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Mammary tumor development induces perturbation of liver glucose metabolism
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Abstract

Cancer cells rely on glycolysis and lactic fermentation for ATP production, inducing an abnormal glucose uptake in tumors.
However, it is largely unknown whether the increased tumor glucose consumption affects overall body glucose homeostasis includ-
ing perturbation of the liver glucose production pathways. The effect of mammary tumor development on the liver metabolism
pathway was examined by using a mouse model based on FVB/N wild-type (WT-SD) and FVB/N-Tg(MMTV-PyVT)634Mul/J mice
(Tg-SD), who develop spontaneous mammary tumors. Blood and livers were analyzed for metabolic changes, by measuring histo-
logical staining, signaling, and insulin sensitivity. Tg-SD mice developed mammary tumors with an average weight of 6 g, and can-
cer development increased total food intake without impacting body weight gain. Tumor development did not affect blood
glycemia and lactate levels but increased insulin and homeostasis model assessment of insulin resistance (HOMA-IR) index (P ¼
0.06). In the liver, Tg-SD mice with tumors exhibited a decrease in glycogen content and an increase in gluconeogenesis gene
expression, as G6pc, Pgc1a, and Foxo1 (P < 0.05), as well as Pepck and Ldha (P < 0.01). Moreover, the phosphorylation of AMPK
and AKT was significantly decreased (P < 0.01 and P < 0.05, respectively). Surprisingly, liver fibrosis was markedly increased in Tg
mice (P < 0.05) alongside elevated inflammatory gene expression, such as IL1b (P < 0.01) or IL6 (P < 0.05). Here, we found that
the development of non-metastatic mammary tumors using the MMTV-PyMT mouse model disrupts liver function through the
development of inflammation, fibrosis, and metabolic perturbation, including an increase in glucose production and insulin resist-
ance. Finally, these observations unravel a previously unknown metabolic cross talk between the tumors and the liver.

NEW & NOTEWORTHY This work demonstrates that the spontaneous development of non-metastatic mammary tumors triggers
hepatic activation of endogenous glucose production pathways, coinciding with the onset of insulin resistance. This finding sug-
gests a significant cross talk between tumors and the liver during tumorigenesis, aiming at enhancing glucose production to
meet the elevated energy demands of the tumor. Understanding this interaction could provide insights into metabolic alterations
associated with cancer and lead to potential therapeutic targets to inhibit tumor metabolism.

breast cancer; gluconeogenesis; insulin resistance; liver; Warburg effect

INTRODUCTION

Breast cancer is the most commonly diagnosed cancer in
women and represents the fourth leading cause of cancer
mortality worldwide (1). Compared with healthy cells, cancer
cells show specific capabilities that enable tumorigenesis,
known as the hallmarks of cancer (2). Of these characteristics,

cancer cells reprogram their energymetabolism and limit the
ATP production to glycolysis and lactic fermentation, even in
aerobic conditions (3). This ability, defined as the Warburg
effect, is greatly in favor of tumorigenesis (4). In addition,
given that the lactic fermentation pathway is less efficient
than oxidative phosphorylation for ATP production, cancer
cells must increase tumor glucose supplies to produce enough
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energy to growth and proliferate. This is mediated by the
increase in glucose receptor and glycolytic enzyme expression
(5), resulting in a significant increase in the glycolysis rate (6).

Several studies have suggested that tumors can alter the
function of various organs beyond those targeted by meta-
static dissemination (7, 8). To date, the liver seems to be a
potential peripheral target affected by cancer development,
which plays a major role in glucose homeostasis. Indeed, an
increase in glucose demand leads to a gluconeogenesis-medi-
ated liver pathway, which uses nonglucose precursors such as
pyruvate and lactate, or through the glycogen degradation
pathway (9). These pathways involve several enzymes, which
are notably regulated by the insulin signaling pathway and
the Akt-Foxo1-PGC1a axis (10). Breast tumor development
may trigger hepatic adaptations, where a cross talk could
emerge with the tumor tomeet its energy demands (8).

However, a detailed understanding of the liver metabo-
lism role in tumorigenesis is largely absent. To address this
knowledge gap, we investigated the effects of spontaneous
mammary tumor development on peripheral metabolism
using a well-established genetic mouse model. Specifically,
we focused on liver pathways of endogenous glucose produc-
tion and the actors involved in their regulation.

MATERIALS AND METHODS

Generation of MMTV-PymT and Mouse Maintenance

Mice were obtained from The Jackson Laboratory. For the
generation of MMTV-PyMT female, MMTV-PyMTTg male
mice [FVB/N-Tg(MMTV-PyVT)634Mul/J] were crossed with
FVB/N-WT female mice. The first generation of females was
genotyped for the PyMT transgene by standard PCR using
the following PyMT primers: F: 5 0-GGAAGCAAGTACTTC
ACAAGGG-30; Rev: 50-GGAAAGTCACTAGGAGCAGGG-30. All
procedures were approved by our local ethics committee
(CREMEAS, Strasbourg, agreement numbers: #31118-
2021042111176323) and performed following Guide for
the Care and Use of Laboratory Animal Experiments.

Six-week-old FVB/N-WT (WT-SD, n ¼ 7) and FVB/N-
Tg(MMTV-PyVT)634Mul/J (Tg-SD, n ¼ 8) female mice were
maintained by two of three in conventional open-top cages
in a temperature-controlled environment at �22�C under a
12-h light, 12-h dark cycle with ad libitum access to food and
water. Mice were fed a standard chow diet (SD), consisting of
20.5% fat, 15.5% protein, and 64% carbohydrates (3.82 kcal/g,
Safe Diets) for 8 wk. Design protocol is resumed in Fig. 1A.
Shredded paper, cotton sticks, and wood sticks were placed
in the cages to reduce animal stress. Weight gain and food
intake were weekly measured by electronic balance. At the
age of 14-wk-old, the mice were fasted for 4 h and anesthe-
tized through inhalation of 4% isoflurane in a hermetic cage
(Aerrane; CSP, Cournon, France). Blood glucose and ketone
body levels from the tail vein were measured with a glucose
meter (AccuChek Performa; Roche, Basel, Switzerland) and a
ketone bodies meter (Freestyle Optium Neo, Abbott, IL).
Then, mice were euthanized by cervical dislocation. All
mammary tumors and liver were harvested and weighed,
and liver samples were snap-frozen in liquid nitrogen for RT-
qPCR and Western blot experiments or immersed in 2-meth-
ylbutane cooled in liquid nitrogen for histological staining.

Blood was collected into a heparinized tube, and plasma was
separated by centrifugation (1,000 g for 10min at 4�C) for bio-
chemical analysis. All samples were stored at�80�C.

Histological Analysis

After frozen fixation via OCT, liver tissue was sectioned at
�20�C on a cryostat microtome (10 μm thick, Cryostar NX70;
Fisher Scientific, MA). For the hematoxylin-eosin and Oil
Red O staining, the slides were stained according to the gold
standard protocol, as previously described (11). For the peri-
odic acid Schiff staining, cryosections were fixed in Carnoy’s
fixative for 10 min and stained according to the manufac-
turer’s instructions (395B; Sigma-Aldrich, Missouri). For
Masson’s trichrome staining, cryosection was fixed in
Bouin’s fixative solution for 1 h and stained according to the
manufacturer’s instructions (H15; Sigma-Aldrich, Missouri).
All the stained slides were snaped using a Zeiss Apotome.2
microscope (CTK Instruments, California). Positive staining
was quantified using Qupath (https://qupath.github.io).

RNA Isolation, Reverse Transcription, and Real-Time
Quantitative PCR

Total RNA was extracted from liver with the Kingfisher
Duo Prime (Fisher Scientific, Massachusetts) using the
MagMAX mirVana Total RNA Isolation Kit according to the
manufacturer’s instructions. RNA concentration and quality
were verified using fluorometric measurement on a Qubit 4
Fluorometer according to the manufacturer’s instructions
(Invitrogen, California). Procedures of reverse transcription
and qPCR amplification were fully described previously (11).
Relative gene expression levels were performed in duplicate
and normalized to ribosomal phosphoprotein P0 (36b4).
Relative gene expression was calculated with the DDCt
method. Specific primers are listed in Supplemental Table S1.

Western Blotting and Antibodies

Procedures of Western blotting were fully described previ-
ously (11). Primary antibodies from Cell Signaling were used:
anti-total AMPKa (#2532, 1:1,000; Cell Signaling,Massachusetts),
anti-phospho AMPKa (Thr172, #2535, 1:1,000; Cell Signaling,
Massachusetts), anti-total Akt (#9272, 1:1,000; Cell Signaling,
Massachusetts), and anti-phospho AKT (Ser 473, #4060, 1:1,000;
Cell Signaling, Massachusetts). Anti-rabbit (1:4,000, No.
7074S; Cell Signaling) or anti-mouse (1:4,000, No. 7076S; Cell
Signaling) were used as secondary antibodies. Proteins were
revealed using a Pierce ECL kit (Thermo Fisher Scientific,
California) or SupraSignal Femto kit (Thermo Fisher Scientific,
California) and visualized by enhanced chemiluminescence
(iBright 1500 Imaging System; Invitrogen, California). The
quantification of protein was performed using ImageJ
Software (v. 1.8.0), using the ponceau coloration as the load-
ing control [Romero-Calvo et al. (12)].

Biochemical Analyses, HOMA-IR, and QUICKI Index

Lactate levels were assayed in duplicate by the colorimet-
ric enzymatic method, according to the manufacturer’s
instructions (1:50 plasma dilution, MET-5012; Cell Biolabs,
Inc., California). Insulin levels were assayed in duplicate by
the enzyme-linked immunosorbent assaymethod, according
to the manufacturer’s instructions (1:4 plasma dilution,
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EM0260, FineTest; Biotech Co., Ltd., Wuhan, PR China).
Insulin resistance was assessed by using the quantitative
insulin sensitivity check index (QUICKI) (1/log fasting
plasma insulin þ log fasting plasma glucose) and the home-
ostasis model assessment of insulin resistance (HOMA-IR)
index (fasting plasma glucose� fasting plasma insulin/22.5).

Statistical Analysis

Statistical analyses were performed using GraphPad 8 Prism
GraphPad Software, Inc. Normal distributionwas checked using
the Shapiro–Wilk test. Depending on the results, parametric sta-
tistical Student’s t tests or non-parametric Mann–Whitney U
tests were used to study the difference between groups.

RESULTS

Spontaneous Mammary Tumor Development Increases
Total Food Intake and Decreases Insulin Sensitivity

We documented a weight variation throughout the proce-
dure (Fig. 1B). Although WT-SD and Tg-SD mice exhibited

similar weight gain initially, Tg-SD mice showed a signifi-
cant increase from 10 to 14 wk, reaching þ 39% compared
with WT-SD (P < 0.001). To account for tumor growth, we
adjusted the final body weight of Tg-SD mice by subtracting
the total tumor weight at 14 wk (Fig. 1C). Following this
adjustment, Tg-SD mice had a final weight comparable to
WT-SD (24.8 ± 2.8 g vs. 22.8 ± 1.2 g), with tumors accounting
for 6± 2.1 g of the weight (Fig. 1D).

We measured the effect of mammary tumor development
on caloric intake by monitoring food intake between the 9th
and 14th weeks of age. In comparison with WT-SDmice, Tg-
SDmice showed a significant increase in food intake at 12 wk
(þ 13%, P < 0.01) and 14 wk (þ 24%, P < 0.01), leading to a
total increase in 88.2 kcal (29%, P < 0.01) over the procedure
(Fig. 1, E and F).

Blood analysis showed no significant differences in glu-
cose, ketone bodies, or lactate levels between Tg-SD andWT-
SD groups (Fig. 1, G–I). However, insulin levels tended to
increase in Tg mice (þ 124%, P ¼ 0.063, Fig. 1J). Compared
with the WT-SD group, the QUICKI index of the Tg-SD was
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Figure 1. Effects of mammary tumor devel-
opment on weight gain, food intake, and
blood parameters. A: experimental design
of the procedure including wild-type (WT,
FVB/N-WT mice) and transgenic group
(Tg, FVB/N-Tg(MMTV-PyVT)634Mul/, fed a
standard chow diet for 8 wk. B: body
weight in grams throughout the procedure
(n ¼ 7 or 8 mice/group). C: details of total
weight, with body weight shown in black,
and tumor weight for the Tg group shown
in hatched lines (n ¼ 7 or 8 mice/group).
D: total tumor weight for the Tg group
(n ¼ 8). E: food intake in kcal throughout
the procedure (n ¼ 7 or 8 mice/group).
F: total food intake in kcal (n¼ 7 or 8 mice/
group).G: fasting blood glucose levels (n¼
5 or 8 mice/group). H: fasting ketone body
levels measured from the vein tail after 4 h
of fasting. Plasma levels of lactate (I) (n ¼ 5
or 8 mice/group) and insulin (J) (n ¼ 4 or 8
mice/group). QUICKI index (K) and HOMA-
IR index (L) (n¼ 4 or 8 mice/group). All data
are presented as means ± SD, and statisti-
cal significance is reported as �P < 0.05,
��P < 0.01, and ���P < 0.001, Student’s
t tests or nonparametric Mann–Whitney.
HOMA-IR, homeostasis model assess-
ment of insulin resistance; QUICKI, quan-
titative insulin sensitivity check index.
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significantly decreased (�8%, P < 0.05), indicating reduced
insulin sensitivity (Fig. 1K), whereas the HOMA-IR index
tended to increase (þ 142%, P ¼ 0.068, Fig. 1L), suggesting
the development of insulin resistance.

Spontaneous Mammary Tumor Development Increases
Total Food Intake and Decreases Insulin Sensitivity

We next explored the endogenous glucose production
pathways of the liver throughout histological andmolecular
analyses. First, we found a significant decrease in the glyco-
gen content in the Tg-SD mice in comparison with the WT-
SD group (�62%, P < 0.01, Fig. 2, A and B), suggesting an
activation of the glycogen breakdown.

Regarding the relative expression of genes involved in
endogenous glucose production (Fig. 2C), Tg-SDmice exhib-
ited a significant increase in Pepck (þ 115%, P < 0.01) and
G6pc (þ 224%, P < 0.05), Ldh (þ 123%, P < 0.01) and an
increasing trend Mct1 (þ45%, P ¼ 0.054), which are all
involved in gluconeogenesis. We found not only an increase
in Pygl (þ 141%, P < 0.05), which is the main enzyme of gly-
cogen breakdown but also an increase in Gys2 (þ 113%, P <
0.01), involved in glycogen synthesis (Fig. 2D).

Finally, regarding the transcription factors involved in the
regulation of hepatic gluconeogenesis (Fig. 2E), Tg-SD mice
increased the relative gene expression of Pgc1a (þ 77%, P <

0.05) and Foxo1 (þ 72%, P < 0.05), in comparison with WT-
SD mice. Moreover, Tg-SD mice exhibited a significant
decrease in p-AMPK/AMPK and p-AKT/AKT (respectively,
�79%, P< 0.01 and�59%, P< 0.05, Fig. 2, F and G).

Spontaneous Mammary Tumor Development Increases
Total Food Intake and Decreases Insulin Sensitivity

Mice in the Tg-SD group showed a significant increase in
liver weight in comparison with the WT group (þ60%, P <
0.01, Fig. 3A). However, hematoxylin-eosin staining did not
reveal an increase in steatosis in the Tg-SD group (Fig. 3B), as
well as Oil Red O staining (�46%, P < 0.01, Fig. 3, C and D),
suggesting that the increase in liver weight is not due to fat
accumulation but may be due to inflammation and fibrosis.
Indeed, we observe multiple inflammatory infiltrates in the
livers of Tg-SD mice, contrary to the livers of WT-SD mice
(Fig. 3B). Regarding inflammatory and fibrosis markers
(Fig. 3E), Tg-SD mice exhibited a significant increase in Il6
(þ 136%, P < 0.05), Il1b (þ 202%, P < 0.01), Tgfb (þ 197%,
P< 0.001), Col1a1 (þ 112%, P< 0.05), and Col3a1 (þ 367%, P<

0.01) gene expression, suggesting the increase in inflamma-
tion as well as fibrosis, in comparison with WT-SD mice.
Masson’s trichrome staining confirmed the significant
increase in fibrosis in Tg-SDmice in comparison with theWT-
SD group (þ 125%, P< 0.05, Fig. 3, F andG).

DISCUSSION

Here, we found that the development of non-metastatic
mammary tumors using theMMTV-PyMTmouse model dis-
rupts liver function, which is characterized bymetabolic per-
turbation including an increase in glucose production and
inflammation, and a decrease in insulin signaling.

First, mammary tumor development increased the food
consumption, resulting in a 5% increase in the total food

intake, without modifying weight gain. This increase occurs
along with tumor growth and strengthens a hallmark of can-
cer characterized by an increase in energy requirement due
to tumor development (13). In patients, it has been estimated
that depending on the tumor burden, the additional energy
cost linked to the tumor metabolism can reach 190–470 kcal/
tumor kg/day, leading to a subsequent significant impact on
the total daily energy expenditure (14). Consequently, the
high energy demands of cancer cells could not only increase
overall energy expenditure but also disrupt themetabolism of
liver, a peripheral organ responsible for maintaining glucose
homeostasis.

Investigating glucose endogenous pathways, we found that
theMMTV-PyMTmice exhibited several hepatic adaptations,
as we documented a large upregulation of gluconeogenesis
and glycogen breakdown enzymes, suggesting an increased
capacity in glucose production. First, in MMTV-PyMT mice,
we observed an increase in liver gene expression of Pepck,
G6pc, and Ldh and an increased trend inMct1, which suggests
an activation of gluconeogenesis (15). Second, the MMTV-
PyMT mice also showed a significant decrease in the hepatic
glycogen content along with an increase in the Pygl gene
expression as well as the Gys2, showing an activation of the
glycogen turnover (16). The simultaneous increase of both gly-
cogenolysis and glycogen synthesis enzymes is a classic
mechanism in response to metabolic stress, allowing rapid
changes in glucose flux (17). Collectively, our results extend
the study of Cao et al. (8), who observed similar hepatic adap-
tations in a xenograft breast cancer model, suggesting that
cancer development enhances hepatic glucose production by
converting noncarbohydrate substrates, such as pyruvate and
lactate, as well as glycogen, through increased gluconeogene-
sis and glycogen turnover. Compared with the xenograft
model (8), our approach uses a fully immunocompetent
genetic model, which better reflects the pathological proc-
esses observed in patients and allows for the study of the
impact of immune-mediatedmechanisms.

The increase in gluconeogenesis in MMTV-PyMT animals
could be explained by the impairment of insulin signaliza-
tion observed in our study. Indeed, under physiological con-
ditions, insulin binding to its receptors leads to the
activation of Akt that phosphorylated downstream targets,
including FOXO1 (18). When phosphorylated by AKT,
FOXO1, and PGC1a cannot translocate to the nucleus, result-
ing in a suppression of Pepck and G6pc expression (19). In
our study, MMTV-PyMTmice exhibited an increasing trend
in insulin levels and the HOMA-IR index, and the QUICKI
index was decreased. In the liver, the AKT phosphorylation
was reduced, whereas Foxo1 and Pgc1a gene expressions were
increased, showing a decrease in insulin signaling (20).
Moreover, we observed a significant decrease in AMPK activa-
tion in MMTV-PyMT mice, whereas AMPK activation is
known to participate in decreased gluconeogenesis (21).
Interestingly, the association of decreased AMPK activity and
insulin resistance has already been described previously (22).

It might correspond to a metabolic adaptive mechanism in
response to the stress induced by an energy deficit associated
with the tumor’s demands (23). Energetic stress can indeed
lead to tissue inflammation, whichmay disrupt the insulin sig-
naling pathway, alter AMPK signaling, and contribute to fibro-
sis (24, 25). However, despite evidence suggesting systemic
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insulin resistance in our study, our analysis relies a small
cohort, on indirect indices (i.e., QUICKI and HOMA-IR) and
does not fully capture the dynamics of glucose metabolism
and insulin action in the whole organism. Tumors are known
to exhibit hyperactivated insulin signaling pathways to
enhance glucose uptake and proliferation (26). Therefore, a
more detailed investigation of insulin signaling in individual

organs (i.e., liver, kidney, and tumor), with higher effective-
ness, is necessary to unravel the potential cross talk between
the tumor and peripheral organs.

To better understand glucose fluxes between the liver
and the tumor, future studies should explore the expres-
sion of glycolytic and gluconeogenic genes in both tissues.
In addition, investigating the effects of inhibiting hepatic

A B

C D

E

F G

Figure 2. Effects of mammary tumor development on glucose metabolism in the liver. A: glycogen staining of liver sections. Positive-glycogen cells are
stained in purple and negative-glycogen cells are stained in blue. B: relative glycogen staining quantification. Relative gene expression of endogenous
glucose production (glucose-6 phosphatase catalytic subunit, G6pc; phosphoenol pyruvate kinase, Pepck; monocarboxylate transporter 1,Mct1; lactate
dehydrogenase, Ldh; C), glycogen metabolism (glycogen phosphorylase, Pygl; glycogen synthase, Gys2; D), transcription factors of gluconeogenesis
(peroxisome proliferator-activated receptor gamma coactivator 1-alpha, Pgc1a; forkhead box O1, Foxo1; E). Ratio of phosphorylated and total AMP-acti-
vated protein kinase protein levels (AMPK; F) and protein kinase B (AKT; G). All data are presented as means ± SD, n ¼ 4 to 6 mice/group) and statistical
significance is reported as �P< 0.05 and ��P< 0.01, Student’s t tests or nonparametric Mann–Whitney.
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gluconeogenesis on tumor growth would strengthen this
hypothesis. Currently, numerous studies focus on the use
of metformin, an antidiabetic drug that improves insulin
sensitivity and reduces gluconeogenesis, as a potential
adjuvant in cancer treatment (27). Although the effects of
metformin remain debated, they highlight the relevance
of targeting liver metabolism to reduce tumor growth.
Accordingly, our findings suggest that future research
should assess the impact of gluconeogenesis inhibitors,

such as metformin or other modulators, in combination
with standard cancer treatments.

Conclusions

This study demonstrates that the spontaneous develop-
ment of mammary tumors leads to hepatic activation of
endogenous glucose production pathways, following the
impairment of insulin signaling. Moreover, the metabolic
perturbations were associated with liver inflammation and

A
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Figure 3. Effects of mammary tumor
development on hepatic inflammation
and fibrosis. A: liver weight in grams (n ¼
5 or 8 mice/group). B: hematoxylin and
eosin staining of liver sections (a) with a
focus on inflammatory infiltrates (black
arrows; b). Oil Red O staining of liver sec-
tions (C) and positive staining quantifica-
tion (D) (n ¼ 4 mice/group). E: relative
gene expression of interleukin 6, Il6; inter-
leukin 1 beta, Il1b ; transforming growth
factor beta, Tgfb ; type I collagen, Col1a1
and type III collagen, Col3a1 (n ¼ 5 or 6
mice/group). Masson’s trichrome staining
of liver sections (F) and positive staining
quantification (G) (n ¼ 3 or 5 mice/group).
Images from representative subjects are
displayed. All data are presented as
means ± SD, and statistical significance is
reported as �P < 0.05, ��P < 0.01, and
���P < 0.001, Student’s t tests or non-
parametric Mann–Whitney.
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fibrosis. Our results suggest that a cross talk between the
tumors and the liver occurs during tumor development,
aimed at increasing endogenous glucose production to meet
the elevated energy demands of the tumor. Additional stud-
ies are needed to understand the mechanisms underlying
the cross talk between the liver and the tumors, as well as
the clinical implications of the observed hepatic metabolic
perturbations in patients.
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