www.impactaging.com AGING, July 2012, Vol. 4, No 7

Research paper

Metabolomic fingerprint reveals that metformin impairs one-carbon
metabolism in a manner similar to the antifolate class of chemotherapy
drugs
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Abstract: Metabolomic fingerprint of breast cancer cells treated with the antidiabetic drug metformin revealed a significant
accumulation of 5-formimino-tetrahydrofolate, one of the tetrahydrofolate forms carrying activated one-carbon units that are
essential for the de novo synthesis of purines and pyrimidines. De novo synthesis of glutathione, a folate-dependent pathway
interconnected with one-carbon metabolism was concomitantly depleted in response to metformin. End-product reversal
studies demonstrated that thymidine alone leads to a significant but incomplete protection from metformin’s cytostatic
effects. The addition of the substrate hypoxanthine for the purine salvage pathway produces major rightward shifts in
metformin’s growth inhibition curves. Metformin treatment failed to activate the DNA repair protein ATM kinase and the
metabolic tumor suppressor AMPK when thymidine and hypoxanthine were present in the extracellular milieu. Our current
findings suggest for the first time that metformin can function as an antifolate chemotherapeutic agent that induces the
ATM/AMPK tumor suppressor axis secondarily following the alteration of the carbon flow through the folate-related one-
carbon metabolic pathways.

INTRODUCTION activated protein kinase (AMPK) [6-10].

The exact site of action and molecular mechanism by Although metformin has been unambiguously
which the anti-diabetic, biguanide metformin exerts its demonstrated to activate AMPK by increasing the levels
recently recognized anticancer activity 1is poorly AMP and/or ADP (i.e., AMPK complexes bearing an
understood and remains largely controversial [1-5]. R531 mutation that renders the AMPK y2 regulatory
Most of the cell-autonomous mechanisms describing complexes insensitive to increases in both ADP and
metformin’s anticancer activity have been associated AMP are refractory to metformin’s activating effects)
with its ability to activate the metabolic rheostat AMP- [11], the mechanism by which metformin increases
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intracellular AMP production remains unclear [12].
Here, we accumulate key arguments against the concept
that metformin acts in vivo as a “mitochondrial poison”
that inhibits complex I of the respiratory chain, which
consequently leads to an imbalance in the AMP/ATP
ratio (the extremely sensitive indicator of the
intracellular energy status, which is the molecular
parameter monitored by AMPK) [13-15]. Beyond the
modest extent to which metformin truly interrupts
mitochondrial energy formation [16, 17], it is
noteworthy that diabetes-associated insulin resistance
can be ameliorated by suppressing the oxidative damage
that arises from mitochondrial inhibition [18]; therefore,
mitochondrial inhibition is an unlikely site of action for
an insulin-sensitizing agent like metformin. Perhaps
more importantly, metformin’s well-recognized ability
to induce the co-stimulation of glucose transport and
fatty acid oxidation is notably incommensurate with the
commonly presumed activation of the “Crabtree effect”
(i.e., increased glycolysis induced by decreased
mitochondrial) [19, 20] in response to metformin
treatment [21-23]. Fatty acid oxidation cannot occur

when mitochondrial function 1is interrupted in
physiological conditions, such as anaerobiosis.
Glycolysis, the only remaining energy pathway

available, is therefore enhanced by the AMPK-directed
stimulation of glucose transport. Because the presence
of metformin and the activation of AMPK similarly
correlate with the stimulation of glucose uptake, it has
been erroneously assumed that this is caused by
metformin’s ability to reduce mitochondrial activity and
increase glycolysis. However, metformin can operate
aerobically because it stimulates glucose uptake and
fatty acid oxidation [24]. Fryer et al. [25] have
demonstrated in muscle cells that metformin can
activate AMPK in the absence of any increase in the
AMP-to-ATP ratio (AMP/ATP). Hawley et al. [12]
have reported that metformin can increase AMPK
activity in the absence of an increased AMP/ATP ratio
in both Chinese hamster ovary fibroblasts and rat
hepatoma cells. Zhang et al. [26] have confirmed that
metformin can activate AMPK in the heart by
increasing cytosolic AMP concentrations (metabolically
active AMP) without altering the total AMP levels or
the total AMP/ATP ratio. Moreover, the ablation of
adenylate kinase expression (the phosphotransferase
that catalyzes the conversion of two ADP molecules to
AMP and ATP) in muscle cells does not affect
metformin’s activating effects on AMPK [24]. This
result suggests that any mechanism involving increased
AMP formation driven by ATP turnover (and hence,
increased ADP formation) is improbable. In this
complex scenario and as auspiciously suggested by
Ouyang et al. [24], “it is likely that the response of the
cell to energy interruption is a distinct means of AMPK

activation from the response to metformin”. These
authors have recently concluded that metformin’s
unique ability to activate AMPK while leading to the
increased utilization of both major energy fuels, glucose
and fat, occurs because metformin inhibits AMP
deaminase (AMPD), the enzyme that converts AMP to
ammonia and inosine monophosphate (IMP), the first
fully formed nucleotide [24]. Therefore, at least in
muscle cells, metformin may also activate AMPK via
the prevention of AMPD-catalyzed AMP breakdown.

Metformin’s insulin- and glucose-lowering effects are
the non-cell autonomous systemic activities that are
commonly claimed to be responsible for metformin’s
anticancer effects. Another of metformin’s commonly
disregarded non-cell autonomous systemic activities
relates to the reported vitamin B12 decrease that may be
observed following long-term treatment with metformin
[27-32]. Up to 30% of patients taking metformin on a
continuous basis have displayed reduced vitamin B12
absorption, and some rare cases of megaloblastic
anemia have been reported in patients undergoing long-
term metformin treatment. However, few studies have
addressed the mechanism by which vitamin BI12
metabolism is affected by metformin and the ultimate
underlying mechanism behind metformin’s antifolate
activity, which has been a controversial subject.
Metformin is known to elevate the levels of
homocysteine, a surrogate marker of functional folate
status. However, the evidence regarding the degree and
method by which metformin depletes folate levels is
inconclusive [33-36]. Diabetic patients are known to
exhibit alterations in small bowel motility and bacterial
overgrowth, and the latter has been hypothesized as the
mechanism through which metformin induces BI12
malabsorption [37]. Because the B12-intrinsic factor
complex uptake by the ileal cell surface receptor is
known to be calcium-dependent, the calcium-dependent
membrane actions of metformin may affect the reduced
vitamin B12 absorption in the absence of bacterial
overgrowth [38]. Garcia & Tisma [39] have suggested
that the enhanced pathological complete response of
breast tumors in diabetic patients treated with both
neoadjuvant chemotherapy and metformin occurs due to
an unrecognized modulation of chemotherapy
cytotoxicity by concurrent vitamin Bl2deficiency,
which is initially imposed by chronic metformin
exposure and is further potentiated by neoadjuvant
chemotherapy-induced  vitamin  B12  decreases.
However, the suggestion that alterations in folate
metabolism/homeostasis cause metformin’s anticancer
activity lacks any mechanistic basis or experimental
support.

We recently hypothesized that the use of liquid
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chromatography coupled with mass spectrometry to
examine the effects of metformin on the tumor cells'
metabolome may help us to understand any occurrence
of metformin’s antifolate activity at the cancer cell-
autonomous level. We predicted that the following
would be true: 1.) because Vitamin B12 is a key
cofactor of folate cycle enzymes, and folic acid has
been shown to be active as a one-carbon unit donor in a
number of metabolic processes, including histidine
degradation and de mnovo nucleotide synthesis, any
antifolate-like activity of metformin should translate
into the detectable accumulation of formyl (CHO) or
formimino (-CH-NH) intermediates, which operate as
carriers of activated one-carbon units in a folate-
dependent manner [40-45]; 2.) if metformin’s
anticancer activity is functionally associated with its
ability to alter the de novo maintenance of folate-driven
intracellular nucleotide pools, cancer cell growth should
be efficiently restored after supplying the extracellular
milieu with pre-formed nucleotide precursors [46-49];
3.) if the recently described function of the DNA repair
protein ataxia telangiectasia mutated (ATM) kinase and
downstream activation of AMPK [50-56] is indeed
secondary to metformin’s ability to alter the carbon
flow through the one carbon-related de novo
maintenance of intracellular nucleotide pools, the
ATM/AMPK tumor suppressive axis would be
refractory to metformin’s activating effects as long as
the medium contains appropriate ready-formed
thymidine and/or purines.

Here, we provide the first experimental evidence
demonstrating that metformin can inhibit cancer cell
growth by functionally mimicking the effects of a multi-
targeted antifolate that secondarily induces the tumor-
suppressor ATM/AMPK axis by altering the carbon
flow through folate-dependent one-carbon metabolic
pathways including the de novo maintenance of
intracellular nucleotide pools.

RESULTS

Metabolite level analysis demonstrates that one-
carbon metabolism and the associated glutathione
pathway are significantly altered in metformin-
treated breast cancer cells. Three breast cancer cell
lines, MCF-7, BT-474 and MDA-MB-231, were treated
for 48 h with two different metformin doses (1 mmol/L
and 10 mmol/L). To investigate the effect of metformin
treatment on the breast cancer metabolome, we directly
analyzed the patterns of “metabolite fingerprints”
obtained  from an  ultra-performance  liquid
chromatography-electrospray ionization quadrupole
time-of-flight mass spectrometry (UPLC-ESI-QTOF-
MS) analysis [57-61]. The direct analysis of the nega-
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Figure 1. Application of nano-HPLC-ESI-QTOF-MS for the
metabolomic analysis of metformin-treated breast
cancer cells. (A) (-)-nano-HPLC/ESI QTOF mass spectra derived
from MCF-7, BT-474, and MDA-MB-231 breast cancer cell lines
treated with 1 mmol/L and 10 mmol/L metformin. (B)
Accumulation  of  5-formimino-tetrahydrofolate  following
treatment with metformin in breast cancer cells. Figure shows
an enlarged section of the spectra acquired on aqueous extracts
of breast cancer cells following 48 h of treatment with either
solvent control or 10 mmol/L metformin.

tive electrospray ionization fingerprints revealed that
very few discriminatory metabolites were significantly
and simultaneously altered in each of the three breast
cancer cell lines in response to graded metformin
concentrations (Fig. 1A). Specifically, the analysis of
the spectra from the control and metformin treatments
indicated that metformin treatment induced a notable
accumulation of the one-carbon metabolism inter-
mediate 5-formimino-tetrahydrofolate (5-formimino-
THF) in each of the three breast cancer cell lines (Fig.
1B, Supplementary Fig. 1). In addition, all three breast
cancer cell lines exhibited significant decreases in the
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reduced (GSH), oxidized disulfide (GSSG), and
trisulfide (GSSSG) forms of glutathione in response to
metformin treatment (Supplementary Fig. 2). Although
they were apparently unrelated, these results may be
consistent with an antifolate mode of action of
metformin, which leads to disturbances in the inter-
dependently linked one-carbon and glutathione
metabolic processes (Fig. 2A) [62-64]. Tryptophan,
another source of one-carbon units for purine
biosynthesis de novo, also was concomitantly depleted
in response to metformin (Supplementary Fig. 3).
Similar conclusions were obtained when analyzing the
ionization data acquired in the positive mode (data not
shown).
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Reversal of the growth inhibition of metformin by
thymidine and purines: Evidence for a multi-
targeted, antifolate-like metformin activity. Cells
produce ribonucleotides and deoxyribonucleotides via
two pathways, de novo synthesis and salvage synthesis
(Fig. 2B). Antifolates act by inhibiting the de novo
biosynthesis of both thymidylate and purine
nucleotides, whereas salvage synthesis refers to
enzymatic reactions that convert free, pre-formed
thymidine or purine bases into the corresponding
nucleotides. Thymidine serves as a thymidylate (TMP)
precursor in the pyrimidine salvage pathway when de
novo synthesis is blocked by antifolates, such as
aminopterine and methotrexate. Hypoxanthine is an
inosine monophosphate (IMP) precursor in the purine
salvage pathway when de novo synthesis is blocked by
antifolates, such as aminopterine, methotrexate, and
azaserine. If metformin’s metabolomics-derived
antifolate mode of action is accurate, it is likely that
metformin will lose its growth-inhibitory activity
against breast cancer cells while promoting the
utilization of the pre-formed nucleotide precursors
thymidine and hypoxanthine.

To evaluate whether breast cancer cells can compensate
for the antifolate-induced cancer cell toxicity effect of
metformin by importing thymidine and purine bases
from the extracellular environment, thymidine and/or
hypoxanthine were exogenously added to the culture
medium at the indicated concentrations in either the
absence or presence of graded metformin
concentrations. All of the cell cultures were incubated
for 4 days, and the number of viable cells was
determined using MTT-based assays (Fig. 3). The
control experiments showed that the addition of 5.6
pmol/L thymidine and/or 32 pmol/L hypoxanthine did
not affect the growth of breast carcinoma cells in the
absence of metformin (data not shown). Of note, the
inclusion of thymidine alone in the culture medium
reduced the growth-inhibitory effects of metformin,
thereby shifting the concentrations of the drug required
to affect breast cancer cell growth by up to 11-fold the
IC30 level and up to 3-fold at the ICs¢ level.

Figure 2. Metformin treatment alters carbon flow through folate-related one-carbon metabolic pathways. (A) Diagram of
tetrahydrofolate (THF)-dependent pathway of methionine trans-methylation to homocysteine and the trans-sulfuration pathway from
homocysteine to glutathione (GSH) synthesis. MS, methionine synthase; SAH, S-adenosylhomocysteine; SAHH, SAH hydrolase; GSSG, oxidized
glutathione disulfide; SAM, S-adenosylmethionine; MTase, methyltransferase. (B) Schematic depiction of purine and pyrimidine nucleotide
biosynthesis through the de novo and salvage pathways. Because the biosynthetic pathways within the one-carbon network compete for a
limiting pool of folate cofactors and folate-binding proteins can serve as “sinks” that sequester specific folates and thereby inhibit folate-
dependent pathways, metformin-induced sequestration of 5-formimino-THF can simultaneously impairs the de novo nucleotide biosynthetic
pathway while promoting GSH depletion. The conversion of thymidine and hypoxanthine to nucleotides via the folate-independent salvage
pathway can partially rescue breast cancer cells from metformin’s toxicity. TK, Thymidylate Kinase; HGPRT, hypoxanthine-guanine

phosphoribosyltrans-ferase.
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Figure 3. Partial reversal of the growth inhibition of
metformin by thymidine and purines. Left. MCF-7, BT-
474, and MDA-MB-231 breast cancer cells were treated with
the indicated concentrations of metformin alone or in the
presence of thymidine (5.6 umol/L), hypoxanthine (32
pmol/L), or a combination of thymidine with hypoxanthine.
Metformin  and  modifying agents were added
simultaneously and cell growth was determined after 96 h
relative to controls without drug processed strictly in parallel
using MTT-based cell viability assays. Right. The degree of
resistance to metformin induced by thymidine and/or
hypoxanthine was evaluated by dividing the IC30 and IC50
values obtained when cells were co-exposed to metformin
and pre-formed nucleotides by those obtained in matched
control cells cultured in the absence of an exogenous supply
of thymidine and/or hypoxanthine. MET, Metformin; TM,
Thymidine; HPX, Hypoxanthine.

Additionally, the inclusion of hypoxanthine alone
provided better protection than that obtained with
thymidine, thereby shifting the concentrations of
metformin required to affect breast cancer cell growth
by up to 19-fold at the IC3 level and up to 5-fold at the
ICsg level. Importantly, the inclusion of both thymidine
and hypoxanthine reversed the effects of metformin
even more significantly; the combination of thymidine
plus hypoxanthine produced major rightward shifts in
metformin’s cytotoxic curves, which increased up to 26
and 6-fold the IC;y and ICsy metformin values,
respectively.

The AMPK kinase LKB1 does not mediate the
salvage of pre-formed nucleotides when metformin
inhibits cancer cell growth. Because loss-of-function
mutations in the tumor suppressor gene product LKB1,
which is the major upstream AMPK kinase, are
commonly observed in human epithelial carcinomas
[65-68], we sought to determine whether the antifolate-
like growth-inhibitory effects of metformin remained
intact in a LKBI-dependent or LKBI-independent
manner. If LKB1 mediates the cell growth-inhibitory
activation of AMPK in response to metformin’s
alteration of de novo nucleotide pool maintenance, we
would expect that LKBIl-negative cancer cannot
compensate for the growth-inhibitory effect of
metformin ~ when  importing thymidine and/or
hypoxanthine from the extracellular milieu. We
examined the dose-dependent anticancer activity of
metformin in the absence and presence of exogenously
supplemented thymidine plus hypoxanthine in LKB1-
expressing human squamous carcinoma A431 cells [69]
and HeLa cervical carcinoma cells bearing a biallelic
deletion of LKB1 [70]. Supplementary Fig. 4 illustrates
that metformin’s growth-inhibitory effects were
significantly altered by extracellular thymidine and
hypoxanthine salvage regardless of the expression status
of LKBI1 in cancer cells.

Metformin-induced activation of the tumor
suppressive  ATM/AMPK axis is secondary to
metformin-induced alteration of de novo nucleotide
pool maintenance. To evaluate whether the activation
status of the metabolic tumor suppressor AMPK in
response to metformin was associated with altered de
novo maintenance of intracellular nucleotide pools, we
examined how an exogenous supply of thymidine and
hypoxanthine impacted metformin’s ability to activate
AMPK (Fig. 4). Immunoblotting procedures confirmed
that MDA-MB-231 cells likewise exhibited significant
AMPKa phosphorylation levels upon metformin
exposure. Of note, the activating phosphorylation of
AMPKa returned to baseline levels similar to those
detected in untreated control cells when the MDA-MB-
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231 cultures were treated with metformin in the
presence of thymidine plus hypoxanthine. Metformin
treatment  significantly = promoted the nuclear
accumulation of fosfo-AMPKo™'"? in MDA-MB-231
cells, whereas an exogenous supply of thymidine and
hypoxanthine eliminated the nuclear accumulation of
fosfo-AMPKo.™""* in the presence of metformin (Fig.
4). We next evaluated whether the AMPK kinase ataxia
telangiectasia mutated kinase (ATM) could also modify
its metformin-regulated activation status in response to
nucleotide supply (i.e., exogenous salvage). ATM
autophosphorylation at residue Ser1981 was monitored
by immunofluorescence microscopy 48 hours after
metformin treatment in both the absence and presence
of thymidine plus hypoxanthine (Fig. 5). The untreated
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MET + Thymidine & Hypoxanthine
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controls displayed weak levels of fosfo-ATMSer1981
staining. Compared with the control samples, the
metformin-treated (1 mmol/L) MDA-MB-231 cultures
exhibited a spectrum of staining profiles varying from
more punctate (visible fosfo-ATM>*™**! foci) to a
more homogeneous “pan-nuclear” staining profile that
was not evident in the untreated controls. The yield of
moderately and strongly nuclear staining of fosfo-
ATM*®! was found to be dependent on the
disturbance of the de novo maintenance of intracellular
nucleotide pools. Thus, the MDA-MB-231 cell
cultures treated with metformin in the presence of an
exogenous supply of thymidine and hypoxanthine
notably failed to exhibit strong nuclear staining with
fosfo-ATMS %!,

Thymidine & Hypoxanthine
A

- +
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.
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Figure 4. Effects of the folate-independent salvage pathway of nucleotide biosynthesis on metformin-

induced activation of AMPK. Left. Western blot analysis of total and phosphorylated AMPK (fosfo-AMPKo

Thr172)' Equal

amounts of total protein (50 pg) were loaded in each line; use of B-actin as a control showed equal loading between lanes.
Metformin (MET) was used at 1 mmol/L, thymidine was at 5.6 umol/L, and hypoxanthine was at 32 umol/L; drug exposure

was 48 h. Right. Immunofluorescence for phospho-AMPKo

™rl72 in MDA-MB-231 cells either untreated or treated with 1

mmol/L metformin (MET) in the absence or presence of thymidine plus hypoxanthine for 48 h. Images were captured in
different channels for phospho-AMPKonThr172 (green) and Hoechst 33258 (blue) with a 20x objective. (MET, metformin).
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Figure 5. Effects of the folate-independent salvage path-
way of nucleotide biosynthesis on metformin-induced
activation of ATM. Immunofluorescence for phospho-
ATM*™%8% in MDA-MB-231 cells either untreated or treated with
1 mmol/L metformin (MET) in the absence or presence of
thymidine plus hypoxanthine for 48 h. Images were captured in
different channels for phospho-ATMSer1981 (green) and
Hoechst 33258 (blue) with a 20x objective.

DISCUSSION

Metformin has been repeatedly proposed to function as
a “mitochondrial poison” by inhibiting complex I of the
respiratory chain, which consequently leads to an
imbalance of the AMP:ATP ratio, which is an
extremely sensitive indicator of intracellular energy
status that molecularly monitored by AMPK [13-16].
Because catabolism  “charges the battery” by
synthesizing ATP, while most other cellular processes
consume ATP and tend to “discharge the battery”,
AMPK’s ability to detect and react to fluctuations in the
AMP:ATP ratio ensures that the ATP synthesis rate
closely aligns with the ATP consumption rate in most
cells [13-16]. In the mitochondrial model describing
metformin’s activity, metformin-induced metabolic
stress may cause the catabolic rate to be insufficient to
respond to the ATP consumption rate, thereby causing
ADP levels to rise and ATP levels to fall. ADP would

be converted into AMP by adenylate kinase, and this
process, when combined with the drop in ATP levels,
would eventually active AMPK. Following AMPK
activation, it is well known that catabolic pathways,
such as fatty acid oxidation and glycolysis, become
activated, whereas ATP-consuming pathways, such as
lipogenesis, are inactivated. Although AMPK
activation induces energy conservation and ultimately
promotes the survival of normal cells, rapidly growing
cancer cells cannot sustain this AMPK-induced limit on
the utilization of available bioenergetic resources.
Indeed, because the “metabolic transformation” of
cancer cells commonly involves the oncogenetically
driven addiction to nutrients (e.g., glucose) in the
presence of genetically or functionally inactivated
metabolic checkpoints, such as p53 deficiency, AMPK
inactivation, and/or mTOR hyperactivation [71-73], it is
not entirely unexpected that metformin-induced AMPK
“re-activation” may induce specific tumor growth-
inhibitory effects. However, we are now aware that the
concept that metformin poisons mitochondrial
respiratory enzyme activity can no longer be considered
as the pivotal mechanism underlying metformin’s
ability to activate AMPK.

The unraveling of the mechanisms governing the
alternative mitochondria-independent, AMPK-
activating effects of metformin leading to cancer cell-
autonomous growth inhibitory effects has just been
initiated. In this regard, our current approach presents
novel evidence that the disturbance of the one-carbon
pool by folate is a previously unrecognized mechanism
through which metformin can induce AMPK-associated
breast cancer inhibitory actions at the cell-autonomous
level. Metformin treatment was found to consistently
increase the intracellular concentrations of the
tetrahydrofolate (THF)-forming 5-formimino-THF, one
of the last products of histidine metabolism that, upon
the conversion to 5,10-methenyl-THF, links histidine to
the folate cycle. Because histidine degradation, a
metabolic pathway that is largely restricted to the liver
and kidney tissues, has been extensively applied to the
study of folate deficiency, it could be argued that the
metformin-induced accumulation of 5-formimino-THF
is caused by a previously unrecognized dependence of
breast cancer cells upon folate-dependent histidine
metabolism. Perhaps more importantly, the entry into
the active one-carbon pool of intermediates involves
5,10-methylene-THF. This compound is wused to
synthesize thymidylate. Additionally, 5,10-methylene-
THF is reduced to 5-methyl-THF during methionine
biosynthesis, while it is oxidized to 10-formyl-THF in
purine synthesis. The interconversion of 5,10-
methylene-THF, 5,10-methenyl-THF, and 10-formyl-
THF links the major source of single-carbon units, such
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as methylene-THF, with the synthesis of thymidylate
(thymidylate synthase) or purines (5-
phosphoribosylglycine-amide transformylase and 5-
phosphoribosyl - 5- aminoimidazole - 4 - carboxamide
transformylase).  Metformin notably mimics multi-
targeted antifolate drugs such as pemetrexed, an
antimetabolite that directly inhibits multiple folate-
dependent target proteins and promotes the cytotoxic
accumulation of metabolic intermediates of de novo
purine biosynthesis that secondarily activates AMPK
and inhibits mTOR [49, 74]. However, the salvage of
extracellular thymidine and hypoxanthine facilitates a
complete reversal from the cytotoxic effects of bona
fide antifolates, such as pemetrexed. It is noteworthy
that thymidine/hypoxanthine salvage rescue increases
the concentrations of metformin required to elicit
cytostatic  (IC30 and IC50) effects, while
thymidine/hypoxanthine salvage rescue is insufficient to
modulate the cytotoxic action (i.e., the IC90 values) of
metformin. Therefore, although cancer cells can acquire
full refractoriness to higher concentrations of bona fide
antifolates, such as methotrexate and pemetrexed,
following  exogenous supply with  pre-formed
nucleotides, the salvage of thymidine or preformed
purines does not prevent metformin’s cytotoxic activity
at high concentrations (> 5 mmol/L). The modulation
but not rescue of metformin toxicity by salvage
metabolites  strongly suggests that metformin’s
antifolate activity does not likely involve the direct
inhibition of multiple enzyme targets in both purine and
pyrimidine synthesis.

At low, clinically relevant concentrations, metformin
apparently induces the cellular folate cofactors to
become metabolically trapped as 5-formimino-THF.
Metformin treatment causes folate to be “trapped” as 5-
formimino-THF, which may significantly reduce the
ability of the cancer cells to generate THF and other
folate cofactors. Metformin treatment therefore
promotes a cobalamin (Vitamin B12) deficiency-like
effect at the cell-autonomous level that likely causes
defects in de novo purine/pyrimidine biosynthesis and
homocysteine accumulation; the latter is known to be
associated with the blockade of glutathione (GSH)
biosynthesis. GSH is a tripeptide of cysteine (Cys),
glycine (Gly), and glutamate (Glu) that is synthesized
de novo 1in all cells and serves as the major intracellular
antioxidant and redox buffer. In this regard, the
decreased levels of all GSH forms following metformin
exposure likely results from the blockade of GSH
biosynthesis at an early stage in the trans-sulfuration
pathway upon homocysteine accumulation (Fig. 2) [75,
76]. Indeed, a severe depletion of GSH-like tripeptides
such as Glu-Cys-Cys, Cys-Glu-Cys, Cys-Cys-Glu, and
L-y-glutamyl-L-alanyl-Gly (i.e. norophthalmic acid, an

analogue of GSH with L-Cys replaced by L-Ala) and
other disulfide-rich peptides (e.g. Arg-Arg-Cys-Lys)
also took place in response to metformin treatment (data
not shown). Nevertheless, the metabolic
interdependency of the three interconnected pathways
of folate, methionine, and GSH metabolism can explain
that metformin treatment could translate into broader
impact on DNA synthesis or repair and proliferation,
cellular methylation, and GSH redox homeostasis.

The cell’s inability to channel one-carbon units from
this cofactor may result in the accumulation of one-
carbon metabolism intermediates such as 5-formimino-
THF at the expense of the forms used in DNA and RNA
synthesis. Thus, cancer cells would exist in a pseudo
folate-deficient or anemia-like state that significantly
reduces the availability of folate intermediates in the
pool of folate cofactors required for purine and
pyrimidine synthesis, thereby ultimately decelerating or
inhibiting DNA biosynthesis. Although we did not
study the direct effects of metformin against purified
folate cycle-related enzymes, our current findings do
not contradict metformin’s recently described ability to
inhibit AMP deaminase in skeletal muscle cells [24] and
to directly interact with AMPK by binding to the [I-
regulatory subunit [77]. Because AMP deaminase
activity (AMP — IMP + NH3) is the entry reaction to
the purine nucleotide cycle, it is possible that the
metformin-induced accumulation of 5-formimino-THF
is secondary to the blockade of AMP deaminase.
Although this possibility remains to be explored, the
accumulation of intermediates in the folate-dependent
metabolism of one-carbon units can exert potent
inhibitory effects on the activities of AMP deaminase
and adenosine deaminase [78-81]. The ability of
metformin to impede the generation of the bioactive
forms of folate and alter the de novo maintenance of
intracellular nucleotide pools (i.e., a folate-associated
mechanism responsive to exogenous thymidine and
hypoxanthine) could reasonably occur at low metformin
concentrations (higher metformin concentrations may
exert folate-independent effects that are unresponsive to
exogenous thymidine and hypoxanthine) by directly
binding to y-AMPK and making AMPK a more suitable
substrate for other potential AMPK activators. Perhaps
more importantly, our current description of
metformin’s antifolate activity and the blockade of
AMP deaminase offers a novel molecular scenario that
explains the mechanism by which metformin exerts
anti-inflammatory activity. Metformin has been shown
to reduce obesity-associated inflammation and other
inflammatory responses, and it reduces serum C-
reactive protein levels in women with polycystic ovary
syndrome [82-86]. Additional mechanistic insight is
required to conclude whether the alteration of the folate
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cycle directly relates to either metformin’s ability to
directly induce an anemia-like state or to directly or
indirectly inhibit AMP deaminase. However, it is
noteworthy that one consequence of AMP deaminase
inhibition in response to perturbation of the folate cycle
is increased AMP release into the extracellular space,
where it can be converted by ecto-5’nucleotidase to
adenosine. The latter is a labile but potent ligand of the
family of receptors that regulates many different
cellular and organ functions, including inflammation
[87-90].

Metformin has been shown to exhibit antiproliferative
and antineoplastic effects associated with the inhibition
of mammalian target of rapamycin complex 1
(mTORCT) [91-94]. Larsson et al. [95] have recently

revealed that metformin selectively inhibits the
translation of mRNAs encoding cell-cycle proteins that
promote neoplastic proliferation via the

mTORC]1/eukaryotic translation initiation factor 4E-
binding protein pathway. How does metformin’s DNA
biosynthesis-associated antifolate activity promote the
inhibition of mTOR-regulated protein translation? The
perturbation of folate-mediated one-carbon metabolism
by the multi-targeted antifolate pemetrexed has been
demonstrated to efficiently activate AMPKa at Thr172;
this process subsequently inhibits the mammalian target
of rapamycin (mTOR) and the hypo-phosphorylation of
the downstream targets of mTOR that control the
initiation of protein synthesis and cell growth [49, 74].
Unlike AMP, metformin is not a direct allosteric AMPK
activator, and it fails to activate AMPK in cell-free
assays via the upstream kinases AMPKKI1 and
AMPKK?2, which phosphorylate Thr172 in both the
absence and presence of AMP [12]. Although it is
unclear whether metformin, as other anticancer
antifolates, represents a pro-drug that must be modified
inside the intact cell into an active form, metformin may
also act on upstream kinases other than AMPKK1 and
AMPKK?2. Metformin has been recently identified to
activate the DNA repair protein ATM kinase, and this
pivotal mechanism dictates the responsiveness of type 2
diabetic patients to the glucose-lowering effects of
metformin. This finding has provided a novel molecular
bridge causally linking ATM’s metformin-regulated
activation status with the ever-growing number of
epidemiological and experimental studies suggesting
that metformin confers anticancer activity [50-56].
Because the activation of the ATM-regulated DNA-
damage response (DDR) network machinery is one of
the earliest molecular events in the multistep
progression of human epithelial carcinomas that
impedes their evolution toward invasive malignancy,
the selective activation of ATM with respect to DNA
damage repair surveillance may directly contribute to

metformin’s cancer-preventive properties. Of note, our
current findings demonstrate that low metformin
concentrations cannot activate the ATM/AMPK tumor
suppressive axis when cancer cells import thymidine
and hypoxanthine from the extracellular milieu.
Although mechanistic studies that unambiguously
demonstrate a causal linkage between metformin’s
antifolate activity and direct AMPK activation by ATM
are lacking, it is tempting to suggest that the metformin-
altered de novo maintenance of intracellular nucleotide
pools may lead to the phosphorylation of AMPK in an
ATM-dependent and LKB1-independent manner [96-
99]. Therefore, ATM may function as a potential
AMPK kinase in response to the antifolate activity of
metformin. Recently, 3-omic (i.e., transcriptomic,
proteomic, and metabolomic) integration of ATM-
mediated gene and protein expression and metabolite
products has unexpectedly revealed that ATM dictates
the purine, pyrimidine, and urea cycle pathways by
regulating AMPK [100]. Of note, the data presented by
Cheema et al. [100] have revealed that a major function
of ATM induces imbalances in AMP and xanthine (i.e.,
metabolites associated with the folate-dependent purine
metabolism pathway). Our findings provide new insight
into ATM’s ability to trigger AMPK-related metabolic
responses beyond the ATM’s function in DNA break
repair. Caffeine, an AMPK activator, has been shown to
sensitize cancer cells to the growth inhibitory effects of
the antifolate pemetrexed by potentiating pemetrexed’s
ability to induce ATM phosphorylation [101]. Using
similar approaches, our preliminary experiments
indicate that metformin synergistically interacts with
pemetrexed to inhibit breast cancer cell growth (data not
shown).

Because cancer cell lines in standard cell-culture
medium are exposed to relatively high folate
concentrations compared with the folate levels in
human plasma [102], the metformin concentrations
required to inhibit cancer cell growth in media with low
folate levels are likely much lower than those required
in standard folate medium. Therefore, metformin’s
ability to alter the carbon flow through the folate-related
de novo maintenance of intracellular nucleotide pools
may represent a major mechanism of metformin’s
anticancer effect at physiological folate substrate
concentrations and metformin blood serum levels. How
does one then reconcile metformin’s cancer-preventive
benefits with a mechanism of action that actually
mimics that of pemetrexed, a multi-targeted antifolate
that is only effective due to its extreme toxicity? The
relative contributions of the de novo and salvage
pathways to nucleotide pool maintenance vary in
different cells and tissues. Proliferating cells, including
cancer cells, usually require a functional purine and
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pyrimidine de novo pathway to sustain their increased
nucleotide demands. Indeed, this is the basis of the use
of antifolate drugs in chemotherapy against cancer cells,
which generally have higher DNA turnover [103-105].
It could be argued that the antifolate activity of
metformin, although largely restricted to tumor cells
requiring higher nucleotide concentrations, may also
affect rapidly dividing cells, such as those within the
bone marrow, and promote neural tube defects
associated with folic acid deficiency (e.g., spina bifida
and anencephaly). In this regard, few reports have
described reversible megaloblastic anemia in
individuals who have taken metformin for five years or
more [29]. One study reported neural tube closure
defects in rat fetuses exposed to metformin [106]. The
“soft” character of metformin as an anticancer antifolate
likely reflects a mechanism of action that, although
involving a significant alteration of the carbon flow
through folate-dependent one-carbon metabolism, does
not imply direct inhibition of the folic acid cycle
enzymes targeted by methotrexate, aminopterine or
pemetrexed, thereby inducing significantly fewer side
effects. Importantly, metformin’s previously
unrecognized antifolate growth inhibitory activity at the
cancer  cell-autonomous  level  reinforces its
chemopreventive nature. We recently proposed that
metformin, by activating an ATM-mediated DDR, may
function as a “tissue sweeper” that significantly
decreases the accumulation of dysfunctional, pre-
malignant cells, including those with the ability to
initiate and propagate tumors (i.e., cancer stem cells) [4,
52, 107, 108]. Because one ubiquitous event in cancer
metabolism is the early, constitutive activation of de
novo nucleotide biosynthesis and one-carbon
metabolism may influence cancer mortality due to the
critical role it plays in DNA synthesis and methylation,
metformin’s antifolate activity may silently operate to
eliminate genetically damaged cells, initiated cells, or
malignant cells while sparing their normal counterparts
[109]. This mode of action is consistent with the
understanding that although folate is generally anti-
neoplastic before tumor foci are established, it may
enhance tumor proliferation and progression after the
tumor is established [110, 111]. Accordingly,
population-based studies have suggested that one-
carbon metabolism is an important pathway that may be
targeted to improve the survival of cancer patients
[112].

Corollary. Metronomic chemotherapy is defined as the
continuous administration of chemotherapy at relatively
low, minimally toxic doses at a frequent administration
schedule at close regular intervals with no prolonged
drug-free breaks. Although metformin’s recently
recognized anticancer effects are commonly referred to

as “new applications for an old drug”, our current
findings suggest that metformin may have long
inadvertently functioned as an antifolate (the oldest of
the antimetabolite class of anticancer agents) in millions
of diabetic individuals. The observed reduction in
cancer risk and mortality of diabetic patients chronically
treated with the biguanide metformin may therefore
represent an unintended metronomic chemotherapy
approach targeting the differential utilization of de novo
one-carbon metabolism by pre-malignant and malignant
cells. Low-dose chemotherapy drugs (usually
administered at one-tenth to one-third of the
conventional maximum tolerated dose) that are
administered continuously and frequently have been
repeatedly shown to suppress vessel growth in tumor
tissues and prevent the repair of damaged vascular
endothelia [113-116]. It is unclear whether, by
functioning as a bona fide “low-dose metronomic
chemotherapeutic”, the antifolate metformin may lead
to tumor suppression by devascularizing early tumor
lesions. Metronomic metformin may also operate in a
folate-related manner by promoting the senescence
[117] or death of damaged cells or by preventing
systemic genomic damage, increased DNA synthesis,
cellular hyperproliferation and disruption of the DNA
repair pathways associated with carcinogenesis-
facilitating chronic inflammation [118-122] in patients
with metabolic disorders.

MATERIALS AND METHODS

Chemicals. Acetic acid and acetonitrile for HPLC were
obtained from Fluka, Sigma-Aldrich (Steinheim,
Germany) and Lab-Scan (Gliwice, Sowinskiego,
Poland), respectively. Methanol and chloroform used
for metabolite extraction were also obtained from Lab-
Scan. Water was purified using a Milli-Q system that
was obtained from Millipore (Bedford, MA, USA).

Sample preparation for the UPLC-ESI-QTOF-MS
analysis. The frozen breast cancer cell pellets were
subjected to extraction with the sequential use of
aqueous (chilled water) and organic (chilled methanol
and chloroform) solvents in a ratio of 1:4:3:2
(water:methanol:chloroform:water). = The  resulting
aqueous extracts were treated with 500 L of chilled
acetonitrile; they were vortex-mixed, stored at 4°C for
20 min to allow for protein precipitation, and
centrifuged at 10000 g at 4°C for 10 min. The
supernatants were evaporated in a vacuum concentrator
and then dissolved in 100 puL of mobile phase A.

UPLC-ESI-QTOF-MS analyses. The analyses were
performed using a Waters Acquity UPLC system
(Waters, Millford, MA). A Zorbax Eclipse Plus C18
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(1.8 pm, 150 x 4.6 mm) UPLC column was used. The
separation was performed at 25°C with a gradient
elution program at a flow rate of 0.2 mL/min, and the
injection volume was 5 upL. The mobile phases
consisted of water with 0.5% of acetic acid (A) and
acetonitrile (B). The following multi-step linear
gradient was applied: 0 min, 5% B; 5 min, 15% B; 25
min, 30% B; 35 min, 95% B; and 40 min, 5% B. The
initial conditions were held for 5 min.

The UPLC system was coupled to a micrOTOF-Q II
mass spectrometer (Bruker Daltonik, Bremen,
Germany) equipped with an ESI interface operating in
negative and positive ion mode using a capillary voltage
of +4 kV. The other optimum values of the ESI-QTOF
parameters were as follows: drying gas temperature,
210°C; drying gas flow, 8 L/min, and nebulizing gas
pressure, 2 bars. The detection was carried out
considering a mass range of 50-1100 m/z. The collision
energy values for the MS/MS experiments were
adjusted as follows: m/z 100, 20 eV; m/z 500, 30 eV;
and m/z 1000, 35 eV. Nitrogen was used as a drying,
nebulizing and collision gas.

During the development of the method, external
instrument calibration of the mass spectrometer was
performed using a 74900-00-05 Cole Palmer syringe
pump (Vernon Hills, Illinois, USA) directly connected
to the interface and a sodium acetate cluster solution (5
mmol/L sodium hydroxide and 0.2% acetic acid in
water:isopropanol (1:1, v/v)). The calibration solution
was injected at the beginning of each run, and each
spectrum  was calibrated prior to compound
identification. By wusing this method, an exact
calibration curve based on numerous cluster masses that
each differed by 82 Da (NaC,H30,) was obtained. Due
to the compensation of temperature drift in the
mictOTOF-Q 1II, this external calibration provided
accurate mass values (better than 5 ppm) for a complete
run without the need for a dual sprayer setup for internal
mass calibration.

The accurate mass data of the molecular ions were
processed through the software program Data Analysis
4.0 (Bruker Daltonik, Bremen, Germany), which
provided a list of possible elemental formulas using the
Smart Formula algorithm. If no other elements are
specified, the Smart Formula algorithm assumes a
CHNO distribution, and it provides standard
functionalities, such as minimum/maximum elemental
range, electron configuration, ring-plus double-bond
equivalents, and a sophisticated comparison of the
theoretical and measured isotope patterns (sigma value)
to promote increased confidence in the suggested
molecular formula.

Identification of metabolites. Metabolites were
identified by interpretation of their MS and MS/MS
spectra combined with the use of metabolite databases.
The high mass accuracy and true isotopic pattern in
both MS and MS/MS spectra provided by QTOF-MS
analyser enabled to establish the most probable
molecular formulas for every metabolite and their
corresponding fragments. These molecular formulas
were matched against available databases, namely
Metlin, Human Metabolome Database, and Scifinder.
Finally the possible structures provided by the databases
were corroborated or rejected in the basis of their
fragmentation patterns.

Cell lines and culture conditions. MCF-7, BT-474, and
MDA-MB-231 breast cancer cell lines were obtained
from the American Type Culture Collection (ATCC)
and they were routinely grown in Dulbecco's modified
Eagle's medium (DMEM, Gibco) containing 10% heat-
inactivated fetal bovine serum (FBS, Bio-Whittaker),
1% L-glutamine, 1% sodium pyruvate, 50 U/mL
penicillin and 50 pg/mL streptomycin. Cells were
maintained at 37°C in a humidified atmosphere of 95%
air/5% CO2. Cells were screened periodically for
Mycoplasma contamination.

Metabolic status assessment (MTT-based cell viability
assays). The ability of the folate-independent salvage
pathway of nucleotide biosynthesis to modulate
metformin reduced breast cancer cell viability was
monitored by using a standard colorimetric MTT (34,
5-dimethylthiazol-2-yl-2, 5-diphenyl-tetrazolium
bromide) reduction assay. Cells in exponential growth
were harvested by trypsinization and seeded at a
concentration of ~2.5 x 105 cells/200 pL/well into 96-
well plates, and allowed an overnight period for
attachment. Then the medium was removed and fresh
medium along with various concentrations of
metformin, thymidine, hypoxanthine or combinations of
the compounds were added to cultures in parallel, as
specified. Agents were studied in combination
concurrently. Control cells without agents were cultured
using the same conditions with comparable media
changes. Compounds were not renewed during the
entire period of cell exposure. Following treatment (4
days), the medium was removed and replaced by fresh
drug-free medium (100 pL/well), and MTT (5 mg/mL
in PBS) was added to each well at a 1/10 volume. After
incubation for 2-3 h at 37°C, the supernatants were
carefully aspirated, 100 pL. of DMSO were added to
each well, and the plates agitated to dissolve the crystal
product. Absorbances were measured at 570 nm using a
multi-well plate reader. The cell viability effects from
exposure of cells to each agent alone and their
combination were analyzed as percentages of the

www.impactaging.com

AGING, July 2012, Vol.4 No.7



control cell absorbances, which were obtained from
control wells treated with appropriate concentrations of
the agents’ vehicles that were processed simultaneously.
For each treatment, cell viability was evaluated as a
percentage using the following equation: (4s7 of
treated sample/As7y of untreated sample) % 100.

Breast cancer cell sensitivity to metformin was
expressed in terms of the concentration of drug required
to decrease by 30% and 50% cell viability (IC30 and
IC50, respectively). Since the percentage of control
absorbance was considered to be the surviving fraction
of cells, the IC;y and ICsy values were defined as the
concentration of metformin that produced 30% and 50%
reduction in control absorbance (by interpolation),
respectively. The degree of resistance to metformin by
thymidine and/or hypoxanthine was evaluated by
dividing IC5y and ICs, values of control cells by those
obtained when cells were simultaneously exposed to an
exogenous supply of pre-formed nucleotides.

Immunoblotting. The activation of phosphorylation and
total expression of AMPK was assessed using
immunoblotting procedures and the AMPK and ACC
(#9957) Antibody Kit (Cell Signaling Technology,
Inc.). Briefly, metformin-treated and untreated control
cells were washed twice with cold PBS and then lysed
as described above. Equal amounts of protein (i.e., 50
ug) were resuspended in 5x Laemmli sample buffer (10
min at 70°C), subjected to 10% SDS-PAGE and
transferred onto nitrocellulose membranes. The
nitrocellulose membranes were blocked for 1 h at RT
with TBS-T buffer [25 mmol/L TRIS- HCI (pH 7.5),
150 mmol/L NaCl, 0.05% Tween 20] containing 5%
(w/v) nonfat dry milk to minimize non-specific binding.
Subsequently, the treated membranes were washed in
TBS-T and incubated with phospho-AMPKo ™'
(Clone 40H9) or total AMPK antibodies, as specified, in
1x TBS-T buffer containing 5% w/v BSA and 0.1%
Tween-20 at 4°C with gentle shaking overnight. The
membranes were washed with TBS-T, incubated with
horseradish peroxidase-conjugated secondary anti-
rabbit IgG in TBS-T for 1 h, and the immunoreactive
bands were detected using a chemiluminescence reagent
(Pierce). The blots were re-probed with an antibody
against PB-actin to control for protein loading and
transfer. Densitometric values of the proteins bands
were quantified using Scion Image software (Scion
Corporation).

Immunofluorescence staining and high-content confocal
imaging. Cells were seeded at approximately 5,000
cells/well in 96-well clear bottom imaging tissue culture
plates (Becton Dickinson Biosciences; San Jose, CA)
optimized for automated imaging applications. Triton®

X-100 permeabilization and blocking, primary antibody
staining, secondary antibody staining using Alexa
Fluor® 488/594 goat anti-rabbit/mouse IgGs
(Invitrogen,  Probes, = Eugene,  Oregon) and
counterstaining (using Hoechst 33258; Invitrogen) were
performed following BD Biosciences protocols. Images
were captured in different channels for Alexa Fluor®
488 (pseudocolored green) and Hoechst 33258
(pseudocolored blue) on a BD Pathway'™ 855
Bioimager System (Becton Dickinson Biosciences, San
Jose, California) with 20x or 40x objectives (NA 075
Olympus). Merging images were obtained according to
the Recommended Assay Procedure using BD
Attovision™ software.
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Supplementary Fig. 1. Accumulation of 5-formimino-
tetrahydrofolate following treatment with metformin in
breast cancer cells. Left panels. Figures show enlarged
sections of the spectra acquired on aqueous extracts of
breast cancer cells following 48 h of treatment with
either solvent control, 1 mmol/L metformin or 10
mmol/L metformin, as specified. Right panels. Fold-
increase in the average content of 5-formimino-
tetrahydrofolate following exposure to increasing
concentrations of metformin. Values shown are means
(columns) + SD (bars) from three independent
experiments.
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Supplementary Fig. 2. Loss of reduced (GSH), oxidized disulfide (GSSG), and trisulfide (GSSSG) forms of
glutathione following treatment with metformin in breast cancer cells. Figure shows enlarged sections of
the spectra acquired on aqueous extracts of breast cancer cells following 48 h of treatment with either
solvent control, 1 mmol/L metformin or 10 mmol/L metformin, as specified.
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Supplementary Fig. 3. Loss of the amino acid tryptophan
following treatment with metformin in breast cancer cells. Figure
shows enlarged sections of the spectra acquired on aqueous extracts
of breast cancer cells following 48 h of treatment with either solvent
control, 1 mmol/L metformin or 10 mmol/L metformin, as specified.
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Supplementary Fig. 4. A431 squamous carcinoma cells (top) and
Hela cervical carcinoma cells (bottom) were treated with the
indicated concentrations of metformin alone or in the presence of
a combination of thymidine (5.6 umol/L) with hypoxanthine (32
pmol/L). Metformin and modifying agents were added
simultaneously and cell growth was determined after 96 h relative
to controls without drug processed strictly in parallel using MTT-
based cell viability assays. Right. The degree of resistance to
metformin induced by thymidine and/or hypoxanthine was
evaluated by dividing the 1C3, and ICsy values obtained when cells
were co-exposed to metformin and pre-formed nucleotides by
those obtained in matched control cells cultured in the absence of
an exogenous supply of thymidine and/or hypoxanthine. MET,
Metformin; TM, Thymidine; HPX, Hypoxanthine.
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