3c) were not significantly 
affected by the diet. Notably, the number of lung metas-
tases that developed did not differ between mice fed with 
the KD compared with mice that received the standard 
diet (Fig. 3d). Taken together, these results show that a 
KD does not inhibit, but also does not promote the ability 
of 4T1 tumor cells to colonize the lungs in experimental 
metastasis assays, confirming the results obtained with 
the spontaneous metastasis assay.

KD does not affect tumor progression 
in an autochthonous model of luminal breast cancer

In the spontaneous and experimental metastasis assays 
described above, KD was initiated before the injection of 
the tumor cells, based on the rationale that the effect of the 
KD would be more pronounced when the diet was initiated 
before tumor cell inoculation [26]. However, in the clini-
cal setting, patients with breast cancer would most likely 
start a KD only after diagnosis. In order to better model the 
clinical scenario, and also to assess the effect of a KD in 
an independent mammary carcinoma model, we employed 
the autochthonous MMTV-PyMT model for luminal breast 
cancer, and initiated maintenance on a KD when the mice 
were 8 weeks old. At 8 weeks of age, MMTV-PyMT tumors 
have progressed to early carcinoma [24], a stage of breast 
cancer that is often present at diagnosis in human patients.

In contrast to the BALB/c background that was appro-
priate for the injection of syngeneic 4T1 cells, the MMTV-
PyMT mice were maintained on an FVB background. Since 
the genetic background may influence the response to dif-
ferent ketogenic ratios, we first tested the effect of different 
ketogenic ratios in female MMTV-PyMT mice. To this end, 
we assessed blood BHB, blood glucose and the weight of 
mice (4 animals per group, 8 weeks old) fed with KD of 
ketogenic ratios 6:1, 8:1 and 10:1 ad libitum for up to 35 
days.

Fig. 3   The number of superficial 4T1 lung metastases is not affected 
by KD compared to standard diet in an experimental metastasis 
model. Female BALB/c mice were either fed standard diet (SD) or 
ketogenic diet (KD) with a ketogenic ratio of 8:1 ad libitum. 4T1 
mammary carcinoma cells (2.5 × 104 each animal) were injected 
into the tail vein of the mice 10 days after the initiation of KD. (a)–

(c) Blood BHB (a), blood glucose concentrations (b) and the weight 
of the animals (c) were assessed longitudinally throughout the dura-
tion of the experiment. The animals were killed on day 21 post tumor 
cell injection. (d) The lungs were removed and the number of super-
ficial lung metastases was quantified. (SD: N = 8; KD: N = 11) Error 
bars represent SE (n.s. not significant)
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In analogy with the results obtained with BALB/c mice 
(Fig.  1a), ketogenic ratios of 8:1 and 10:1 but not 6:1 
induced sustained ketosis with blood BHB concentrations 
markedly above 2 mM in MMTV-PyMT mice (Fig. 4a). 
While the weight of the mice did not differ between the indi-
vidual groups throughout the observation period (Fig. 4c), 
blood glucose was significantly reduced in MMTV-PyMT 
mice receiving a 10:1 KD (Fig. 4b).

In view of these observations, we used a ketogenic ratio 
of 8:1 for the subsequent experiments. Starting at 8 weeks 
of age, female MMTV-PyMT mice (13 animals per group) 
were fed with either a KD containing a ketogenic ratio of 8:1 
or with standard diet. The feeding regime was then contin-
ued for the duration of the experiment. Blood BHB and glu-
cose levels, the weight of the animals as well as the number 
and growth of the autochthonous tumors were monitored. 
The animals were killed once an individual tumor reached 
the legal limit of 1.5 cm in one dimension or when the sum 
of the largest diameters of several tumors reached the legal 
limit of 3 cm. Post mortem examinations were performed, 
during which the primary tumors, the lungs and axillary 

lymph nodes were removed. The number of metastases on 
the surface of the lung lobes was counted, and the volume 
of the axillary lymph nodes was calculated.

As expected, blood BHB concentrations reached a sta-
ble state above 3 mM in the KD group 8 days after initia-
tion of the KD (Fig. 5a). However, in contrast to the pilot 
experiment (Fig. 4b), blood glucose was statistically sig-
nificantly reduced in the KD group throughout the experi-
ment (Fig. 5b), whereas the weight of the mice did not differ 
between the KD and the standard diet groups (Fig. 5c). The 
growth of the primary tumors was not significantly affected 
by the KD (Fig. 5d). The final tumor volumes were only 
slightly but not statistically significantly reduced in the KD 
group (Fig. 5e), which was in accordance with the prolif-
erative index determined by Ki-67 staining of the primary 
tumors (Figs. 5f, S2a). The number of tumors that the mice 
developed did not show any statistically significant differ-
ences between the KD and standard diet groups (Fig. 5g), 
and KD also had no influence on the survival of the mice 
(Fig. 5h). In addition, no difference was found in terms of the 
stained area (Figs. 5i, j, S2b) and staining intensity (Figs. 5i, 

Fig. 4   Sustained ketosis can be induced in female MMTV-PyMT 
mice by feeding them with KDs containing ketogenic ratios of 8:1 
and 10:1. MMTV-PyMT mice (N = 4 females per group) aged 8 
weeks were fed either standard diet (SD) or ketogenic diet (KD) with 
ketogenic ratios of 6:1, 8:1 and 10:1 ad libitum. Blood BHB (a), 
blood glucose (b) and the mass of the animals (c) were monitored 

regularly for up to 35 days. The developing primary tumors were 
measured regularly, and the animals were killed as soon as an indi-
vidual tumor reached the legal limit of 1.5  cm in one dimension or 
when the sum of the largest diameters of several tumors reached the 
legal limit of 3 cm
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k, S2b) of Hcar2 expression in MMTV-PyMT tumors taken 
from mice fed with the KD or standard diet. Lymph node 
volumes were slightly, but statistically significantly reduced 
in the KD group (Fig.  5l). However, analysis of serial 

sections of the lymph nodes by a trained pathologist revealed 
that tumor cells were absent from the lymph nodes (data not 
shown). The number of pulmonary metastatic nodules did 
not show any statistically significant difference (Fig. 5m). 
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Taken together, these data indicate that in MMTV-PyMT 
mice, a KD with a ketogenic ratio of 8:1 leads to sustained 
ketosis, decreased blood glucose levels and decreased lymph 
node volume, whereas tumor growth and metastasis are not 
affected.

Discussion

In this study we performed spontaneous and experimental 
metastasis assays with 4T1 cells in female mice, and in addi-
tion also employed an autochthonous MMTV-PyMT model 
to investigate the effect of a KD on the growth and metas-
tasis of breast cancer. Under conditions in which the KD 
induced robust and continuous ketosis, we observed only 
a temporary reduction on 4T1 primary tumor growth. No 
effect on the growth of autochthonous MMTV-PyMT tumors 
was observed, despite a significant reduction in blood glu-
cose levels. In both models, sustained ketosis did not signifi-
cantly influence metastasis formation of HCAR-2 expressing 
triple-negative 4T1 and luminal MMTV-PyMT mammary 
tumors. Taken together, our studies provide pre-clinical sup-
port for the notion that KDs should be safe for breast cancer 
patients.

KDs can improve the well-being and quality of life of 
patients suffering from breast cancer [6, 7, 10]. However, 
although breast cancer patients were included in several 
studies with KDs [6, 28–34], small patient numbers [6, 29, 
31] and heterogeneous cohorts [6, 30–34] do not allow any 
general conclusions to be drawn about the effects of KDs 

on human breast cancer growth and metastasis. Moreover, 
although one study with 60 patients (30 patients on standard 
diet and 30 patients on a KD) with advanced or metasta-
sized breast tumors treated with cytostatic drugs observed 
prolonged survival of the patients in the KD group, it is 
not clear if the effect is caused by the diet itself or by the 
reduction in caloric intake that was associated with the KD, 
particularly since mean BHB concentrations remained below 
1 mM and thus sustained ketosis was not induced [32]. Thus 
to date, the effect of KDs on breast cancer growth and metas-
tasis in patients has not been definitively assessed.

Preclinical studies have so far also not provided une-
quivocal data regarding the impact of KDs on mammary 
tumor progression. Initial studies were based on the injec-
tion of BHB into experimental animals, which unexpect-
edly and alarmingly promoted the growth of xenografted 
MDA-MB-231 tumors but did not affect metastasis [15]. 
The growth promoting effects of the injection of BHB on 
primary tumors were confirmed in an autochthonous mouse 
model of erbB-2-positive luminal breast cancer [35]. More-
over, overexpression of enzymes involved in ketone body 
catabolism promoted MDA-MB-231 primary tumor growth 
and lung metastasis in spontaneous and experimental metas-
tasis assays, respectively [16]. These studies raised con-
cerns about the oncological safety of KDs for breast cancer 
patients.

The first preclinical breast cancer study in which a KD 
was actually fed to experimental animals employed a calori-
cally restricted KD with a ketogenic ratio of 6:1, which was 
initiated after 4T1 tumor cell inoculation into syngeneic 
BALB/c mice. The KD reduced primary tumor growth, but 
the impact on metastasis was not investigated [36]. However, 
studies with calorically restricted KDs combine two effects, 
and are therefore less informative in terms of the impact of 
the KD diet itself. Another study with an unrestricted KD 
with a ketogenic ratio of 4:1 that was initiated 14 days post 
tumor cell injection and fed to syngeneic BALB/c mice ad 
libitum is therefore perhaps more informative [18]. Here, 
reduced growth of primary tumors derived from syngeneic 
triple negative EMT6 mouse breast tumor cell lines was 
observed, contrasting the findings made with BHB injec-
tions. Metastasis was, however, not assessed in this study.

A previous study using the autochthonous MMTV-PyMT 
model that we employed here used a KD with a ketogenic 
ratio of 4:1 that was initiated at an age of 6 weeks [19], i.e. 
2 weeks earlier than in our experiments. Unlike our results, 
and despite our finding that a ketogenic ratio of 4:1 is not 
sufficient to induce sustained ketosis with blood BHB con-
centrations above 2 mM in MMTV-PyMT mice, the authors 
reported a significant reduction of tumor growth, but did 
not observe a difference in lung metastasis [19]. BHB con-
centrations above 1 mM were reached on day 26 post KD 
initiation, paralleled by a significant drop in blood glucose 

Fig. 5   KD does not affect the progression of autochthonous lumi-
nal MMTV-PyMT tumors. MMTV-PyMT mice (N = 13 females per 
group) aged 8 weeks were either fed standard diet (SD) or ketogenic 
diet (KD) with a ketogenic ratio of 8:1 ad libitum. (a)  BHB and 
(b)  glucose concentrations were longitudinally measured in the 
peripheral blood. (c)  The  weight  of the animals was determined. 
(d)  Tumor growth was monitored regularly, and the animals were 
killed as soon as an individual tumor reached the legal limit of 1.5 cm 
in one dimension, or when the sum of the largest diameters of several 
tumors reached the legal limit of 3 cm. The final measurement shown 
was made when the first animal had to be taken out of the experi-
ment. Tumor volume was calculated assuming spherical geometry. 
The volumes of the primary tumors are plotted against time. (e) Final 
volumes of the primary tumors measured immediately before the 
animals were killed. (f) Paraffin sections of the primary tumors were 
stained with antibodies specific for Ki-67, and the proliferative index 
was determined. (g)  The number of the autochthonous tumors that 
developed in the individual mice was counted. (h) The survival of the 
mice was assessed. (i) Paraffin sections of the primary tumors were 
stained with antibodies specific for Hcar2. The area (j) and intensity 
(k) of the Hcar2 staining was analyzed. (l) Post mortem examinations 
were performed, and the dimensions of the axillary lymph nodes were 
measured, and their volume calculated, assuming spherical shape. 
(m) The number of superficial lung metastases was counted. (n.s. not 
significant *p < 0.05; ***p < 0.001). Error bars represent SE. Scale 
bars: 50 μm

◂
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levels, and BHB concentrations above 2 mM were observed 
on day 34. However, a difference in tumor growth between 
SD and KD fed animals seems already apparent 13 days after 
KD initiation. It is therefore unclear if ketosis was responsi-
ble for the impaired tumor growth. A reduction of MMTV-
PyMT primary tumor mass in mice fed a KD diet was also 
reported in another study, but blood BHB concentrations, 
blood glucose levels and metastasis were not assessed 
[17], making the study difficult to interpret. The cause for 
the reduction in MMTV-PyMT primary tumor growth in 
response to the KDs that were implemented in these two 
studies thus remains unclear.

To the best of our knowledge, the studies we report here 
are the first to demonstrate unequivocally that sustained keto-
sis does not impact on metastasis formation. Although the 
impact of KDs on metastasis has been assessed in a number 
of syngeneic and xenograft models, due to the study design 
none of these studies have provided conclusive data. In the 
context of breast cancer, estrogen receptor-positive human 
breast cancer cells were xenografted into female NOD Scid 
gamma mice fed with a KD containing a ketogenic ratio of 
approximately 6:1 that was initiated on the day of tumor 
cell inoculation. Although the authors report that the num-
ber of hepatic metastases was reduced in the KD group, 
the statistical significance of the results was not assessed 
[22]. In another study, mice were fed with a KD contain-
ing a ketogenic ratio of approximately 5:1 that was initiated 
4 weeks before 4T1 tumor cell inoculation. Similar to our 
findings, primary tumor growth was temporarily reduced but 
at the endpoint no significant differences between KD and 
standard diet-fed mice were observed [20]. Furthermore, the 
number of circulating tumor cells and the number of pulmo-
nary metastases were assessed, and found to be significantly 
reduced upon KD. However, the interpretation of these data 
is limited, as neither BHB nor glucose concentrations in the 
blood were monitored. In this context it is notable that our 
data suggest that a KD with a ratio of 5:1 is not sufficient 
to induce sustained ketosis in BALB/c mice. Moreover, the 
temporary reduction in primary tumor growth in response 
to the KD could have resulted in reduced metastatic seeding, 
which was also not controlled for in this study. The effect 
of KDs on metastasis has also been addressed in a study in 
which glioblastoma cells were implanted subcutaneously in 
the abdominal region of experimental mice. Metastasis was 
tendentially but not statistically significantly reduced [37]. 
However, the model used is highly artificial, metastasis was 
only indirectly assessed, primary tumor size fluctuated, the 
ketogenic ratio was not mentioned, and blood BHB levels 
did not even reach 0.5 mM, all limiting the value of the data 
significantly.

Our observations have important ramifications for the 
design and interpretation of studies with KDs in mice. While 
BHB concentrations above 0.5 mM reflect physiological 

nutritional ketosis [38], medical guidelines recommend BHB 
concentrations between 2 and 5 mM for therapeutic purposes 
[1]. In patients, this therapeutic level of ketosis is usually 
achieved with a ketogenic ratio of 4:1. Here we report that 
in contrast to the situation in humans, the ketogenic ratios 
needed to be much higher in BALB/c and MMTV-PyMT 
mice in order to achieve such BHB concentrations in the 
blood. Consistently, this phenomenon has been noted earlier 
also for CD-1nu/nu mice [39]. Although the authors of this 
study did not provide any corresponding data, they state: 
“As mice are able to keep blood glucose levels and show 
lower ketosis on 2:1 to 4:1 diets, compared to humans, we 
decided to use an 8:1 diet in our mouse model, to reach at 
least a ketosis over 2 mmol/L” [39].

For experiments in which-tumor bearing mice were fed 
KDs, varying ketogenic ratios have been used, ranging 
from 2.7:1 (e.g. [40]) to 9:1 (e.g. [27]). The mean BHB 
concentrations determined in the blood of mice in tumor 
experiments varied between about 0.8 [41] and 4.5 mM [42]. 
Notably, the ketogenic ratio of KDs given to experimental 
mice does not always correspond with the BHB concen-
trations actually induced by the diet. For example, while a 
KD with a ketogenic ratio of 6:1 induced mean BHB con-
centrations of 4.5 mM in NOD SCID mice [42], the same 
ketogenic ratio induced a maximum BHB concentration of 
1 mM in mice with a C57/Bl6 background [41]. In contrast, 
in HsdCpb:NMRI-Foxn1nu mice, BHB concentrations of 
about 1.5 mM were reached with a relatively low ketogenic 
ratio of just 3:1 [40]. Although these differences suggest 
the existence of strain-specific effects of the ketogenic ratio 
on blood BHB levels, a study in which C57BL/6J, FVB/
NJ, A/J, and DBA/2J mice were fed a KD with a ketogenic 
ratio of 4.3:1 showed that all four mouse strains uniformly 
reached mean blood BHB concentrations of between 1 and 
1.4 mM, with no significant differences between the strains 
[43]. However, the authors did not assess BHB concentra-
tions longitudinally, but only once, namely 2 weeks after KD 
initiation [43]. Our observations suggest that BHB concen-
trations fluctuate and can temporarily peak around 2 mM, 
even when KDs with lower ketogenic ratios are fed, and 
sustained ketosis is not achieved. The degree to which strain-
to-strain differences in ketosis induction exist in response to 
KDs therefore remains to be fully investigated.

In the study mentioned above, in which the impact of a 
KD on ketosis in mice with C57BL/6J, FVB/NJ, A/J, and 
DBA/2J genetic backgrounds was compared, only male mice 
were used [43]. This may have further influenced the out-
come of this study, since we report here that male mice did 
not respond to KDs containing ketogenic ratios up to 1:10 
with a sustained increase in blood BHB concentrations. This 
finding is supported by a study in which the effect of a KD 
with a ketogenic ratio of 6:1 on cachectic lung tumor-bearing 
KrasG12D/+; Lkb1f/f mice was assessed [44]. While female 
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mice had a mean BHB concentration of 1.8 mM, male mice 
only reached a statistically significantly lower mean of 1.3 
mM [44]. The BHB concentration of 1.3 mM was above the 
mean basal BHB levels of approximately 0.3 mM in male 
KrasG12D/+; Lkb1f/f mice, suggesting low-level ketosis [44]. 
However, we observed temporarily increased and partially 
fluctuating BHB concentrations in some male animals (see 
Fig. 1a), indicating that the timepoint at which BHB con-
centrations are assessed has an impact on the results. This 
fact further emphasizes the necessity to assess BHB levels 
longitudinally throughout an experiment.

In summary, our findings suggest that ketogenic ratios 
need to be tested and established for individual mouse strains 
when performing experiments with KDs. Moreover, BHB 
levels should be monitored longitudinally throughout the 
experiment, and not only at single timepoints that may not 
be representative. In addition, the sex -specific differences in 
ketosis induction in mice has to be taken into consideration.

The original rationale behind the use of KDs in the con-
text of cancer was the notion that KDs are characterized by 
a low carbohydrate intake, and should lead to a reduction of 
glucose in the blood (for a review see [13]). Since tumors 
are considered to be dependent on glycolysis, a phenom-
enon described by the well-known Warburg effect [45], it 
was reasoned that KDs should slow down tumor cell prolif-
eration and subsequently tumor growth. In fact, the reduc-
tion of EMT6 [18] and MMTV-PyMT [19] primary tumor 
growth upon KDs with a ketogenic ratio of 4:1 discussed 
above was accompanied by a significant reduction in blood 
glucose levels [18, 19] that may have contributed to the 
observed reduction of tumor growth, despite the suboptimal 
induction of ketosis. However, a number of observations 
suggest that KDs can impact tumor growth independently 
of changes in blood glucose levels. For example, several 
preclinical studies with gastric and colon carcinoma reported 
that primary tumor growth was reduced in KD-fed mice, 
despite unchanged blood glucose levels (e.g. [40, 46]). We 
also observed a temporarily reduced primary tumor growth 
in a spontaneous metastasis assay with 4T1 cells despite 
unchanged glucose levels in the blood. Furthermore, we did 
not observe impaired primary MMTV-PyMT tumor growth 
despite a significant reduction of blood glucose concentra-
tions. Mechanisms other than blood glucose reduction must 
therefore contribute to the growth inhibitory effects of KDs 
on tumors.

It has recently been suggested that activation of the BHB 
receptor Hcar-2 and the subsequent induction of the Hopx 
gene that encodes the homeodomain-only protein may be 
a mechanism that fosters growth inhibitory effects of KDs 
on tumors [27]. Consistent with this notion, the homeodo-
main-only protein can influence the Wnt-pathway [47–49] 
that is also active in mammary tumors (reviewed in [50]), 
and has been shown to play an important role in the growth 

and metastasis of MMTV-PyMT tumors [51]. However, we 
report here that Hcar-2 was ubiquitously expressed in both 
MMTV-PyMT and 4T1 tumors, but that Hcar-2 expression 
was not significantly affected by KD. Therefore, it is likely 
that additional as yet unidentified mechanisms exist.

Together, our data suggest that KDs can temporar-
ily reduce tumor growth, but do not affect metastasis in 
murine triple-negative and luminal breast cancer models, 
even when sustained BHB concentrations above 2 mM are 
induced. These data therefore provide preclinical evidence 
that KDs should not prove detrimental to the outcome of 
human breast cancer patients. Nevertheless, our study has a 
number of limitations. We show that induction of ketosis in 
mice requires KDs with higher ketogenic ratios compared to 
the case in humans. Furthermore, in contrast to the situation 
in humans, only female mice developed sustained ketosis in 
response to the KDs used in our study. Thus, there may be 
limitations in the transferability of our findings to human 
patients. Moreover, we used a single cell line-based model 
for triple-negative breast cancer, and a single autochthonous 
model for luminal breast cancer, which possibility represents 
a further limitation in terms of a general applicability of our 
findings to all triple negative and luminal breast cancers. 
Despite these limitations, the careful and exhaustive longitu-
dinal control of ketosis and blood sugar levels in the experi-
ments reported here provides a firm foundation for further 
studies to extend our observations using additional models.

In conclusion, our findings highlight the necessity when 
designing KD studies in mice to test and establish the ideal 
ketogenic ratio for individual mouse strains, to monitor 
BHB levels longitudinally and to consider sex-dependent 
differences in ketosis. These findings also indicate that 
conclusions about the impact of KDs on tumor growth and 
metastasis that are present in the literature may need to be 
reconsidered, given that a state of sustained ketosis was not 
achieved in all studies published, and that blood BHB con-
centrations were usually not assessed longitudinally through-
out the duration of the KD, limiting the conclusions that 
can be drawn from these experiments. Most importantly, our 
data indicate that KDs have no influence on metastasis in the 
models investigated even when sustained ketosis is induced, 
and do not promote primary mammary tumor growth. This 
suggests that concerns over the safety of these diets in terms 
of the promotion of tumor growth and progression may be 
non-founded, meaning that cancer patients should be able to 
benefit from the improved well-being and quality of life that 
has been associated with KDs.
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