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Diabetes, Breast Cancer, and Metformin

Emerging data suggest that metformin treatment is associated
with reduced breast cancer incidence and mortality for individ-
uals with type II diabetes [7, 6, 17]. For years, many studies
have been done to investigate the possible direct and indirect
effects of metformin on cancers of various origins. In diabetic
patients, metformin improves metabolic function by promoting
muscle glucose uptake and lowering hepatic gluconeogenesis
[14, 15, 36]. In cultured cancer and normal cells, metformin has
pleiotropic effects, including decreasing mitochondrial electron
transport complex I activity, increasing the cellular AMP to
ATP ratio, and activating the AMPK signaling pathway. The
consequence of this is reduced protein translation, DNA syn-
thesis, and cell proliferation. In isolated cancer stem-like cells
(CSC), metformin’s targets range from inflammation [13], to
micro-RNAs [1], to the synthesis of nucleotide triphosphates
[16]. The diversity of responses elicited by metformin from
different tissues and from the specific cell types within those
tissues suggests that metformin may be a valuable therapeutic
for the treatment of a variety of cancers at many stages of tumor
progression. Indeed, scores of clinical trials aiming to investi-
gate the therapeutic effects of metformin for patients with
cancer are either planned or ongoing. For breast cancer, large
trials are open for patients with early-stage disease
(NCT01101438) and metastatic disease (NCT01310231). The
results of these trials are highly anticipated and will likely
answer many lingering questions about the efficacy of metfor-
min against cancer in nondiabetic patients. Short-term trials
have also been conducted to evaluate the effects of metformin
on breast tumor cell proliferation (NCT00897884) and tumor
cell metabolism (NCT01266486).

In this issue, Wahdan-Alaswad et al. demonstrate that in
ER/PR/HER2-negative (triple negative (TN)) breast cancer
cells metformin treatment targets fatty acid synthase (FASN)
through a miR193b-dependent mechanism. Specifically, in
TN breast cancer cells, metformin upregulated miR193b,
which directly targeted the FASN mRNA resulting in de-
creased FASN protein levels. This was associated with re-
duced proliferation and increased apoptosis. Gene expression
profiling also revealed changes in other metabolic enzymes,
including members of the cholesterol biosynthesis pathway,
suggesting that metformin may impact cancer cell lipid me-
tabolism networks at multiple nodes. One limitation of this
study is that the levels of cellular fatty acids were not quanti-
fied. Presumably, the amounts of de novo synthesized fatty
acids correlate with the levels of FASN protein. In cancer
cells, FASN expression is regulated by the HER2/Neu and
PI3K signaling pathways, steroid hormones, and genomic
amplification [20, 34, 37, 42]; however, the spectrum of fatty
acid products and the kinetics of the FASN reaction can be
altered by effector proteins [21, 32]. Interestingly, the effects
of metformin on miR193b and FASN were only observed
when cells were grown in media containing physiologic glu-
cose levels (5 mM) compared to high glucose (17 mM). The
metformin-mediated increase in miR193b inhibited
mammosphere formation and also reduced the population of
CSC (CD24low/CD44hi/ALDH+); all of these effects were
blocked by antagomirs of miR193b. Inhibition of FASN using
C75 or cerulenin also reduced mammosphere formation, sug-
gesting that CSC, particularly of the TN subtype, are critically
dependent on FASN activity.

Cell Type-Specific Metabolic Activity

The FASN enzyme is frequently elevated in solid tumors from
a variety of tissues compared to surrounding normal cells, and
this appears to occur early during tumorigenesis (reviewed in
[19]). Studies have shown that the majority of fatty acids in
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cancer cells are derived from de novo synthesis regardless of
the availability of preformed extracellular lipids derived from
the diet or adipose stores [27, 33]. This observation suggests
that the de novo synthesized fatty acids meet a specific need
during tumorigenesis or tumor progression, which cannot be
met by dietary lipids. Increased de novo fatty acid synthesis
provides several advantages to tumors. Cancer cells are rap-
idly dividing and have a heightened requirement for mem-
brane phospholipid precursors. In addition, certain fatty acids
can regulate intracellular signaling pathways either by activat-
ing signaling molecules or through posttranslational modifi-
cation of pro-tumorigenic kinases, such as Ras and Src [22,
30, 31]. Because of the apparent dependence of early tumor
growth on the FASN enzyme, many studies have focused on it
and other members of the fatty acid synthesis pathway for
cancer therapy.

Recent studies have provided insight into metabolic differ-
ences between stem cells and somatic cells, as well as CSC
and non-stem cancer cells. Stem cells, including embryonic
stem cells (ESC), hematopoietic stem cells (HSC), and in-
duced pluripotent stem cells (iPSC), appear to rely on glycol-
ysis rather thanmitochondrial respiration for the production of
ATP (reviewed in [29]). The metabolomes of iPSC and ESC
are closely related to each other and are consistent with
observations that inhibition of oxidative pathways sustains
pluripotency [28, 41]. Specifically, iPSC and ESC have a
decrease in the metabolites derived from mitochondrial respi-
ration and an increase in glycolytic intermediates [28]. The
metabolic activity of stem cells may be unique, depending on
what differentiation pathway the cells adopt. For example,
HSC display particular requirements for either glucose or
glutamine, depending upon whether differentiating along the
erythroid or myeloid pathways [26]. A recent study demon-
strated that FASN activity is critical for maintaining the pop-
ulation of neural stem/progenitor cells [18], in a manner
similar to that described byWahdan-Alaswad et al. If de novo
synthesized fatty acids are important in maintaining stem cells
in an undifferentiated state, it is not surprising that these cells
become glucose-dependent in order to generate the building
blocks for fatty acids.

The metabolic profile of CSC in breast cancer remains
controversial and understudied. One study used a proteomics
approach to determine that breast CSC rely on glycolysis more
than differentiated breast cancer cells [8], which is consistent
with observations made in noncancer stem cells. A different
group demonstrated elevated glucose consumption and ATP
levels, reduced lactate production, and a greater reliance on
mitochondrial respiration in breast CSC compared to differ-
entiated cells, indicating the absence of the classic Warburg
phenotype [38]. Stem cells present in primary glioblastoma
were observed to be highly glucose-dependent and under
conditions of low glucose availability, they upregulated
GLUT3. Compared to GLUT1, the GLUT3 transporter has a

higher affinity for glucose, and its increased expression would
provide a competitive advantage for a cell in an environment
with limited glucose. It is currently unknown precisely how
circulating glucose impacts stem-like cell populations in
breast cancer. Based on published studies, one could postulate
that elevated glucose, such as that associated with type II
diabetes, would support the expansion of breast CSC pools.
On the contrary, it is unclear if breast CSC are uniquely able to
survive and/or expand under conditions of limited glucose.
Future studies will surely address the mechanisms through
which peripheral metabolic disease alters CSC survival, pro-
liferation, and differentiation. While the observations that
some CSC are dependent on glucose have provided insight
into their metabolism, it will be important to identify precisely
how these cells use glucose (i.e., aerobic glycolysis versus
mitochondrial respiration) in order to develop therapies that
selectively eliminate this cell population. Finally, to develop
metabolism-based therapies with specificity to CSC, it will be
critical to define the precise metabolic differences that exist
between them and noncancer stem cells.

Breast Cancer Subtypes and Warburg Metabolism

While it is a relatively rare form of breast cancer, the TN
subtype presents unique challenges for both physicians and
patients (reviewed in [11]). It is called “triple negative” be-
cause it lacks ER, PR, and HER2, making targeted therapy
ineffective. Instead, many patients must take chemotherapy,
which often has undesirable side effects. The observation that
TN breast cancer cells are more sensitive to metformin than
ER/PR/HER2-positive cells opens the door for the develop-
ment of novel therapeutic strategies that may lead to a better
quality of life for patients with TN disease. Wahdan-Alaswad
and others [25, 39] have previously demonstrated that breast
cancer cells are more sensitive to metformin when cultured in
media containing physiologic (5 mM) levels of glucose com-
pared to media containing high glucose (10 to 25 mM). Their
new study extends their previous work, which investigated the
mechanisms through which metformin impacts breast cancer
and how those mechanisms varied in the presence of different
glucose concentrations across cell lines [39]. Regardless of
breast cancer subtype, high glucose concentrations elevated
cell proliferation and attenuated the effects of metformin on
colony formation, cell cycle progression, apoptosis, and sig-
naling pathway inhibition. TN breast tumors have been re-
ported to take up more glucose compared to the ER/PR/
HER2-positive subtype [2], and TN breast cancer cells ap-
peared to be more dependent on glycolysis than other sub-
types [9, 24]. Together, these studies suggest that TN breast
cancers may be particularly sensitive to low glucose availabil-
ity, potentially offering more effective treatment strategies for
patients afflicted with this aggressive disease.
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The elevated dependence of cancer on glucose has been
rigorously studied since it was first observed by OttoWarburg
[40]. Initially, it was thought that cancer cell mitochondria
were dysfunctional, as high glucose consumption and lactate
production occurred in the presence of oxygen (aerobic gly-
colysis). Now, it appears that, in many cases, mitochondrial
ATP production in cancer cells is not impaired, and the excess
glucose is largely used for tangential pathways that produce
nucleotides, reducing intermediates, amino acids, and fatty
acid precursors (reviewed in [35]). By increasing glucose
consumption, cancer cells are able to meet both their energetic
needs and their need for molecular building blocks during the
processes of transformation and tumor progression. Because
the use of glucose is highly leveraged to produce so many
different molecules, it is not surprising that metformin, by
targeting mitochondrial respiration and ATP production, is
able to compromise the growth of cells displaying the
Warburg phenotype.

Closing Remarks

The article by Wahdan-Alaswad et al. demonstrates a novel
link between metformin-mediated changes in micro-RNAs
and cancer cell metabolic pathways, adding another potential
mechanism of metformin action to the growing list. It also
suggests several areas of future exploration. Data from the
Thor and Richer laboratories and from others clearly demon-
strate that careful consideration must be given to cell culture
conditions when investigating mechanisms of metformin ac-
tion in cancer [4, 25, 39,]. Cultured cancer cells are often
propagated in media containing extraordinarily high levels
of glucose, which far surpass physiological levels even in
cases of uncontrolled diabetes. As postulated in a recent
review by Dowling et al. [10], tumors developing in individ-
uals with metabolic disease may have become dependent on
elevated glucose and may be more sensitive to glucose-
lowering therapies than those tumors in nondiabetic individ-
uals. This can be likened to acutely exposing cancer cells that
are routinely cultured in high glucose to limited glucose,
potentially leading to a stress response. Lowering the available
glucose in culture may result in a unique sensitivity to drugs
that target cellular metabolism.

The cancer-killing effects of metformin have been postu-
lated to involve direct and indirect mechanisms (reviewed in
[10]). Metformin improves peripheral metabolic function,
which results in decreased circulating insulin and glucose
and likely contributes to the beneficial effects of metformin
observed in diabetic patients with cancer. By directly targeting
cancer cells to activate the AMPK signaling cascade, metfor-
min treatment leads to cellular changes that are consistent with
an energy stress response. In addition to conserving energy by
ceasing ATP-consuming pathways, cells increase glucose

uptake to restore energy balance. Metformin was reported to
stimulate glucose uptake in colon cancer cells in vitro [12, 23],
yet this was associated with decreased cell proliferation [12].
When cells were grown as tumors in vivo, the effects of
metformin on glucose uptake were mixed. In one study,
metformin treatment increased tumor glucose uptake [12].
Another study reported a metformin-mediated reduction in
the copious glucose uptake observed in tumors frommice that
were fed a high fat diet [23]. These studies highlight a poten-
tial limitation of metformin therapy and indicate that further
investigation is warranted into the effects of metformin on
cancer cell glucose uptake in vivo.

The impact of metformin on cancer cell metabolism sug-
gests a scenario where metformin treatment, by inhibiting
mitochondrial function, would force cells to increase their
dependence on other pathways for ATP production, such as
glycolysis, autophagy, or oxidation of dietary fats. The greater
sensitivity of breast cancer cells to the anticancer effects of
metformin in low glucose supports this model and reveals
numerous avenues for investigation into combination thera-
pies for cancers of various origins. Indeed, the administration
of metformin in combination with 2-deoxyglucose was more
effective at killing gastric and esophageal cancer cells, as well
as prostate cancer cells, than either compound alone [3, 5].
Likewise, colon cancer cells lacking p53 were shown to be
exquisitely sensitive to metformin and unable to convert to a
metabolic program that was dependent on glycolysis and
autophagy, while cells with an intact p53 network increased
their dependence on both pathways for survival when mito-
chondrial metabolism was impaired [4]. Finally, the differ-
ences in cellular metabolism between stem cells and differen-
tiated cells from cancerous and noncancerous tissues may
define a critical parameter in the effectiveness of anticancer
therapy.
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