
Abstract. Background/Aim: Time restricted feeding (TRF)
mitigates the high-fat diet-enhanced mammary tumorigenesis
in a MMTV-PyMT breast cancer model. Materials and
Methods: We performed untargeted metabolomic and targeted
transcriptomic analyses on mammary tumors from MMTV-
PyMT mice fed a standard AIN93G diet, a high-fat diet
(HFD), or HFD with TRF (12 h, dark phase) and mammary
glands from wild-type mice fed the AIN93G diet. Results: The
metabolic profile of mammary tumors differed from that of
mammary glands; there was no impact of TRF upon tumor
metabolome. TRF did reduce elevated expression of Hmgcr,
Srebp1, Fads2, and Ppard in mammary tumors, indicating a
down-regulation of lipid metabolism. Conclusion: The null
effect of TRF on the metabolomic profile does not rule out
changes in more refined intracellular signaling pathways. It
suggests that the protection of TRF against mammary
tumorigenesis may rely upon its action on the host rather than
a direct effect on tumor metabolism. 

Breast cancer is a commonly diagnosed cancer and a leading
cause of cancer-related death in women worldwide (1). It
remains an area of active research both clinically and
experimentally. Recent advances in metabolomics show that
metabolic profiling can be useful for identification of
biomarkers in breast cancer. Metabolic profiles of human
breast cancer show differences among breast cancer subtypes

and offer a way to identify and develop strategies for precise
prevention and treatment (2-4).

Obesity is a risk factor for breast cancer; its occurrence is
positively associated with the risk of breast cancer (5, 6).
Obesity is a modern disorder that has resulted, not just from
changes in energy balance, but from changes in lifestyle that
alter meal times and eating patterns (7, 8). These changes, as
environmental factors, disrupt biological rhythms and contribute
to metabolic dysfunction (9, 10). Laboratory studies have shown
that the feeding timing modifies obesogenesis in rodents. For
example, mice fed a high-fat diet (HFD) during the light phase
(rest phase for nocturnal animals) gain more weight than mice
fed during the dark phase (active phase for nocturnal animals)
(11). Mice fed a HFD during both light and dark phases exhibit
altered daily pattern of energy expenditure and gain body fat
(12). Time-restricted feeding (TRF) is an effective tool in
obesity research in rodents. It reinforces the circadian rhythms
of energy metabolism by temporal regulation of the
feeding/fasting pattern to a fixed time during the dark phase of
the day. Available studies have shown that TRF restores the
diurnal rhythms of energy metabolism (12) and circadian gene
expression (13), improves insulin sensitivity, and reduces body
adiposity and inflammation in mice fed a HFD (12-14).

In our research into interactions of diet and breast cancer
prevention, we found that TRF (12 hours, dark phase)
mitigates the HFD-enhanced mammary tumorigenesis in the
mouse mammary tumor virus-polyoma middle T antigen
(MMTV-PyMT) model. Tumorigenesis in the MMTV-PyMT
model is spontaneous; its progression is characterized as
hyperplasia, adenoma, neoplasia, and carcinoma with high
incidence of pulmonary metastasis (15, 16). The MMTV-
PyMT tumors exhibit luminal B tumor signature including
short latency and high penetrance (17, 18). With the goal of
determining the metabolic profile of MMTV-PyMT mammary
tumors and its changes by dietary intervention, we performed
metabolomic analysis and assessed genes encoding proteins
involved in lipid metabolism on mammary tumors from a
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study showing that TRF reduces the HFD-enhanced mammary
tumorigenesis in MMTV-PyMT mice (19).   

Materials and Methods
Animals and diets. The Grand Forks Human Nutrition Research
Center vivarium provided MMTV-PyMT mice (FVB background)
for this study (19). The breeding colony was established by using
FVB/NJ females (stock no. 001800) and hemizygous FVB/N-
Tg(MMTV-PyMT)634Mul/J males (stock no. 002374) from The
Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained
in a pathogen-free room on a 12/12-h light/dark cycle at 22±1˚C.
Mice were housed two per cage to avoid stress related to single
housing and weighed weekly. The standard AIN93G diet providing
16% of energy from soybean oil (20) and a modified AIN93G diet
providing 45% energy from soybean oil (hereafter referred to as the
high-fat diet, HFD) (19) were used in this study.  

Experimental design. The Institutional Animal Care and Use
Committee of the Grand Forks Human Nutrition Research Center
approved this study (Project no. YAN027). The study was conducted
in compliance with the guide for the care and use of laboratory
animals by the National Institutes of Health (21).  

The experimental design has been previously reported (19).
Briefly, three-week-old female MMTV-PyMT mice were weaned
onto the AIN93G diet (n=40) or the HFD (n=80) ad libitum. One
week later, mice fed the HFD were split into two groups of 40 each.
One group was provided HFD ad libitum for both light and dark
phases; the other group had the diet restricted to the dark phase (12
h) between Zeitgeber times 12 and 24 (hereafter referred to as time-
restricted feeding, TRF). The duration of the restricted feeding was
eight weeks. Additional age-matched female FVB/NJ mice were fed

the AIN93G diet and served as wild-type controls. Their mammary
glands were used for the comparison of metabolomic changes to
mammary tumors from MMTV-PyMT mice. Following the
restricted feeding, mice were palpated for mammary tumors twice
weekly (19). Palpable tumors were measured weekly for tumor
growth (19). At the end of the study, mice were euthanized by an
intraperitoneal injection of a mixture of ketamine and xylazine.
Mammary glands from wild-type mice and mammary tumors from
MMTV-PyMT mice (both were from thoracic, abdominal, and
inguinal locations) were collected and stored at –80˚C. 

Mammary metabolomics. Metabolomic analysis (22, 23) was
performed at the West Coast Metabolomics Center (University of
California-Davis, Davis, CA, USA). Briefly, mammary glands and
mammary tumors were homogenized and extracted with the
acetonitrile/isopropanol/H2O (3:3:2) buffer, resuspended in a diluted
acetonitrile solution (acetonitrile/H2O, 1:1), and analyzed by gas
chromatography time-of-flight mass spectrometry (GC-TOF-MS)
for untargeted metabolomics of primary metabolism. Data were
processed by using the BinBase database (24). For identified
metabolites, quantifier ion peak heights were normalized to the sum
intensities of all known compounds. Metabolites representing less
than 0.02% of total signal intensity were excluded from statistical
analyses. 

RNA isolation and real-time quantitative PCR. Total RNA from
frozen mammary glands and mammary tumors was isolated by
using the QIAzol Lysis reagent with DNAse treatment following the
protocol from RNeasy Lipid Tissue Mini Kit mRNA (Qiagen,
Germantown, MD, USA). The quality and quantity of the RNA
were analyzed by using the NanoDrop 8000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). cDNA was synthesized
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Table I. Identified metabolites related to lipid metabolism that differ between wild-type mice fed the AIN93G control diet (AIN93G Ctl) and MMTV-
PyMT mice fed the AIN93G diet (AIN93G MMTV), the high-fat diet (HFD MMTV), or time-restricted feeding of the HFD (TRF MMTV). 

Metabolic pathway        Metabolites                                     AIN93G Ctl                  AIN93G MMTV              HFD MMTV                    TRF MMTV

Lipids                              Palmitic acid                                    1.00±0.09a                        0.37±0.04b                    0.32±0.02b                        0.29±0.04b
                                        Oleic acid                                         1.00±0.12a                        0.17±0.06b                    0.09±0.03b                        0.09±0.04b
                                        Stearic acid                                      1.00±0.08a                        0.40±0.04b                    0.41±0.03b                        0.35±0.03b
                                        Myristic acid                                    1.00±0.11a                        0.30±0.05b                    0.23±0.03b                        0.20±0.03b
                                        Linoleic acid                                    1.00±0.11a                        0.22±0.05b                    0.23±0.04b                        0.24±0.05b
                                        Palmitoleic acid                               1.00±0.13a                        0.31±0.06b                    0.17±0.03b                        0.13±0.03b
                                        Heptadecanoic acid                         1.00±0.10a                        0.41±0.04b                    0.45±0.02b                        0.41±0.05b
                                        Pentadecanoic acid                          1.00±0.11a                        0.70±0.08b                    0.60±0.04b                        0.55±0.04b
                                        3-Hydroxybutyric acid                    1.00±0.12ab                       1.58±0.24a                    1.14±0.20a                        0.50±0.08b
                                        2-Monoolein                                    1.00±0.07b                        2.05±0.19ab                  3.17±0.52a                        2.45±0.29a
                                        Cholesterol                                       1.00±0.07b                        1.23±0.05ab                  1.45±0.15a                        1.31±0.08ab
                                        Fumaric acid                                    1.00±0.09b                        2.55±0.12a                    2.33±0.16a                        2.54±0.21a
                                        Malic acid                                        1.00±0.10b                        3.53±0.22a                    3.80±0.31a                        3.79±0.25a
                                        Oxalic acid                                       1.00±0.10b                        1.62±0.12a                    1.34±0.14ab                       1.17±0.12b
                                        Ethanolamine                                   1.00±0.08b                        1.55±0.10a                    1.45±0.09a                        1.36±0.06a
                                        Phosphoethanolamine                     1.00±0.13b                        3.39±0.33a                    2.74±0.37a                        3.14±0.35a
                                        Methanol phosphate                        1.00±0.06b                        1.67±0.08a                    1.61±0.13a                        1.36±0.14ab
                                        Phosphate                                         1.00±0.10b                        1.32±0.06a                    1.20±0.05ab                       1.13±0.03ab

Values (means±SEM) in the same row with different letters are significant at p<0.05 (n=12 each for AIN93G Ctl and AIN93G MMTV groups; n=13
each for HFD MMTV and TRF MMTV groups).      



by using the high capacity cDNA reverse transcription kit (Applied
Biosystems, Waltham, MA, USA). Real-time qPCR was performed
for acetyl-CoA carboxylase (Acaca) (Mm01304257_m1), fatty acid
synthase (Fasn) (Mm00662319_m1), fatty acid desaturase (Fads) 1
(Mm00507605_m1) and 2 (Mm00517221_m1), HMG-CoA
reductase (Hmgcr) (Mm01281499_m1), peroxisome proliferator-
activated receptors (Ppar) Ppara (Mm00440939_m1), Ppard
(Mm01305434_m1), and Pparg (Mm00440940_m1), stearoyl-CoA
desaturase 1 (Scd1) (Mm00772290_m1), and sterol regulatory
element-binding protein 1 (Srebf1) (Mm00550338_m1). The
expression of these genes was normalized to the 18s rRNA
(Mm03928990_g1) by using the TaqMan Assay of Demand primers
on the ABI QuantStudio 12K-Flex Real-time PCR system (Applied
Biosystems). The 2–ΔΔCT method was used to calculate the relative
changes in gene expression (25).   

Statistical analysis. Metabolomic data were analyzed by using
MetaboAnalyst software (version 3.0, McGill University, Sainte
Anne de Bellevue, Quebec, Canada) (26, 27). Data were normalized
by the Pareto scaling method and analyzed by sparse partial least
squares-discriminant analysis (sPLSDA) (26, 27). The false
discovery rate-corrected p-values were reported (26). Results
(means±standard error of the mean) from MMTV-PyMT groups are
presented as fold changes in comparison to the wild-type control
group fed the AIN93G diet. Differences in expression of genes
encoding proteins involved in lipid metabolism among the four
groups were compared by using one-way analysis of variance and
Tukey contrasts (SAS software, version 9.4, SAS Institute, Cary,
NC, USA). Differences with a p≤0.05 are considered significant.  

Results

A total of 94 metabolites were identified from 412 discrete
signals detected in mammary glands from wild-type mice
and mammary tumors from MMTV-PyMT mice by using the
GC-TOF-MS. After adjustment for the false discovery rate,
50 metabolites differed significantly among the four dietary
groups (Tables I-III). 

The sPLSDA visualized the group separations and
individual sample variability and identified the metabolites
under these separations (Figure 1). Component 1 separated the
dietary groups into two categories, 1) wild-type control mice
fed the AIN93G diet and 2) MMTV-PyMT mice, regardless
of dietary treatment (Figure 1A). The loadings plot for
component 1 identified glycerol, the amino acids glutamic
acid and glycine, and the fatty acids palmitic acid, oleic acid,
stearic acid, myristic acid, malic acid, palmitoleic acid, and
linoleic acid as major determinants of separation (Figure 1C).  

Component 2 separated the AIN93G-fed MMTV-PyMT
group from the remaining three dietary groups (Figure 1A).
The loading plot for component 2 identified 3-
hydroxybutyric acid, γ-tocopherol, oxalic acid, sorbitol,
phosphate, methanolphosphate, myristoleic acid, trans-4-
hydroxy-L-proline, ethanolamine, and urea as major
determinants of separation (Figure 1D).  
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Table II. Identified metabolites related to protein metabolism that differ between wild-type mice fed the AIN93G control diet (AIN93G Ctl) and
MMTV-PyMT mice fed the AIN93G diet (AIN93G MMTV), the high-fat diet (HFD MMTV), or time-restricted feeding of the HFD (TRF MMTV).

Metabolic pathway         Metabolites                                     AIN93G Ctl                  AIN93G MMTV              HFD MMTV                    TRF MMTV

Proteins                           Glutamic acid                                  1.00±0.10b                        3.32±0.17a                    3.14±0.20a                        3.54±0.22a
                                        Aspartic acid                                    1.00±0.08b                        1.69±0.10a                    1.74±0.09a                        2.06±0.13a
                                        Glutamine                                        1.00±0.08b                        2.30±0.17a                    2.23±0.26a                        2.50±0.28a
                                        Glycine                                             1.00±0.04b                        2.21±0.12a                    2.33±0.13a                        2.40±0.12a
                                        Alanine                                             1.00±0.09b                        1.45±0.10a                    1.55±0.12a                        1.51±0.08a
                                        Serine                                               1.00±0.06b                        1.87±0.08a                    1.86±0.11a                        2.12±0.08a
                                        Threonine                                         1.00±0.04b                        1.36±0.06a                    1.38±0.07a                        1.54±0.06a
                                        Cysteine                                           1.00±0.10b                        4.63±0.42a                    4.36±0.48a                        5.59±0.58a
                                        Methionine                                       1.00±0.08b                        1.87±0.23a                    1.75±0.17a                        1.93±0.16a
                                        Asparagine                                       1.00±0.12b                        2.88±0.36a                    2.98±0.37a                        3.39±0.28a
                                        Histidine                                          1.00±0.10b                        1.53±0.25ab                  1.87±0.29a                        1.77±0.12ab
                                        Tyrosine                                           1.00±0.05b                        1.52±0.08a                    1.57±0.11a                        1.66±0.10a
                                        Tryptophan                                       1.00±0.05b                        1.34±0.08a                    1.38±0.09a                        1.34±0.09a
                                        Leucine                                            1.00±0.06b                        1.53±0.15a                    1.47±0.13a                        1.41±0.05a
                                        Proline                                              1.00±0.22b                        2.65±0.68ab                  3.37±0.69a                        2.71±0.37ab
                                        Cystine                                             1.00±0.17b                        3.74±0.37a                    3.76±0.26a                        4.57±0.50a
                                        β-alanine                                          1.00±0.11b                        2.80±0.42a                    3.54±0.48a                        3.74±0.51a
                                        Ornithine                                          1.00±0.10b                        1.41±0.11ab                   1.55±0.15a                        1.77±0.17a
                                        trans-4-hydroxyl-L-proline             1.00±0.12b                        1.65±0.17ab                  1.98±0.26ab                       2.71±0.54a
                                        Cyanoalanine                                   1.00±0.10b                        1.33±0.07ab                  1.30±0.09ab                       1.37±0.10a
                                        Oxoproline                                       1.00±0.07b                        1.86±0.11a                    1.73±0.09a                        1.94±0.09a
                                        Aminomalonate                               1.00±0.12b                        3.29±0.20a                    3.37±0.33a                        3.38±0.30a

Values (means±SEM) in the same row with different letters are significant at p<0.05 (n=12 each for AIN93G Ctl and AIN93G MMTV groups; n=13
each for HFD MMTV and TRF MMTV groups).



Component 3 separated the HFD-fed MMTV-PyMT group
from the other three dietary groups (Figure 1B). The loading
plot for component 3 identified succinate semialdehyde,
pseudo uridine, behenic acid, 2-monoolein, thymidine, 3-
phenyllactic acid, arachidonic acid, cholesterol, N-
acetylaspartic acid, and α-tocopherol as major determinants
of separation (Figure 1E).  

Tables I-III show the 50 metabolites that differed
significantly among the four groups. Forty-three of them
differed between mammary glands from wild-type mice and
mammary tumors from MMTV-PyMT mice (Tables I-III). Of
these, 30 were higher in mammary tumors than in mammary
glands. These included four essential amino acids (threonine,
methionine, leucine, and tryptophan), 12 non-essential amino
acids including glutamine, glycine, and serine, and uridine
and its nucleobase uracil (Tables I-III). Eleven metabolites
were lower in mammary tumors including glucose, glycerol,
γ-tocopherol, and mid-chain and long-chain fatty acids
(Tables I-III). In MMTV-PyMT mice, metabolic profiles of
mammary tumors between the groups fed the AIN93G diet
and HFD were similar (Tables I-III), except the HFD
restored γ-tocopherol in mammary tumors compared to the
ΑIN93G diet (Table III). Metabolic profiles of mammary
tumors from the TRF group were similar to that from the
HFD group, except 3-hydroxybutyric acid was 56% lower in
the TRF group than in the HFD group (Table I).  

The expression of genes encoding proteins involved in
lipid metabolism in mammary tumors differed from that in
mammary glands. In mice fed the AIN93G diet, the
expression of Fads1, Fads2, Srebf1, Hmgcr, and Ppard was
higher, ranging from 140% to 310%, in mammary tumors
than in mammary glands (Table IV). The expression of Fasn,
Scd1, Ppara, and Pparg was approximately 90% lower in
mammary tumors (Table IV). In MMTV-PyMT mice, there

was no difference in gene expression between the groups fed
the AIN93G diet and the HFD (Table IV). Compared to the
HFD, TRF lowered the expression of Srebf1 by 32% and
Hmgcr by 41% (Table IV). Furthermore, the expression of
Fads2 and Ppard of the TRF group was 29% and 36%,
respectively, lower than that of the AIN93G-fed MMTV-
PyMT group (Table IV).   

Discussion

Mammary tumorigenesis in MMTV-PyMT mice is
spontaneous and aggressive. All MMTV-PyMT mice develop
palpable mammary tumors at six to seven weeks of age,
regardless of diet (19). In the current study, non-targeted
metabolomic analysis of mammary tumors from MMTV-
PyMT mice and mammary glands from wild-type mice
identified a total of 94 metabolites, of which 50 differed
among the four groups. These differences in metabolomic
profiles, along with difference in expression of genes encoding
proteins involved in lipid metabolism, indicate accelerated,
disordered metabolism in mammary tumors, which supports
the aggressiveness of the malignancy (19, 28).  

Mammary tumors from MMTV-PyMT mice exhibited
disrupted lipid metabolism. Elevations in phosphoethanolamine
and its precursor ethanolamine, as well as lower concentrations
of free fatty acids (both saturated and unsaturated), in mammary
tumors indicate an altered phospholipid synthesis in mammary
tumor cells. Phosphoethanolamine is a major phospholipid
component; highly proliferative cancer cells activate
phospholipid synthesis to generate new membrane (29, 30). Our
findings are consistent with in vitro studies showing that MCF-
7 (31) and MDA-MB-231 breast cancer cells (32) exhibit
elevated phosphoethanolamine. The notion of accelerated
phospholipid synthesis in mammary tumors is further supported
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Table III. Identified metabolites related to nucleoside, sugar, and vitamin metabolism that differ between wild-type mice fed the AIN93G control
diet (AIN93G Ctl) and MMTV-PyMT mice fed the AIN93G diet (AIN93G MMTV), the high-fat diet (HFD MMTV), or time-restricted feeding of the
HFD (TRF MMTV).

Metabolic pathways       Metabolites                                     AIN93G Ctl                  AIN93G MMTV              HFD MMTV                    TRF MMTV

Nucleosides                    Uric acid                                          1.00±0.12b                        2.92±0.25a                    3.04±0.29a                        3.21±0.28a
                                        Uracil                                               1.00±0.09b                        2.09±0.09a                    2.45±0.20a                        2.44±0.26a
                                        Uridine                                             1.00±0.10b                        2.76±0.28a                    2.50±0.21a                        2.87±0.22a
                                        Pseudo uridine                                 1.00±0.06b                        1.32±0.08ab                  2.03±0.29a                        1.42±0.26ab
Sugars                             Glucose                                            1.00±0.13a                        0.29±0.10b                    0.35±0.06b                        0.37±0.06b
                                        Glycerol                                           1.00±0.07a                        0.42±0.05b                    0.34±0.03b                        0.34±0.03b
                                        Glycerol-α-phosphate                     1.00±0.13b                        5.12±0.45a                    4.62±0.35a                        5.20±0.44a
                                        β-Glycerol-phosphate                      1.00±0.10b                        2.19±0.21a                    2.28±0.16a                        2.23±0.10a
Vitamins                         γ-Tocopherol                                    1.00±0.15a                        0.61±0.06b                    1.00±0.07a                        1.08±0.08a
                                        Pantothenic acid                              1.00±0.12b                        1.87±0.21a                    1.64±0.15a                        1.71±0.12a

Values (means±SEM) in the same row with different letters are significant at p<0.05 (n=12 each for AIN93G Ctl and AIN93G MMTV groups; n=13
each for HFD MMTV and TRF MMTV groups).
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Figure 1. Sparse Partial Least Square Discriminant Analysis-synchronized three-dimensional plots of the four dietary groups (A and B) and loading
plots of 10 metabolites that are most influential in treatment separation among the four groups for components 1, 2, and 3 (C, D, and E).  A:
Components 1 vs. 2; B: Components 2 vs. 3. AIN93G Ctl (red): mammary glands from wild-type mice fed the AIN93G control diet; AIN93G MMTV
(green): mammary tumors from MMTV-PyMT mice fed the AIN93G diet; HFD MMTV (blue): mammary tumors from MMTV-PyMT mice fed the
HFD; TRF MMTV (cyan): mammary tumors from MMTV-PyMT mice with time-restricted feeding of the HFD.  N=12 each for AIN93G Ctl and
AIN93G MMTV groups; n=13 each for HFD MMTV and TRF MMTV groups.     



by clinical observations that phosphoethanolamine in breast
cancer specimen is linearly elevated with Ki-67, a marker of
cell proliferation (33). Moreover, decreased free fatty acids have
been found in breast cancer tissues compared to normal breast
tissues (34).  

Cholesterol is essential for membrane biogenesis. It is also
an obligatory precursor of steroid hormone synthesis (e.g.
estrogen) for tumorigenesis. We found high concentrations
of cholesterol in mammary tumors from MMTV-PyMT mice,
particularly those fed the HFD. The MMTV-PyMT mice fed
the HFD have larger mammary tumors than their AIN93G-
fed counterparts (19). The elevation in cholesterol is
supported by elevated expression of Hmgcr and Srebp1
(genes that encode rate-limiting enzymes for cholesterol and
lipid synthesis) in mammary tumors. Our findings are further
supported by the reports that hypercholesterolemia promotes
mammary tumorigenesis and invasiveness in MMTV-PyMT
mice (35, 36).  

Mammary tumorigenesis in MMTV-PyMT mice likely
accelerated protein synthesis. This is evidenced by elevations
in amino acids (both essential and nonessential) in mammary
tumors. For example, glutamine serves as a carbon donor and
a nitrogen donor for amino acid and nucleotide synthesis
(37). Increased demands for ATP and lipids are essential for
rapidly proliferating cancer cells (37). Metabolism of glycine
and serine (38) and of branched chain amino acids (e.g.
leucine) (39) play important roles in cancer metabolic
phenotype and cancer environment. Glycine and serine are
biosynthetically connected and are necessary for synthesis of
proteins, lipids, and nucleic acids to be used in cellular
proliferation. Elevated glycine in cancer biopsies is
associated with lower survival rates in estrogen receptor
positive breast cancer patients (38). Dietary glycine and
serine restriction reduce tumorigenesis in rodent models of
lymphoma and intestinal cancer (40). Furthermore, our

findings that uridine and its nucleobase uracil were higher in
mammary tumors suggest an upregulation of RNA
translation. It supports the notion of accelerated protein
synthesis in MMTV-PyMT mammary tumors.  

MMTV-PyMT tumorigenesis may have accelerated
glucose metabolism, evidenced by lower concentrations of
glucose and an increase in glycerol-3-phophase, a glycolysis
intermediate, in mammary tumors. This is an indication of
aerobic glycolysis, defined as the Warburg Effect in cancer
metabolism (41). Furthermore, the aforementioned elevations
in amino acids in mammary tumors support the notion of
disturbed glucose metabolism during MMTV-PyMT
tumorigenesis. Elevated amino acids in blood have been a
characteristic of impaired glucose metabolism (42).     

Ppard participates in regulation of lipid and glucose
metabolism in multiple cell types (43). The elevated
expression of Ppard in mammary tumors indicates that
Ppard may play a role in metabolism during MMTV-PyMT
mammary tumorigenesis. It suggests the possibility of an
increase in fatty acid β-oxidation, evidenced by reduced free
fatty acids in mammary tumors. This is further supported by
lower expression of Fasn and Acaca (genes that encode
proteins involved in de novo lipogenesis of saturated fatty
acid palmitic acid) and Scd1 (the gene that controls the
synthesis of unsaturated fatty acids oleic acid and palmitoleic
acid) in mammary tumors. Moreover, Ppard has been
considered, in some studies, to be an oncogene (44). The
elevation in Ppard and the reduction in Pparg in mammary
tumors, in the current study, support the concept of a
competitive mechanism between the promotive effect of
Ppard and the suppressive effect of Pparg in mammary
carcinogenesis (44).

The current study showed that TRF reduced elevated
expression of Hmgcr, Srebp1, Fads2, and Ppard in
mammary tumors. These reductions provide direct evidence
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Table IV. Expression of genes encoding proteins involved in lipid metabolism in mammary glands from wild-type mice fed the AIN93G control diet
(AIN93G Ctl) and MMTV-PyMT mice fed the AIN93G diet (AIN93G MMTV), the high-fat diet (HFD MMTV), or time-restricted feeding of the HFD
(TRF MMTV).

mRNA                                 AIN93G Ctl                                  AIN93G MMTV                                HFD MMTV                                    TRF MMTV

Acaca                                    1.00±0.18a                                       0.66±0.11ab                                       0.30±0.03bc                                       0.25±0.04c
Fasn                                      1.00±0.23a                                       0.12±0.02b                                        0.05±0.01b                                         0.05±0.01b
Fads1                                    1.00±0.16b                                       3.81±0.44a                                        3.97±0.48a                                         2.98±0.46a
Fads2                                    1.00±0.20c                                       2.83±0.19a                                        2.59±0.18ab                                       2.00±0.24b
Scd1                                       1.00±0.18a                                       0.15±0.04b                                        0.08±0.02b                                         0.04±0.01b
Srebf1                                    1.00±0.15c                                       4.13±0.38a                                        3.55±0.27a                                         2.40±0.28b
Hmgcr                                   1.00±0.12c                                       3.23±0.33ab                                      3.85±0.35a                                         2.29±0.29b
Ppara                                    1.00±0.18a                                       0.12±0.04b                                        0.05±0.03b                                         0.05±0.02b
Ppard                                    1.00±0.09c                                       2.38±0.25a                                        2.06±0.18ab                                       1.53±0.19bc
Pparg                                    1.00±0.18a                                       0.09±0.03b                                        0.03±0.01b                                         0.05±0.01b

Values (means±SEM) in the same row with different letters are significant at p<0.05 (n=12 per group).



that TRF may downregulate the altered lipid metabolism in
MMTV-PyMT mammary tumors. However, these findings
are inconsistent with the lack of differences in lipid
metabolites in mammary tumors between the TRF and the
HFD groups. It suggests that the liver may provide sufficient
amounts of lipid substrates to mammary tumor cells or that
the tumor cells may use dietary lipids as substrates directly.
This warrants further investigation.  

The concentrations of 3-hydroxybutyric acid in mammary
tumors were 56% lower in the TRF group than in the HFD
group. 3-Hydroxybutyric acid is a main ketone body generated
from excessive acetyl-CoA production resulting from hepatic
β-oxidation; it is an indicator of excessive lipid oxidation and
potential mitochondrial dysfunction (45, 46). Previous studies
have shown that TRF elevates 3-hydroxybutyric acid in plasma
(47, 48). Decrements of this ketone body in mammary tumors
by TRF suggest an increase in utilization of this energy source
by the tumor cells. Because 3-hydroxybutyric acid is ordinarily
utilized in fasting conditions in lieu of glucose, reduced 3-
hydroxybutyric acid in mammary tumors suggest a shift in
substrate utilization that may contribute to the observed
mitigation of mammary tumorigenesis by the TRF (19). 

We found that TRF mitigates HFD-enhanced mammary
tumorigenesis, evidenced by a reduction in tumor progression
rate in MMTV-PyMT mice (19). However, there were no
significant differences in most of the metabolites identified,
except 3-hydroxybutyric acid, when TRF was compared to the
HFD. These findings suggest a probability that the protection
of TRF against mammary tumorigenesis is likely through its
action on the host. In fact, it has been well documented that
reduction in body adiposity and inflammation and
improvement in insulin sensitivity are characteristics of TRF
in rodents (12-14). We reported that consumption of a HFD
alters lipidomic profiles, including triacylglycerol,
phosphatidylethanolamine, and phosphatidylcholine, in
primary tumors from a mouse model of Lewis lung carcinoma
(49). Given the fact that TRF reduced the expression of
Hmgcr, Srebp1, Fads2, and Ppard in mammary tumors, the
effects of TRF on lipidome in mammary tumors certainly
warrant further investigation.  

A limitation of this study is that we were not able to
perform plasma metabolomics from each dietary group,
which made us unable to compare metabolomic differences
between plasma and mammary tumors by TRF in parallel.
This is certainly a goal of future studies to understand roles
of TRF in mammary tumorigenesis. The other limitation is
that we identified only 94 metabolites by using the GC-TOF-
MS. Thus, there is a possibility that other signaling pathways
might be altered by MMTV-PyMT tumorigenesis or by diets
but were not captured by the GC-TOF-MS. This should be
considered when interpreting results from this study.  

In summary, the current study showed an accelerated,
disordered metabolism in mammary tumors, evidenced by

disrupted metabolic profiles and expression of genes
encoding proteins involved in lipid metabolism in mammary
tumors from MMTV-PyMT mice compared to mammary
glands from wild-type controls. There were no significant
differences in mammary tumor metabolic profiles between
the TRF and the HFD groups. These findings suggest that the
protection of TRF on mammary tumorigenesis (19) is likely
through its action on the host, evidenced by reductions in
body fat mass and inflammation and improvement in insulin
sensitivity and metabolism in rodents receiving TRF (12-14).
However, it does not exclude the possibility that TRF may
alter lipid metabolism in mammary tumors, evidenced by a
reduction in expression of Hmgcr, Srebp1, Fads2, and Ppard
in mammary tumors of MMTV-PyMT mice.   
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