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Abstract
Background: Type II diabetes mellitus (DM2) is a significant risk factor for can-
cers, including breast cancer. However, a proper diabetic breast cancer mouse
model is not well-established for treatment strategy design. Additionally, the pre-
cise diabetic signaling pathways that regulate cancer growth remain unresolved.
In the present study, we established a suitable mouse model and demonstrated
the pathogenic role of diabetes on breast cancer progression.
Methods: We successfully generated a transgenic mouse model of human
epidermal growth factor receptor 2 positive (Her2+ or ERBB2) breast cancer
with DM2 by crossing leptin receptor mutant (Leprdb/+) mice with MMTV-
ErbB2/neu)mice. Themousemodels were administratedwith antidiabetic drugs
to assess the impacts of controllingDM2 in affecting tumor growth.Magnetic res-
onance spectroscopic imaging was employed to analyze the tumor metabolism.

Abbreviations: BC, breast cancer; DM2, type II diabetes mellitus; IGF-1, insulin-like growth factor 1; AMPK, AMP-activated protein kinase; PPARγ,
peroxisome proliferator-activated receptor gamma; PTEN, phosphatase and tensin homolog; Her2, human epidermal growth factor receptor 2; HER2+,
human epidermal growth factor receptor 2 positive; ER/PR, estrogen receptor/progesterone receptor; AJCC, American Joint Committee on Cancer;
IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; OGTT, oral glucose tolerance test; ITT, insulin tolerance test; RT, room
temperature; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; ATCC, American Type Culture Collection; MRSI, magnetic
resonance spectroscopic imaging; DNP, dynamic nuclear polarization; MRI, magnetic resonance imaging; OCR, oxygen consumption rate; ECAR,
extracellular acidification rate; PKM2, pyruvate kinase isozyme 2; qRT-PCR, quantitative reverse transcription-PCR; ELISA, enzyme-linked
immunosorbent assay; CI, confidence interval; PARP, poly ADP ribose polymerase; 13C, carbon-13; FGF1, fibroblast growth factor 1; MCP1, monocyte
chemoattractant protein-1; RAGE, receptor for advanced glycosylation end product
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Results: Treatment with metformin/rosiglitazone in MMTV-ErbB2/Leprdb/db

mousemodel reduced serum insulin levels, prolonged overall survival, decreased
cumulative tumor incidence, and inhibited tumor progression. Anti-insulin
resistance medications also inhibited glycolytic metabolism in tumors in vivo as
indicated by the reducedmetabolic flux of hyperpolarized 13C pyruvate-to-lactate
reaction. The tumor cells from MMTV-ErbB2/Leprdb/db transgenic mice treated
with metformin had reprogrammed metabolism by reducing levels of both oxy-
gen consumption and lactate production.Metformin decreased the expression of
Myc and pyruvate kinase isozyme 2 (PKM2), leading to metabolism reprogram-
ming. Moreover, metformin attenuated the mTOR/AKT signaling pathway and
altered adipokine profiles.
Conclusions: MMTV-ErbB2/Leprdb/db mouse model was able to recapitulate
diabetic HER2+ human breast cancer. Additionally, our results defined the sig-
naling pathways deregulated in HER2+ breast cancer under diabetic condition,
which can be intervened by anti-insulin resistance therapy.

KEYWORDS
diabetes, human epidermal growth factor receptor 2, breast cancer, metformin, metabolism

1 BACKGROUND

Up to 15% of breast cancer (BC) patients have type II dia-
betes mellitus (DM2) [1–8]. Diabetic BC patients have sig-
nificantly worse overall survival and disease-specific sur-
vival when compared with non-diabetic BC patients, sug-
gesting an association between DM2 and cancer progres-
sion [9]. Several causes are possibly involved in the associ-
ation of DM2 with BC, including hyperglycemia, insulin
signaling, insulin-like growth factor 1 (IGF-1) signaling,
and regulation of endogenous sex hormones [2]. How-
ever, the mechanisms linking DM2 (high levels of glu-
cose, IGF1, and insulin) and BC tumor biology remains
largely unknown. Alarmingly, the strategy for clinical pre-
vention/treatment to improve the outcome of diabetic BC
patients has not been established. Therefore, it is vital to
better understand the molecular basis of impact of DM2
on breast cancer growth and to develop an effective pre-
vention/treatment strategy in the context of DM2. Impor-
tantly, characterizing the DM2-regulated cellular signaling
pathways requires an immunocompetent mouse model to
study and such a model has not been well-established for
treatment strategy design.
Cancer metabolism is one of the important cancer hall-

marks in cancer progression [10]. Thus, finding the ther-
apeutic target for modulating cancer cell metabolism has
become an important field in cancer research [11–14]. DM2
linked with high levels of glucose, IGF1, and insulin is
expected to affect cancer metabolism, thereby promoting

cancer cell growth but its detailed role in metabolism reg-
ulation remains not well characterized.
Previous studies indicated that anti-insulin resistance

medications can regulate important signal molecules. For
example, metformin/phenformin activates AMP-activated
protein kinase (AMPK) [15] and inhibits respiratory chain
complex I in mitochondria [16, 17]. In addition, rosiglita-
zone can activate peroxisome proliferator-activated recep-
tor gamma (PPARγ) and increase phosphatase and tensin
homolog (PTEN) protein levels [18]. It can also negatively
regulate AKT, which is one of the key regulators in glycol-
ysis [19]. It is conceivable that controlling DM2-mediated
activity to hinder cancer growth could be a useful strategy
[20]. However, the metabolic regulatory signaling path-
ways and cancer cell growth regulatory activity of these
insulin resistance medications reagents remain not well
characterized. Also, the large scale of employing these
anti-insulin resistance medications for the clinical trials in
breast cancer patients remains an important task and a sig-
nificant challenge to be tackled.
In this study, we established a mouse breast can-

cer model with DM2 and human epidermal growth
factor receptor 2 (Her2/ErbB2) overexpression (MMTV-
ErbB2/Leprdb/db) by laborious backcrossing. The mouse
models were further analyzed for the impacts of DM2
on promoting HER2/ErbB2-overexpressing breast can-
cer growth. Anti-insulin resistance drugs were explored
to suppress the cancer growth. Our findings suggested
that anti-insulin resistance treatments could be used as
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the potential therapeutic methods for DM2 patients with
HER2 positive (HER2+) breast cancer. Thus, the MMTV-
ErbB2/Leprdb/db mouse model becomes a valuable tool to
assess functional regulation and screen potential treat-
ments in preclinical settings.

2 MATERIALS ANDMETHODS

2.1 Patients and clinical data review

The retrospective study was conducted under an approved
protocol by the Institutional Review Board of Sun Yat-
sen University Cancer Center (Guangzhou, Guangdong,
China), in compliance with the institutional guidelines
and theDeclaration ofHelsinki principles. A case-matched
control design was used. HER2+ breast cancer patients
treated at Sun Yat-sen University Cancer Center between
January 1, 2000 and September 30, 2010 were identified.
The inclusion criterion was the patient with pre-existing
DM2 at the time of breast cancer diagnosis. The exclu-
sion criteria were as follows: (1) male sex; (2) incomplete
estrogen receptor/progesterone receptor (ER/PR) charac-
terization; (3) type I diabetes; (4) resolved gestational dia-
betes; (4) incomplete records. Control non-diabeticHER2+
breast cancer patients were matched 2:1 to each case by
menopausal status, ER/PR status and stage. Cancer stage
was defined according to the clinical stage at the time of
diagnosis using the American Joint Committee on Can-
cer (AJCC) Cancer Staging Manual. From the pathology
reports, the HER2+ status was defined as a tumor hav-
ing a staining intensity of 3+ on immunohistochemistry
(IHC) or amplification (>2.2 copies) of the HER2 gene as
demonstrated by fluorescence in situ hybridization (FISH).
The ER and PR expression were also recorded based on
the pathology reports. The diabetes status was determined
based on the recorded medical history and was confirmed
by antidiabetic pharmacotherapy in both the medical and
pharmacy records. Overall survival timewas defined as the
duration between the date of cancer diagnosis and the date
of death. If the patient was not known dead, survival time
was censored at the date of last follow-up during the mon-
itoring period. Antidiabetic measures were classified as (1)
insulin or insulin analogues, (2) biguanides, (3) insulin sec-
retagogues (e.g., sulfonylureas and meglitinides), and (4)
others.

2.2 Mouse model

MMTV-ErbB2mice (strain name: Friend leukemia virus
B [FVB]-Tg [MMTV-ErbB2mice] NK1Mul/J; stock num-
ber: 005038) and Leprdb/+ mice (strain name: B6.BKS [D]-

Leprdb/J; stock number: 000697) were purchased from
The Jackson Laboratory (Bar Harbor, Maine, USA). The
MMTV-ErbB2/Leprdb/db double-transgenicmicewere gen-
erated by crossing male MMTV-ErbB2 mice with female
Leprdb/+ mice in an FVB genetic background. The strategy
for crossing to establish our animal model was necessary
because MMTV-ErbB2 female mice, although fertile, are
unable to lactate, and the Leprdb/db mice are infertile. This
breeding strategy produced all 3 Lepr genotypes (+/+,+/-,
and -/-). The offspring were maintained with their moth-
ers until age 21 days and then subjected to genotyping. All
mouse studies were carried out under a protocol approved
by The University of Texas MD Anderson Cancer Center
Institutional Animal Care and Use Committee.

2.3 Genotyping, weight measurement,
oral glucose tolerance test (OGTT), insulin
tolerance test (ITT) and glucose
measurement

The mice were tailed at weaning and DNA was extracted
from the tail for genotyping using a standard protocol pro-
vided by The Jackson Laboratory. The mice were weighed
twice each week. The weight data were plotted by geno-
types.
OGTT and ITT were performed as previously described

[21, 22]. Briefly, for OGTT, the mice fasted overnight and
were given glucose (1 g/kg) via oral gavage. Then, we
obtained blood samples from the tail vein for glucose mea-
surement at 15, 30, 60, and 120 minutes post-glucose treat-
ment. For ITT, mice fasted for 6 h. Insulin (1 U/kg) was
intraperitoneally injected and bloodwas collected from the
tail vein for glucose measurement at 30, 60, 90, and 120
minutes post-insulin injection. The blood samples were
applied to glucose test strips and measured by a regular
glucose meter.

2.4 Mammary gland whole-mount
staining

Mammary glandwhole-mount stainingwas performed fol-
lowing standard procedures [23]. Briefly, mammary glands
were fixed on glass slides with Carnoy’s solution (glacial
acetic acid: chloroform: ethanol, 1:3:6) overnight at room
temperature (RT). The glands were rehydrated prior to
overnight staining in aluminum carmine; for that staining,
carmine (1 g) and aluminum potassium sulfate (2.5 g) were
boiled for 20min in distilledwater, filtered and brought to a
final volume of 500mL. The glandswere then stored in 70%
ethanol at 4◦C overnight. Photographs were taken under
an objective lens (4×magnification) using a digital camera
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mounted on a Leica MZ12.5 microscope (Leica Instru-
ments, Wetzlar, Germany). The tumor area was quanti-
fied using Image-Pro Plus software (Media Cybernetics,
Rockville, MD, USA).

2.5 Antidiabetic drug treatments

For in vivo experiments, 8-week-old MMTV-
ErbB2/Leprdb/db mice were treated with metformin
or rosiglitazone. Metformin (cat# ALX-270-432-G005;
Enzo Life Sciences; Farmindale, NY, USA) was dissolved
directly in distilled water (0.5 g/kg/day). Rosiglitazone
(cat# 71740; Cayman Chemical; Ann Arbor, MI, USA) was
dissolved in dimethyl sulfoxide as a stock solution at 100
mmol/L and added to distilled water (1.5 mg/kg/day).
The drug concentrations were within the physiologically
relevant levels for diabetic patients. For in vitro studies,
metformin was directly dissolved in cell culture medium
at the desired concentrations and 100 mmol/L stock
rosiglitazone was added to the cell culture medium at the
desired concentrations.

2.6 Survival analysis

To assess the effect of diabetes on survival, we compared
the survival duration of the MMTV-ErbB2/Lepr+/+ mice
(n = 16) with that of the MMTV-ErbB2/Leprdb/db mice
(n = 12). To assess the effect of anti-insulin resistance
treatments on survival, mice were randomly assigned
to different cohorts as they became available by breed-
ing. We compared the survival duration of the MMTV-
ErbB2/Leprdb/db mice treated with metformin (n = 14) or
rosiglitazone (n = 14) with that of the untreated MMTV-
ErbB2/Leprdb/db mice (n = 12). All mice were monitored
weekly for tumor growth. We used CO2 inhalation as
our euthanasia method according to institutional protocol
when tumor size reached the standard for euthanasia.

2.7 Histologic staining and mitosis
count

After the mice were euthanized, tumor samples were
removed, washed in phosphate- buffered saline solution,
weighed and fixed in 10%modified formalin. After incuba-
tion in 70% ethanol overnight, the samples were embedded
in paraffin. Paraffin-embedded sections were stained with
hematoxylin and eosin according to standard procedures
[24, 25] and a certified pathologist counted themitotic cells
under high-power fields (40 ×magnification).

2.8 Cell lines and cell culture

Mouse cancer cell lines were isolated from the MMTV-
ErbB2/Leprdb/db mice and maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; cat#
SH3024301; HyClone; Marlborough, MA, USA) con-
taining 20% fetal bovine serum (FBS; cat# SH30070.03;
HyClone; Marlborough, MA, USA . The human HER2+
breast cancer cell lines (BT-474 and MDA-MB-361) were
obtained from the American Type Culture Collection
(ATCC). Briefly, cells were maintained in DMEM/high
glucose supplemented with 10% FBS and cultured at 37◦C
in 5% carbon dioxide.

2.9 Magnetic resonance spectroscopic
imaging (MRSI)

To determine the pyruvate/lactate conversion in mice,
we performed MRSI [26]. Briefly, all experiments were
performed on a 7 T Biospec small animal MRI scan-
ner (USR70/30, Bruker Biospin MRI, MA) equipped with
BGA12 gradients (120 mm inner diameter, Gmax = 400
mT/m). A dual-tuned 1H/13C birdcage coil with 72-mm
inner diameter (1P T10334, Bruker Biospin MRI, Inc.,
Ettlingen, Germany) was used for acquiring 1H reference
images and performing hyperpolarized 13C dynamic spec-
troscopy. Axial and coronal slices were prescribed to con-
tain tumors in various locations of mammary fat pads.
A slice-selective pulse acquire 13C sequence (TR/TE =

2000/2.4 ms, 2048 readout points, 4.96 kHz BW, 10 flip
angle, 96 repetitions) was initiated prior to ∼10 s the injec-
tion of 200 μL of the hyperpolarized [1-13C] pyruvate solu-
tion was performed via tail vein. All experiments were
performed on the same mice before and after anti-insulin
resistance treatments were administered.

2.10 13C polarization process

Samples composed of neat 13C pyruvic acid (26 mg) con-
taining the triarylmethyl free radical OX063 (15 mmol/L;
GE Healthcare, Chicago, IL, USA) and ProHance (1.5
mmol/L; Bracco Diagnostics, Milan, Italy) were polarized
with dynamic nuclear polarization (DNP) at 1.4 K using
a HyperSense DNP Polarizer (Oxford Instruments, Abing-
don, UK) [26]. Each sample was inserted into a 3.35-Tesla
vertical bore magnet and irradiated for more than 45 min
with 94.15 GHz microwave radiation. Each frozen sample
was then rapidly dissolved at 180◦C in 4-mL of buffer con-
taining 40mmol/L Tris, 80mmol/L sodium hydroxide and
50mmol/L sodium chloride to produce a final isotonic and
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neutral solution containing 80mmol/L hyperpolarized 13C
pyruvate.

2.11 Magnetic resonance imaging
(MRI) acquisition

All experiments were performed with a 7 Tesla BioSpec
small animal MRI scanner (USR70/30, Bruker Biospin
Corp., Billerica, MA, USA) equipped with BGA12 gradi-
ents (120-mm inner diameter, maximal constant gradient
strength = 400 mT/m), as previously described [26, 27]. A
dual-tuned 1H/13C birdcage coil with a 72-mm inner diam-
eter (1P T10334, Bruker Biospin Corp., Billerica, MA, USA)
was used to acquire 1H reference images and to perform
hyperpolarized 13C dynamic spectroscopy. Axial and coro-
nal slices were prescribed to contain tumors in various
locations of the mammary fat pads. A slice-selective pulse
to acquire 13C sequence (time to repetition/time to echo =
2000/2.4 ms, 2048 readout points, 4.96 kHz bandwidth, 10
flip angle, 96 repetitions) was initiated approximately 10
seconds prior to injecting the hyperpolarized 13C pyruvate
solution (200 μL) into the mouse’s tail-vein.
All MRSI data were processed and analyzed using cus-

tom MATLAB (The MathWorks, Inc., Natick, MA, USA)
scripts developed in laboratory. For hyperpolarized 13C
experiments, apodization was applied by a 15-Hz exponen-
tial window and the data were processed by fast Fourier
transformation. The signal intensity from the 13C metabo-
lites was calculated on the basis of the spectral area over
the full width at half maximum, the sum of spectra over all
repetitions and the total lactate signal normalized by the
sum of total pyruvate and lactate signals.

2.12 Measurement of oxygen
consumption rate (OCR) and extracellular
acidification rate (ECAR)

To further determine the effect of anti-insulin resis-
tance treatment on cancer metabolism in vitro, we iso-
lated cancer cells from tumors of the untreated MMTV-
ErbB2/Leprdb/db mice and cultured the cells in a 24-well
microplate (Seahorse Bioscience, Billerica, MA, USA).
The OCR and ECAR were measured via a Seahorse
XFe24 instrument (Seahorse Bioscience, Bilerica, MA,
USA) according to the previously described procedure [27].
Briefly, mouse tumor cells were pretreated with a low con-
centration of metformin (300 μmol/L) and then seeded
in an XF24 microplate 16 h before the experiment. Just
before the Seahorse extracellular flux assay, the culture
medium was replaced with assay medium (low-buffered
DMEM containing D-glucose [25 mmol/L], sodium pyru-

vate [1 mmol/L] and L- glutamine [1 mmol/L]) and incu-
bated for 1 hour at 37◦C. Aftermeasuring the baseline OCR
and ECAR, we sequentially injected 75 μL of mitochon-
drial respiratory chain inhibitors into each well to reach
the finalworking 1× concentrations. Afterwaiting 5min to
equally expose the cancer cells to the chemical inhibitors,
we measured the OCRs (pmol/minute/mg) and ECARs
(mpH/minute/mg).

2.13 Proliferation assay

Human HER2+ breast cancer cell lines (BT-474 and MDA-
MB-361) were split at low density in 100-mm2 dishes and
cultured in DMEM/high glucose medium with 10% FBS
overnight. On the second day, the cells were treated with
various concentrations of metformin in 10 mL of medium
for 3 days. On the fifth day, the cells were treated with var-
ious concentrations of metformin in an additional 10 mL
of fresh medium for another 3 days. All the supernatants
and cells were collected and the cells were counted using a
Z1 Coulter Particle Counter (Beckman Coulter, Brea, CA,
USA) [28, 29]. Triplicate samples were collected at each
time point.

2.14 Western blot analysis

The BT-474 and MDA-MB-361 cells were treated with
various concentrations of metformin or rosiglitazone for
2 days or 6 days. Standard Western blotting of whole-
cell lysates were performed with antibodies for pyruvate
kinase isozyme 2 (PKM2), pyruvate dehydrogenase kinase
isoenzyme 1, poly ADP ribose polymerase (Cell Signal-
ing Technology, Danvers, MA, USA) and Myc (Epitomics,
Burlingame, CA, USA), β-actin (Sigma-Aldrich, St. Louis,
MO, USA) was used as a loading control. To determine
the Myc proteasome-dependent degradation, we treated
BT-474 cells with metformin for 2 days and 10 μmol/L
of MG132 was applied 6 h before sample collection. Cell
lysates were subjected to standard Western blotting for
Myc. For the Myc ubiquitination assay, BT-474 cells were
treated withMG132 for 6 hours before sample collection as
previously described [30, 31]. Cell lysates were immuno-
precipitated with anti-ubiquitin antibody and polyubiqui-
tinated Myc was immunoblotted with anti-Myc antibody.
To determine the Myc turnover rate, we added cyclohex-
imide (500 μg/mL) to the culture medium and collected
samples at different time points according to the proce-
dure previously described [32]. Myc density was quanti-
fied using Image J software (NIH, Bethesda, MD, USA)
and plotted with GraphPad Prism (San Diego, CA, USA)
for Windows.
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2.15 Quantitative reverse
transcription-PCR (qRT-PCR)

For qRT-PCR, total RNA was collected from BT-474 cells
using TRIzol reagents (Invitrogen, Carlsbad, CA,USA) and
cDNAwas synthesized using an iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). qRT-PCR was performed
with an iQ-SYBRGreen Supermix (Bio-Rad, Hercules, CA,
USA) and a CFX96 RT-PCR detection system (Bio-Rad,
Hercules, CA,USA). 18S rRNAwas used for normalization.
TheMyc primer sequenceswere as follows: forward primer
5’-GCTGTAGTAATTCCAGCGAGAGACA-3’ and reverse
primer 5’-CTCTGCACACACGGCTCTTC-3’. The PKM2
primer sequences were as follows: forward primer 5’-
CGCCCACGTGCCCCCATCATTG-3’ and reverse primer
5’- CAGGGGCCTCCAGTCCAGCATTCC-3’. The 18s rRNA
primer sequences were as follows: forward primer 5’-
CGGCGACGACCCATTCGAAC-3’ and reverse primer 5’-
GAATCGAACCCTGATTCCCCGTC-3’.

2.16 Enzyme-linked immunosorbent
assay (ELISA)

Blood samples were taken from groups of MMTV-ErbB2/
Lepr+/+ mice, MMTV-ErbB2/Leprdb/db mice, metformin-
treated MMTV-ErbB2/Leprdb/db mice and rosiglitazone-
treated MMTV-ErbB2/Leprdb/db mice. Serum samples
were collected in BD Microtainer tubes with ethylenedi-
aminetetraacetic acid (cat# 365973, Franklin Lakes, NJ,
USA) and were frozen at -80◦C. An ELISA was performed
according to the manufacturer’s instructions (rat/mouse
insulin 96-well plate assay, cat# EZRMI-13K, EMD Milli-
pore, Burlington,MA, USA). Briefly, we thawed themouse
serum samples on ice and added 10 μL of sample to each
well of the plate. Then, we added 80 μL of detection anti-
body to each well. The plate was covered with plate sealer
and incubated at RT for 2 h on an orbital microtiter plate
shaker. After washing the plate withwash buffer, we added
100 μL of enzyme solution to each well and incubated the
plate at RT for 30 min on the plate shaker. After washing
the plate again with wash buffer, we added 100 μL of sub-
strate solution to each well and incubated the plate on the
shaker for 20 min. Then, we added 100 μL of stop solution
to each well and measured the absorbance at 450 nm and
590 nm using ELISA plate reader.

2.17 Multiplex assay

Tumor samples were isolated from the MMTV-
ErbB2/Leprdb/db mice treated with metformin or rosigli-
tazone and from those in the control group and were

stored at -80◦C. Fresh tumor lysates were prepared on the
assay day and a multiplex assay was performed according
to the manufacturer’s instructions (11-Plex AKT/mTOR
Panel-Phosphoprotein, cat# 48-611, EMD Millipore) or as
previously described [22].
Briefly, tumor lysates were diluted 1:1 with MILLI-

PLEXMAP assay buffer 2. We added bead suspension and
diluted lysates and incubated the assay plate overnight at
4◦C on a plate shaker that was protected from light. On
the second day, after washing the plate with wash buffer,
we added biotinylated reporter to each well and incubated
the plate for 1 h at RT on a plate shaker that was pro-
tected from light. After removing the reporter via vac-
uum filtration, we added MILLIPLEXMAP streptavidin-
phycoerythrin to each well and incubated the plate for 15
min at RT on the plate shaker, which was protected from
light. Without removing the streptavidin-phycoerythrin,
we added MILLIPLEXMAP amplification buffer to each
well; the plate was incubated for 15 min at RT on the plate
shaker andwas protected from light. Finally, the bufferwas
removed via vacuum filtration and the beads in each well
were suspended using MILLIPLEXMAP assay buffer 2.
The plate was read using a Luminex 200 analyzer (Austin,
TX, USA).

2.18 Adipokine array analysis

Serum samples were prepared as previously described
for the ELISA. An adipokine array assay was performed
according to the manufacturer’s instructions (mouse
adipokine array, cat# ARY013, R&D Systems, Minneapo-
lis, MN, USA). Briefly, membranes were blocked for 1 h
on a rocking platform. Three serum samples from each
group ofmicewere premixed together and a detection anti-
body cocktail was added to serum samples following 1 h
of incubation at RT. After removing the blocking solution,
we added the sample-antibodymixtures to themembranes
and incubated the membranes overnight at 4◦C on a rock-
ing platform. After washing the membranes with wash
buffer, we incubated the membranes with streptavidin-
horseradish peroxidase solution for 30 min and subjected
them to x-ray film exposure.

2.19 Statistical analysis

The log-rank test was used to determine the statistical sig-
nificance of differences in survival duration. Kaplan-Meier
survival curve were used. An unpaired t test with Welch’s
correction was performed when comparing 2 groups. One-
way analysis of variance or Bonferroni’s multiple com-
parisons test were performed when comparing 3 or more
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groups. All tests were performed using GraphPad Prism
version 6.0 for Windows (GraphPad Software, San Diego,
CA, USA). Results are expressed as means ± 95% confi-
dence interval (CI). P values less than 0.05were considered
statistically significant.

3 RESULTS

3.1 Diabetes is associated with poor
overall survival of HER2+ breast cancer

To investigate the impact of diabetes on breast cancer,
we conducted a case-matched control study of Chinese
HER2+ breast cancer patients treated at the Sun Yat-
sen University Cancer Center (Guangzhou, Guangdong,
China) between January 1, 2000 and September 30, 2010.
We found that out of 1511 HER2+ patients, there were 112
(7.4%) cases with pre-existing DM2 at the time of breast
cancer diagnosis. A total of 98 (87.5%) cases with DM2who
met the inclusion and exclusion criteria constituted the
cohort for review. Controls from the non-diabetic HER2+
breast cancer patients were matched to each case. Kaplan-
Meier analysis of overall survival showed that the Chinese
HER2+ breast cancer patients with pre-existing DM2 had a
shorter survival (75th percentile = 53.7 months) than non-
diabetic patients (75th percentile = 75.4 months; log rank
test; P = 0.02; Figure 1A left panel). We further classified
them into 2 groups based on whether they received met-
formin treatment at the time of cancer diagnosis. Kaplan-
Meier analysis of overall survival of these 2 groups showed
that the diabetic patients who received metformin at the
time of cancer diagnosis had significantly longer overall
survival than those who did not receive metformin (log
rank test; P = 0.04; Figure 1A right panel). Therefore, the
association of DM2 with poor HER2+ breast cancer sur-
vival was observed in our cohort study.
Due to the limitation of obtaining human cancer sam-

ples for further analysis and performing experiments to
monitor the tumor progression under the impact of DM2,
we set up a mouse model that develops breast cancer
under the influence of DM2 for cancer study. To estab-
lish a diabetic breast cancer mouse model for treatment
strategy design, we generated a diabetic HER2+ breast
cancer mouse model as shown in Figure 1B by breeding
mutant Leprdb/+ mice (C57 BL/6 background) with trans-
genic MMTV-ErbB2mice FVB background. Leprdb/+ C57
BL/6 background mice were laboriously backcrossed with
FVBmice several generations to obtain Leprdb/+ with FVB
genetic background and we finally obtained the MMTV-
ErbB2/Leprdb/db mice with FVB background. Due to the
genetic impact from Lepr, the MMTV-ErbB2/Leprdb/db
mice weighed significantly more than their control

MMTV-ErbB2/Lepr+/+ littermates (Figure 1C). This over
weighted situation also leads to type II diabetes mellitus
(Figure 1D). MMTV-ErbB2/Leprdb/db mice indeed mani-
fested DM2 after carrying the transgenes, as validated via
OGTT and ITT (Figure 1D). The above data indicated that
we successfully established an ErbB2+ breast cancer ani-
mal model of type II diabetes in FVB genetic background.

3.2 Early tumor onset and poor cancer
survival rate in diabetic ErbB2+ breast
cancer mouse model

We found that MMTV-ErbB2/Leprdb/db mice at 180 days
developed carcinoma while the MMTV-ErbB2/Lepr+/+
mice did not (Figure 2A). We dissected paired mice of the
same age (240 days) and isolated the mammary glands
for whole-mount staining (Figure 2B) and found that the
tumor volume in representative mammary glands and
tumor weight was significantly greater in the MMTV-
ErbB2/Leprdb/db mice than in the MMTV-ErbB2/Lepr+/+
mice at the end point (Figure 2C). Importantly, theMMTV-
ErbB2/Leprdb/db mice died at a significantly younger age
than the MMTV-ErbB2/Lepr+/+ mice (P = 0.0004; Fig-
ure 2D). The median survival durations for the MMTV-
ErbB2/Leprdb/db and theMMTV-ErbB2/Lepr+/+micewere
5.9 months and 7.6 months, respectively. Tumor incidence
was also dramatically more in the MMTV-ErbB2/Leprdb/db
mice than in the MMTV-ErbB2/Lepr+/+ mice (P < 0.0001;
Figure 2E). Thus, the effect of diabetes has impact on
early onset of breast cancer progression and leads to bigger
tumor volume and a worse outcome in the diabetic Her2+
breast cancer mouse model.

3.3 Metformin inhibits proliferation
and induces ubiquitin-mediated Myc
degradation in human HER2+ breast
cancer cell lines

To investigate whether controlling the diabetic situation
can regulate tumorigenesis, we assessed the effect of anti-
insulin resistance treatments in repressing cancer progres-
sion.We treated humanHER2+ breast cancer cells (BT-474
and MDA-MB-361 cells cultured under high glucose con-
ditions) with anti-insulin resistance medicine metformin.
We found thatmetformin efficiently inhibited cell prolifer-
ation (1-way analysis of variance, P< 0.001) at a dose of 0.5
mmol/L (Figure 3A). We therefore investigated the targets
of metformin treatment in human HER2+ breast cancer
cell lines. Western blot results showed that metformin
caused poly ADP ribose polymerase (PARP) cleavage
and suppressed Myc expression (Figure 3B left panel).
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F IGURE 1 Type II diabetes (DM2) promotes HER2+ breast cancer. A. Pre-existing DM2 is associated with shorter overall survival than
non-diabetic HER2+ breast cancer patients in a case-match control comparison (left). Metformin use at the time of cancer diagnosis is asso-
ciated with longer overall survival in diabetic HER2+ breast cancer patients (right). B. Scheme of mouse breeding. MMTV-ErbB2mice (FVB
background) were crossed with Leprdb/+ mice (CB57 BL/6 background). Leprdb/+ mice (CB57 BL/6) were back crossed with FVB background
mice several generations to obtain the pure FVB background for generatingMMTV-ErbB2/Leprdb/db in a FVB background. Genotyping was per-
formed and mice that carried the MMTV-ErbB2gene were collected for further study. C. Generated MMTV-ErbB2/Leprdb/db mice (FVB) mani-
fested the expected phenotype with increased bodyweight. Mouse body weight change for the MMTV-ErbB2/Lepr+/+ mice versus the MMTV-
ErbB2/Leprdb/db mice. D. Oral glucose tolerance tests (OGTTs) and Insulin tolerance tests (ITTs) were performed on MMTV-ErbB2/Lepr+/+

mice (n= 6) andMMTV-ErbB2/Leprdb/db mice (n= 5). Values are means± 95% confidence interval (CI); ***, P<0.05. The area under the curve
was analyzed to show statistical significance.
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F IGURE 2 Diabetes condition accelerates the growth rate of ErbB2 cancer. A. Representative images of tumor growth of MMTV-
ErbB2/Leprdb/db mice at age of 180 days. Scale bar, 100 μm. B. Representative mammary whole-mount staining for the indicated mice. The
tumor areas are circled in yellow. LN, lymph node. Scale bar, 1mm. C. Quantitative analysis of the yellow circled pictures in (B) were taken
under a dissection microscope (30 × ), and the relative tumor area was quantified by Image-Pro software. Values are means ± 95% CI. Mouse
number: MMTV-ErbB2/Lepr+/+ (n = 13); MMTV-ErbB2/Leprdb/db (n = 12). Quantification of tumor weight from tumors of indicated mouse
model at age of 240 days. **, P < 0.01. D. Overall survival duration and (E) cumulative tumor incidence for the MMTV- Her2/Lepr+/+ mice
(n = 16) versus the MMTV-ErbB2/Leprdb/db mice (n = 12).
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F IGURE 3 Metformin-mediated HER2+ human breast cancer cell growth inhibition and Myc degradation. A. BT-474 and MDA-MB-361
cell proliferation after 6 days ofmetformin treatment at various concentrations. One-way analysis of variance, P<0.001. B.Western blot analysis
of key metabolic protein expression and PARP cleavage after 6 days of metformin treatment. C. Metformin-mediated Myc downregulation in
the presence of MG132. The BT-474 cells were pretreated with metformin for 2 days and cell lysates were collected after 6 h of MG132 treatment.
Myc protein levels were detected by western blot. D. Metformin affects Myc ubiquitination. BT-474 cells were treated with MG132 for 6 h before
harvesting. Cell lysates were immunoprecipitated (PD) with anti-ubiquitin antibody and polyubiquitinated Myc was immunoblotted (IB) with
anti-Myc antibody. The highly ubiquitinatedMyc on the gelwas indicated. E.Metformin reducesMyc turnover rate. BT-474 cellswere pretreated
with metformin for 2 days and cell lysates were collected after cycloheximide (CHX) treatment at various time points. Myc protein level was
detected by western blot (upper panel). Quantitative analysis for Myc protein expression level was summarized in lower panel. Density was set
as 100% at the zero time point in each group.
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Metformin also suppressed the expression of PKM2, the
key Myc-controlled enzyme for pyruvate/lactate conver-
sion. We also performed qRT-PCR in cells to determine
the mRNA expression level of Myc and its downstream
targets in human HER2+ breast cancer cells. Our data
indicated that bothMyc and PKM2were downregulated at
the transcriptional level in cells treated with 0.5 mmol/L
metformin (P < 0.0001; Figure 3B right panel). At the
same time we performed a proteasome inhibition assay
and found that metformin-mediated Myc downregulation
could be rescued when treated with MG132, suggesting
that metformin could suppress Myc expression through
proteasome-dependent degradation pathway (Figure 3C).
We then performed an ubiquitination assay and found
that metformin increased the poly-ubiquitination of Myc
in a dose-dependent manner (Figure 3D), confirming
that metformin mediated Myc degradation through an
ubiquitin-mediated proteasome degradation pathway.
Consistently, the metformin-treated cells had a higher
Myc protein turnover rate than the control cells (Fig-
ure 3E). These results validate that Myc and PKM2 are
part of the functional targets of metformin in HER2+
cancer.

3.4 Metformin improves insulin
tolerance and decelerates the tumor onset
in the diabetic ErbB2+ breast cancer mouse
model

Based on the role of metformin in inhibiting the growth
of HER2+ breast cancer, we set to investigate the effect
of metformin in MMTV-ErbB2/Leprdb/db mice model.
We first performed the OGTT and ITT and found that
diabetic condition of MMTV-ErbB2/Leprdb/db mice was
improved after metformin treatment (Figure 4A). While
the body weight of MMTV-ErbB2/Leprdb/db mice changes
slightly by metformin/rosiglitazone treatment (Figure 4B
left panel), the serum insulin level was dramatically
improved after the metformin/rosiglitazone treatment, as
indicated by ELISA analysis for serum insulin levels (Fig-
ure 4B right panel). The insulin level was 15 times higher
in the MMTV-ErbB2/Leprdb/db mice than in the MMTV-
ErbB2/Lepr+/+ mice (P < 0.001) and was dramatically
lower in the mice treated with metformin or rosiglita-
zone (P < 0.01; Figure 4B right panel). We then stud-
ied the impact of metformin/rosiglitazone treatment on
the tumorigenesis in MMTV-ErbB2/Leprdb/db mice. The
MMTV-ErbB2/Leprdb/db mice were assigned to 1 of 3
groups: treatment with metformin, rosiglitazone or no
treatment. We isolated the mammary glands from mice
of similar ages for whole-mount staining. Whole-mount

staining showed that anti-insulin resistance treatments
decelerate tumor progression in the mammary glands and
significantly reduced the tumor size (P < 0.0001; Fig-
ure 4C).

3.5 Anti-insulin resistance medications
reduce cancer metabolism in vivo

To determine whether anti-insulin resistance treatments
would change the metabolic process in the MMTV-
ErbB2/Leprdb/db mice, we performed MRSI to monitor the
dynamic flux of pyruvate into lactate, which is the end
product of aerobic glycolysis and an important signature
for cancer metabolism. Using hyperpolarized technology,
we injected the substrate carbon-13 (13C) pyruvate into the
MMTV-ErbB2/Leprdb/db mice and traced the 13C signal to
lactate in vivo. We performed MRI before the substrate
13C pyruvate injection to locate the tumor area. Metabolic
flux of pyruvate-to-lactate reaction is lower in MMTV-
ErbB2/Leprdb/db mice (metformin/rosiglitazone treated)
when compared with vehicle treated mice, as assayed by
13C-pyruvate-based MRSI (Supplementary Figure S1A). By
quantitation, metformin treatment for 2 weeks yielded
about an 80% reduction in pyruvate/lactate conversion
(Supplementary Figure S1B), and 2 days of rosiglitazone
treatment yielded about a 50% reduction (Supplementary
Figure S1B). These data indicated that anti-insulin resis-
tance treatments reduced pyruvate/lactate conversion and
altered cancer metabolism in vivo.

3.6 Metformin reduces mitochondrial
respiration capacity and glycolysis

To further evaluate the effect of metformin on cancer
metabolism, we isolated cancer cells from the primary
tumors of the MMTV-ErbB2/Leprdb/db mice and measured
the OCR and the ECAR. The mean OCRwas lower in cells
treated with metformin (0.3 mmol/L) than in untreated
cells (Figure 5A), indicating that the mitochondrial respi-
ration capacity was reduced. The metformin-treated cells
also had decreased ECARs, indicating that lactate pro-
duction was attenuated and confirmed that metformin
reduced glycolysis (Figure 5B), as we observed in MRSI
metabolic flux of pyruvate-to-lactate experiment in vivo.
These data suggest that metformin changed the cancer
metabolism by reducing mitochondrial respiration and
impacting on both anaerobic and aerobic glycolysis. As
mTOR/AKT signaling is involved in cancer metabolism
deregulation, we then examined the possible deregula-
tion in MMTV-ErbB2/Leprdb/db mice tumors after the
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F IGURE 4 Anti-insulin resistant treatments inhibit cancer progression in MMTV-ErbB2/Leprdb/db mice. A. Metformin improved type
II diabetes in the MMTV-ErbB2/Leprdb/db diabetic HER2+ breast cancer mouse model. OGTT and ITT were performed on the MMTV-
ErbB2/Leprdb/db mice (n = 4) before and after 2 weeks of metformin treatment. B. Mouse body weight change for the MMTV-ErbB2/Lepr+/+

mice versus the MMTV-ErbB2/Leprdb/db mice under the anti-insulin resistant treatments. c, untreated control; m, metformin; o, orlistat; r,
rosiglitazone; m/r, metformin+rosiglitazone. ELISA analysis for serum insulin levels from mice from the 2 treatment groups and untreated
controls. Lepr+/+, MMTV-ErbB2/Lepr+/+ mice (n = 10); Control, untreated MMTV-ErbB2/Leprdb/db mice (n = 12); Met, metformin-treated
MMTV-Her2/Leprdb/db mice (n = 10); Rosi, rosiglitazone-treated MMTV-ErbB2/Leprdb/db mice (n = 16). Values are displayed as means ± 95%
CI. C. Representative mammary whole-mount staining for the MMTV-ErbB2/Leprdb/db mice from the 3 treatment groups: control (n = 12),
treated with metformin (n = 6) and treated with rosiglitazone (n = 6). The tumor areas are circled in yellow (left panel). LN, lymph node.
Quantitative bar graph represents the tumor size from C (right panel). Values are means ± 95% CI. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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F IGURE 5 Anti-insulin resistant treatments reduce cancer
metabolic rate. A-B. OCR (A) and ECAR (B) were measured in
tumor cells treated with metformin and untreated controls. Tumor
cellswere harvested from theuntreatedMMTV-ErbB2/Leprdb/dbmice
and seeded into a 96-well plate for Seahorse analysis. Values are
means ± standard deviation. OLIGO, oligomycin; FCCP, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone; ROT/ANTI, rotenone
and antimycin A. C. Multiplex analysis for the mTOR/AKT sig-
naling pathway in the tumors harvested from untreated MMTV-
Her2/Leprdb/db mice (n = 12, control) and those treated with met-
formin (n = 6) or rosiglitazone (n = 6). Values are means ± standard
deviation.

treatment of metformin/rosiglitazone. We found that met-
formin/rosiglitazone medications can abrogate the activa-
tion of the mTOR/AKT signaling pathway in the mouse
tumors as shown by the reduced phosphorylation of AKT-
S473 and RPS6-S235/S236 (Figure 5C).

3.7 Metformin/rosiglitazone changes
the adipokine profiles of tumors,
suppresses high mitotic counts, and
increases poor survival in
MMTV-ErbB2/Leprdb/db mice

Because DM2 is a severe metabolic disease and increases
body weight and adipose tissue, we investigated and
found that the adipokine profile changed in MMTV-
ErbB2/Leprdb/db mice (Supplementary Figure S2A). We
found that drug treatments reversed the effect of DM2
on the expression levels of adiponectin [33], fibroblast
growth factor 1 (FGF1) [34, 35], monocyte chemoattractant
protein-1 (MCP1) [36], and receptor for advanced glycosy-
lation end products (RAGE) [37] (Supplementary Figure
S2B). These changes in adipokines induced by anti-insulin
resistance treatments may block the promoting effect of
diabetes and obesity on HER2+ breast cancer progres-
sion. These findings highlight the complexity of the DM2-
mediated cancer promoting process in vivo and support the
emerging paradigm that physiological conditions of DM2
such as adipokine production are subjected to regulation
at various levels via the act of metformin/rosiglitazone.
Histologic analysis results showed that the tumor sam-

ples fromMMTV-ErbB2/Leprdb/dbmice were poorly differ-
entiated, with solid growth patterns, high nuclear grades
and high mitotic counts. Compared with the control sam-
ples, the tumor samples from the metformin/rosiglitazone
treatment groups were moderately differentiated, with
glandular formation, and lowermitotic counts (Figure 6A).
Importantly, treatment with metformin or rosiglitazone
prolonged overall survival (Figure 6B) and reduced tumor
incidence (Figure 6C) in the MMTV-ErbB2/Leprdb/db
mouse model. Therefore, anti-insulin resistance medica-
tions can improve survival in diabetic -ErbB2-expressing
mouse breast cancer model, recapitulating the observation
in human HER2-overexpressing cohort.

4 DISCUSSION

DM2 has been implicated in a wide variety of cancers,
including breast cancer. Here, we demonstrated that DM2
promotes the progression of HER2+ breast cancer and this
aggressiveness is attenuated by metformin and rosiglita-
zone. Significantly, we successfully established the first
transgenic mouse model with diabetes, obesity and breast
cancer, and confirmed that these mice’s survival duration
was shorter than that of the control mice. Furthermore,
we demonstrated that metformin and rosiglitazone signifi-
cantly prolonged overall survival and altered themetabolic
status of HER2+ breast cancer in the mouse model. Our
results provide insights into the potential therapeutic value
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F IGURE 6 Anti-insulin resistant medications elevate cancer survival rate in MMTV-ErbB2/Leprdb/db mice. A. Tumor samples were har-
vested from the 3 treatment groups (Metformin, Rosiglitazone, and Control) and paraffin sections were stained with hematoxylin and eosin.
Pictures were taken under 40 ×magnification and were analyzed by a pathologist. Arrows indicate mitosis. Scale bar: 100 μm. B. Overall sur-
vival duration for the untreated MMTV-ErbB2/Leprdb/db mice (n = 12; Control) and for those treated with metformin (n = 13) or rosiglitazone
(n = 13). C. Cumulative tumor incidence rate for the MMTV-ErbB2/Leprdb/db mice in the 3 treatment groups (Metformin, Rosiglitazone, and
Control).

of anti-insulin resistance medications for treating diabetic
HER2+ breast cancer patients.
Previous studies have tried to establish diabetic breast

cancer model, but failed to establish a significant one.
Cleary et al. [38] and Zheng et al. [39] crossed MMTV-
TGF-α mice or MMTV-Wnt-1 mice with Leprdb/+ mice
and maintain the mice in a C57BL/6 genetic background
to investigate the contribution of diabetes (due to lep-
tin receptor deficiency) in promoting cancer growth.
However, they have made a wrong turn by performing
the experiment in a C57BL/6 genetic background by
backcrossing MMTV transgenic mice (FVB) back to
C57BL/6 genetic background. They concluded that the
leptin receptor deficiency suppressed the development of
mammary tumors rather than promoting cancer growth.

Thus, diabetic breast cancer model was not established.
This is a misleading conclusion as the C57BL/6 genetic
background of the MMTV-TGF-α mice or MMTV-Wnt-1
mice becomes resistant to tumor progression in mouse
models. This type of animal model experiment needs to be
performed in FVB background. MMTV-TGF-α/Leprdb/db
mice orMMTV-Wnt-1/Leprdb/db mice in a C57BL/6 genetic
background is resistant to cancer growth, thus is doomed
for inconclusive results. In our transgenic mouse model,
we performed our studies in a tumor-prone FVB genetic
background instead of a tumor-resistant C57BL/6 genetic
background and proved that DM2 promotedHER2+ breast
cancer progression. The MMTV-ErbB2/Leprdb/db exper-
iment was established for Her2+ breast cancer and the
breeding has taken a long time to achieve for this precious
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model. To our knowledge, we are the first group to success-
fully generate hyperinsulinemic, hyperglycemic and obese
MMTV-ErbB2/Leprdb/db mice model in FVB background.
We established this mouse model to determine the mech-
anism by which anti-insulin resistance agents suppress
Her2+ breast cancer progression. It is clear there is a
limitation of obtaining human cancer samples for moni-
toring the tumor development under the impact of DM2;
therefore, setting up an animal mousemodel that develops
breast cancer under the influence of DM2 is critical for
cancer treatment strategy design/prevention studies.
Metformin is a biguanide and it improves insulin resis-

tance by yet unclear mechanisms but may involve acti-
vation of AMPK, inhibition of respiratory chain complex
1 [40, 41] and activation of G6PDH [42]. Rosiglitazone is
a thiazolidinedione which activates PPAR-γ receptors to
improve insulin resistance [43]. It also causes a significant
redistribution of fat away from viscera and liver with a con-
comitant increase in insulin sensitivity. We investigated
how metformin or rosiglitazone can improve the overall
survival of our diabetic breast cancer mouse model. Our
study showed that metformin causes Myc downregulation
both transcriptionally and post-transcriptionally. In terms
of post-transcriptional regulation, metformin enhanced
ubiquitin-mediated Myc degradation. While the detailed
mechanistic regulation remains to be determined, Myc
downregulation explains why PKM2 [44], a Myc transcrip-
tional target [27], is also downregulated. Given that Myc
is involved in cancer metabolic reprogramming, we then
focused on the Myc-PKM2 axis in metabolic flux. We used
a hyperpolarized 13C pyruvate tracer to accuratelymeasure
the real time metabolic flux of pyruvate-to-lactate reaction
by MRSI. The application of 13C-pyruvate-based MRSI can
accurately visualize tumors and their difference between
the tumors ofMMTV-ErbB2/Leprdb/db (metformin/ rosigli-
tazone treated) and vehicle treated mice, and the chemi-
cal fate of the hyperpolarized 13C pyruvate was monitored
[45, 46]. Our data showed that metformin mediated Myc-
PKM2 axis change is reflected in reduced metabolic flux
change. This advanced tumor imagingmethod is sensitive,
safe, non-invasive and non-radioactive [47, 48], and is able
to provide deep insight into glycolytic regulation during
tumorigenesis in real time. We previously employed this
technology to investigate the growth inhibitory role of 14-3-
3 σ, a negative regulator of glycolysis, and thereby demon-
strated the induction of 14-3-3 σ in diminishing pyruvate-
to-lactate flux [27]. In conclusion, targeting theMyc-PKM2
axis may be an alternative therapeutic strategy for cancer
intervention in cancers with DM2.
The Warburg effect is an important factor in cancer

cell metabolism [19, 49] and one of the hallmarks of
cancer [10, 50]. Regardless of whether oxygen is present,
cancer cells tend to undergo aerobic glycolysis and convert

most glucose to lactate instead of moving into the tricar-
boxylic acid cycle. To confirm our in vivo observation,
we isolated cancer cells from the primary tumor sites of
MMTV-ErbB2/Leprdb/db mice and monitored the effect
of metformin. As a well-known mitochondrial complex
I inhibitor [17], metformin at clinically relevant concen-
tration efficiently suppressed oxygen consumption in the
cancer cells in a sea horse experiment, indicating that the
mitochondrial respiratory chain reaction was repressed.
At the same time, we observed that lactate production
decreased after the cancer cells were treated with met-
formin, consistent with our MRSI finding in terms of
metabolic flux change. It is conceivable that metformin
reduces the activation of AKT and mTOR and causes
Myc downregulation, which in turn affects multiple key
components in the glycolytic pathway [51]. Indeed, we
identified adipokines thatwere upregulated under diabetic
conditions and found that adiponectin, FGF-1, MCP-1 and
RAGE were significantly downregulated by anti-insulin
resistance treatments. These 4 adipokines may serve as,
as yet unknown, cancer regulators in HER2+ breast can-
cer progression. This finding indicates that anti-insulin
resistance treatments at clinically relevant concentrations
not only alter cancer cell metabolism but also render the
microenvironment unfavorable for tumor progression in
our diabetic HER2+ breast cancer mouse model.
Significantly, our retrospective cohort study on HER2+

breast cancer patients who were on metformin have sig-
nificantly longer overall survival than those who were not
metformin user, is consistent with the observation of a
recent phase III clinical randomized trial ALTTO evaluat-
ing the combination of adjuvant trastuzumab (anti-HER2
antibody)/lapatinib and metformin use [52, 53]. It shows
that metformin use improves the prognosis of HER2+
breast cancer patients with DM2. Our animal experiments
and retrospective cohort studies recapitulate some of these
clinical managements, suggesting the usefulness of our
animal model. In addition to metformin, we expect that
a similar clinical trial using rosiglitazone will possibly
achieve the similar clinical outcome.
In summary, our animal model enabled experimental

DM2 recapitulation, functional assessment and mecha-
nistic elucidation to show that DM2 facilitated ErbB2+
breast tumor growth by hyperinsulinemia and hyper-
glycemia, resulting in stabilizing Myc/increasing mTOR
activity and instigating cancer metabolic reprogramming,
such as ECAR, OCR and adipokine profile changes (Fig-
ure 7). Clearly, the observed effect of anti-insulin resis-
tance treatments in hindering metabolic reprogramming
process plus downregulating systemic insulin levels and
altering adipokine profiles in our studies is important for
future rational cancer therapy. Thus, the results from this
study may provide insights into new clinical management
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F IGURE 7 Metformin antagonizes diabetic HER2+ breast can-
cer signaling in regulating metabolic reprogramming. The model
shows the metformin’s inhibitory effect on diabetic and HER2 sig-
naling pathways in regulatingmetabolism to decelerate breast cancer
growth.

of HER2+ breast cancer patients with DM2 to improve
survival of this subgroup of breast cancer patients. Our
results established a mouse model to recapitulate HER2+
breast cancer in the presence of diabetic condition. DM2
increases the stabilization of Myc and elevates mTOR
activity to establish metabolic reprogramming. Impor-
tantly, anti-insulin treatment is effective in correcting
thesemetabolic reprogramming processes. Future rational
cancer therapy forHER2+ breast cancer patientswithDM2
can be strategically designed for better treatment.
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