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Background:Metformin is a first-line drug for treating type 2 diabetes and has gained considerable interest as a
potential anticancer agent. Increasing evidence suggests that metformin antagonizes diabetes and tumors
through disrupting metabolic homeostasis and altering energy state. However, whether AMP activated protein
kinase (AMPK) contributes to such effects of metformin remains controversial.
Methods: We performed integrative metabolomics analyses to systematically examine the effects of metformin
on metabolic pathways in Prkaa1 wild type (WT) and knock-out (KO) mouse embryonic fibroblast (MEF) cells
as well as human cells based on gas chromatography–mass spectrometry and capillary electrophoresis–mass
spectrometry (CE–MS).
Results: Metformin treatment induced metabolic reprogramming and reduced the energy state of both Prkaa1
WT and KO MEF cells, as evidenced by suppressed tricarboxylic acid (TCA) cycle, elevated lactate production
as well as decreased NAD+/NADH ratio. Additionally, metabolic flux analysis also showed that metformin
Ampkα-independently increased metabolic flux from glucose to lactate and decreased metabolic flux from
acetyl-CoA to TCA cycle as well as from pyruvate to malate. Moreover, metformin Ampkα-dependently upregu-
lated P-Acc but Ampkα-independently inhibited the levels of P-mTor, P-S6, Lc3, Atgl and P-Erk inMEF cells. Sim-
ilarly, we demonstrated that a commonly used AMPK agonist 5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR) and fetal bovine serum (FBS) starvation, as a common model for energy stress, both led to Ampkα-
independent metabolism alterations in MEF cells. Furthermore, these effects of metformin were also confirmed
in human hepatocellular carcinoma (HCC) cells aswell as inMCF10A shControl and shPRKAA1 cells. Importantly,
we found that metformin could obviously inhibit colony conformation of HCC cells in an Ampkα-independent
manner.
Conclusions: Our data highlight a comprehensive view of metabolic reprogramming mediated by metformin as
well as AICAR. These observations suggest that metformin could affect cellular metabolism largely bypassing
Ampkα, and may provide a new insight for its clinical usage.

© 2018 Elsevier Inc. All rights reserved.
Keywords:
Metformin
Ampk
Metabolomics
Metabolic flux
Independence
nase; WT, wild type; KO, knock-out; MEF, mouse embryonic fibroblast; GC–MS, gas chromatography–mass spectrometry; CE–
ricarboxylic acid; AICAR, 5-Aminoimidazole-4-carboxamide ribonucleotide; HCC, hepatocellular carcinoma; FBS, fetal bovine
ain; HPLC, high performance liquid chromatography; MSTFA, N-methyl-N-(trimethylsilyl)-trifluoroacetamide; ISS, internal
e of flight; HMT, Human Metabolome Technologies; EGF, epidermal growth factor; EP, Eppendorf; QC, quality control; LDS,
D, standard deviation; PCA, principal component analysis; α-KG, α-ketoglutarate; PRPP, 5-Phosphoribosyl 1-pyrophosphate;

of Chemical Physics, CAS
aration Science for Analytical Chemistry, Dalian Institute of Chemical Physics, CAS, 457 Zhongshan Road, Dalian 116023, China.
p.ac.cn (H. Piao).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2018.11.010&domain=pdf
https://doi.org/10.1016/j.metabol.2018.11.010
hpiao@dicp.ac.cn
https://doi.org/10.1016/j.metabol.2018.11.010
http://www.sciencedirect.com/science/journal/00260495
www.metabolismjournal.com


19M. Yan et al. / Metabolism Clinical and Experimental 91 (2019) 18–29
1. Introduction

Metformin iswidely used as a hypoglycemic drugdue to its desirable
safety and surprising therapeutic efficacy for type 2 diabetes (T2D) [1].
Recently, metformin has been linked to reduced incidence of cancer
among diabetics who take this medicine [2–4]. Thus, metformin has
gained considerable attention as a potential anticancer agent.Moreover,
metformin has also been reported to increase lifespan [5,6] and improve
gutflora [7]. However, the precisemechanismofmetformin in the treat-
ment of these diseases remains controversial. One of the most possible
mechanisms of action is disrupting mitochondrial function, thereby
resulting in the alterations to the tricarboxylic acid (TCA) cycle, electron
transport chain (ETC) as well as ATP production. Liu et al. revealed that
metformin could target themitochondrialmetabolism in ovarian cancer
based on an integrative metabolomics analysis [8]. It has also been re-
ported that metformin can suppress cancer cell growth via inhibiting
mitochondrial-dependent biosynthesis [9].

AMP-activated protein kinase (AMPK), a heterotrimeric complex
composed of α, β and γ subunits, plays a critical role in many biological
processes, including metabolism [10,11], cell growth [12], autophagy
[13] and apoptosis [14]. As an important cellular energy sensor, AMPK
is highly sensitive to the ratios of AMP/ATP and ADP/ATP. Thus, under
energy stress, AMPK can be phosphorylated at Thr-172 of α-subunit,
then activates a serial of downstream metabolic enzymes to promote
ATP generation [15]. Abnormally activated or inhibited AMPK is associ-
ated with the pathogenesis of T2D and cancers, which is therefore con-
sidered as a potential target for treating these disorders [16,17]. It has
beenwidely accepted thatmetformin functions as an indirect AMPK ag-
onist [9]. However, whether AMPK as the target of metformin can en-
tirely explain its therapeutic effects still remains controversial. Some
studies reveal that the anti-cancer and anti-hyperglycemic effects of
metformin have a close link with AMPK activation. For instance, it has
been demonstrated that metformin regulated blood sugar through a
gut–brain–liver axis by activating duodenal AMPK [18]. Additionally,
metformin has also been reported to inhibit tumor growth of non-
small cell lung cancer and enhance the sensitivity to ionizing radiation
through an ATP-AMPK-dependent pathway [19]. On the contrary,
other studies support the notion that AMPK activation is not involved
in themechanismof action ofmetformin. Isaamet al. reported thatmet-
formin induced cell cycle arrest and mTOR inhibition via REDD1 in an
AMPK-independent way [20]. Consistently, metformin has also been
found to suppress hepatic gluconeogenesis through the reduction of en-
ergy state bypassing the LKB1-AMPK signaling pathway [21]. Neverthe-
less, although numerous researches have focused on the contribution of
AMPK to the mechanism of action of metformin, AMPK dependence of
metformin on cellular metabolism is still unclear.

To define the AMPK dependence of metformin and understand its
mechanism, we carried out integrativemetabolomics analyses andmeta-
bolic flux assay in Prkaa1wild type (WT) and knock-out (KO)mouse em-
bryonic fibroblast (MEF) cells to systematically examine the effect of
metformin on metabolic pathways and its correlation with Ampkα. Fur-
thermore, we validated the AMPKα dependence in metformin-treated
human hepatocellular carcinoma (HCC) cell lines as well as MCF10A
shControl and shPRKAA1 cell lines.

2. Materials and Methods

2.1. Chemicals and Reagents

The detailed information of chemicals and reagents is listed in Supple-
mental materials.

2.2. Cell Culture and Drug Treatment

Prkaa1WT and KOMEF cells were a kind gift from Prof. Sheng-Cai Lin
in Xiamen University, China [22,23]. Human HCC cell lines (SMMC-7721,
BEL-7402,MHCC97H andHCCLM3)were purchased from the National In-
frastructure of Cell Line Resource (NSTI, Beijing, China). SNU-449was pur-
chased form American Type Culture Collection (Manassas, USA). MCF10A
shPRKAA1 and shControl cells were sent as a kind gift from Prof. Zhi-
Xiong Xiao in Sichuan University, China. The detail information of shRNA
used in MCF10A cells was described as previously [24]. MHCC97H
shPRKAA1 and shControl cells were also constructed by these shRNA fol-
lowing puromycin screening. The detailed information of cell culture is de-
scribed in Supplemental materials.

Metforminwas dissolved in DMEMor DMEM/F12 (1:1)mediumwith
100mMas stock solution. For GC–MSmetabolomics andwestern blotting
analyses,MEF andHCCcellswere treatedwith indicated concentrations of
metformin (1or 10mM)orAICAR (2mM)andMCF10Acellswere treated
with 20 mMmetformin for 24 h. For CE–MSmetabolomics analysis, MEF
cells were treated with 10 mMmetformin or 0.5 mM AICAR for 24 h. For
cell growth assay, cells were treated with metformin (1 or 10 mM) or
AICAR (2 mM) for the indicated periods. For metabolic flux analysis,
MEF cells were cultured in DMEMmedium with 4.5 g/L U-13C6-glucose,
10% dialyzed serum (GEMINI, West Sacramento, USA) and 1% penicillin-
streptomycin for 24 h with 10 mMmetformin treatment.

2.3. Sample Preparation

For gas chromatography–mass spectrometry (GC–MS) analysis,metab-
olites were extracted by methanol/water (4:1, v/v, containing 10 μg/mL
tridecanoic acid as internal standard). For capillary electrophoresis–mass
spectrometry (CE–MS) analysis,metaboliteswere extracted by1mLmeth-
anol (containing 200-fold diluted ISS1), 1 mL chloroform, followed by
adding 400 μL ultrapure water. The detailed procedures for metabolite ex-
traction are provided in Supplemental materials.

2.4. Metabolomics Analyses

GC–MSbased full-scanmetabolomics analysiswas performed by using
GCMS-QP 2010 analytical system (Shimadzu, Japan) as previously de-
scribed [25]. DB-5 MS capillary column (30 m × 250 μm× 0.25 μm, J&W
Scientific, Folsom, CA, USA) was used for sample separation. EI source
with 70 eV electron impact was used as ionization mode.

CE–MS based metabolomics and metabolic flux analysis were con-
ducted on CE (G7100A, Agilent, Santa Clara, CA, USA) couple to time of
flight (TOF)mass spectrometry (G6224A, Agilent). The fused silica capillary
(50 μm i.d. × 80 cm, Human Metabolome Technologies (HMT), Tsuruoka,
Japan) was used for sample separation. The pre-analyzed metabolite stan-
dard librarywas used formetabolite qualitative and qualitative (HMT). The
analytical methods were used as previously described [26].

2.5. Cell Viability and Proliferation Assay

The detailed protocols of cell viability and proliferation assay are de-
scribed in Supplemental materials.

2.6. Western Blotting

RIPA buffer was used for cell lysis. Equal amounts of protein were sep-
arated by SDS-polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA).
After primary antibodies incubating overnight at 4 °C,membraneswere in-
cubated with HRP-conjugated secondary antibodies at room temperature.
The protein bands were visualized by incubated with chemiluminescence
(Thermo Fisher Scientific). The detailed procedures and primary antibodies
used in this study are described in Supplemental materials.

2.7. Colony Formation Assay

The detailed procedures of two and three-dimensional colony for-
mation assay are provided in Supplemental materials.
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2.8. Data Processing and Statistical Analysis

In GC–MS based metabolomics analysis, the metabolite identifica-
tion and quantification were conducted by ChromaTOF software
(LECO, St. Joseph,MI, USA) andGCMS solution software (Shimadzu), re-
spectively. For each sample, the peak area of each metabolite was first
normalized to the dry weight of cell protein followed by normalization
to the peak area of internal standard. In CE–MS based metabolomics
analysis, data analysis was performed by Agilent Qualitative and Quan-
titative analysis software (Agilent). For each sample, the peak area of
each metabolite was normalized to the total peak areas of all metabolites.
In metabolic flux analysis, the data were processed by in-lab software
SIAMAnalyzer to correct natural isotopes and calculatemass isotopologue
distribution (MID).

All data were expressed as mean ± standard deviation (SD). Data
analyses were carried out by GraphPad software 5.0 (GraphPad Soft-
ware, USA) and Excel 2010 (Microsoft). Significance was analyzed by
using one-way ANOVA followed by Tukey's multiple comparison test
for multiple groups and student's t-tests for two groups and p b 0.05 in-
dicated significant. Principal component analysis (PCA) and heatmap
analyses were performed by SIMCA-P software (Umetrics, Umea,
Sweden, version 11.0) and Multi Experiment Viewer software (MeV,
version 4.8.1), respectively. Pathway analysis was conducted by using
on-line software MetaboAnalyst 3.0 [27].

3. Results

3.1. Metabolomics Profiling of Prkaa1 WT and KO MEF Cells

In this study, we systematically investigated the effect of metformin on
metabolism by metabolomics profiling. The flow chart of this study is
presented in Fig. S1. We first measured the expression of Ampkα in
Prkaa1 WT and KO MEF cells. Compared with WT MEF cells, the levels of
Ampkα, P-Ampk and P-Acc were almost absent in KO MEF cells (Fig. 1A).
Subsequently, we compared the cell proliferation rate and performed
metabolomics profiling between WT and KO MEF cells. As shown in
Fig. S2A, WT and KO MEF cells displayed the similar growth rates. Based
on GC–MS untargeted metabolomics profiling, we found that there were
44 differential metabolites between these two cells lines (Fig. 1B). Follow-
ing analysis by online software MetaboAnalyst 3.0, two most obviously al-
tered metabolic pathways were alanine, aspartate and glutamate
metabolism as well as tricarboxylic acid (TCA) cycle (Fig. S2B). Of note,
TCA intermediates, such as citrate, fumarate andmalate, coupled to energy
state, were markedly increased in KO MEF cells relative to WT MEF cells
(Fig. 1C). Consistent with the previous study [28], lactate production was
significantly elevated in KO MEF cells compared with WT MEF cells
(Fig. 1D). Additionally, the level of intracellular glucose in KO MEF cells
showed a reduction, suggesting an elevation in glucose consumption
(Fig. 1E). These results showed a close link between Ampkα and energy
metabolism.

3.2. Metformin Affected the Majority of Metabolic Pathways in an Ampkα-
independent Manner

Metformin has been reported as an indirect activator of AMPK [29].We
first examined theeffect ofmetforminonAmpkαThr-172phosphorylation
inWTandKOMEFcells via immunoblot. Following treatmentwithmetfor-
min (10 mM), Ampkα phosphorylation at Thr-172 was remarkably
induced in WT MEF cells, whereas it was almost absent in KO MEF cells,
as was Ampkα expression (Fig. 2A). Then, we determined the expression
of Ampkα downstream proteins, including Acc1, P-Acc, S6, P-S6, mTor, P-
mTor, Atgl, Lc3, Erk andP-Erk inWTandKOMEF cells followingmetformin
treatment (Fig. 2A). As expected, P-S6, P-mTor and P-Erk were inactivated
by metformin in both WT and KO MEF cells, whereas P-Acc was upregu-
lated only in WTMEF cells. Moreover, metformin remarkably downregu-
lated the levels of Lc3 and Atgl in bothWT and KOMEF cells (Fig. 2A).
AMPK has been considered to function as a negative modulator of
cell proliferation [30]. Hence, we examined the cell proliferation by
using crystal violet staining following 24 h of metformin treatment.
Interestingly, metformin exhibited similar anti-proliferative effects on
these two cell lines (Fig. 2B, C). These results revealed that the anti-
proliferative effects of metformin on MEF cells were largely Ampkα-
independent.

Accumulating evidence indicates that the therapeutic effects ofmetfor-
min against diabetes as well as cancers have been linked to altered meta-
bolic pathways. Thus, we systematically assessed the metabolomics
profiling of WT and KO MEF cells using GC–MS and CE–MS analyses fol-
lowing culture with metformin. PCA score plot showed that the MEF
cellswithdifferent treatmentswere completely separated (Fig. S3A). Com-
pared with untreated cells, there were totally 62 differential metabolites
found out in metformin-treatedWTMEF cells and 58 differential metabo-
lites in metformin-treated KO MEF cells, of which 48 metabolites were in
the intersection (Fig. S3B). Based on metabolic pathway analysis, we
found that aerobic glycolysis, TCA cycle and amino acidmetabolism exhib-
ited marked alterations following metformin treatment. We next evalu-
ated the Ampkα dependence of the changes in metabolic pathways
observed in Figs. 2D and S4. Notably, metformin significantly decreased
the levels of citrate and succinate, the main intermediates during TCA
cycle, in both WT and KO MEF cells. Besides, cellular lactate levels, the
final product of aerobic glycolysis, were obviously elevated after treat-
ment with metformin regardless of Ampkα. Moreover, metformin
also affected majority of amino acids in an Ampkα-independent
manner, for example, serine, hypotaurine and 3-methyl-2-oxovaleric
acid were upregulated, whereas proline, 4-guanidinobutyric acid and as-
partate were downregulated. However, the minority of amino acids
showed an Ampkα-dependent alteration, such as phenylalanine,methio-
nine and threonine.

To further understand these alterations, we analyzed the associations
among thesemetabolic pathways by comparing the criticalmetabolite ra-
tios. As expected, metformin treatment led to a significant reduction in
the ratio of citrate/pyruvate and an obvious elevation in the ratio of lac-
tate/pyruvate in both WT and KO MEF cells (Fig. 3A, B). These results in-
dicated that metformin inhibited the entry of pyruvate into the TCA cycle
and promoted lactate production bypassing Ampkα. In addition, we ob-
served a marked increase in α-ketoglutarate (α-KG) under metformin
treatment. This might result from the contribution of glutamine, which
is another source entry into the TCA cycle via generating α-KG by deam-
ination and transamination reactions [9]. Of note, the ratio of α-KG/
glutamine was significantly elevated following metformin treatment of
WT and KO MEF cells (Fig. 3C). Interestingly, co-culture with glutamine
or sodium pyruvate could both reverse metformin-induced growth inhi-
bition (Fig. 3D, E).

Given the high sensitivity of Ampkα in response to the ratio of AMP/
ATP orADP/ATP,weperformedCE–MSbasedmetabolomics analysis tofig-
ure out the Ampkα dependence of the alterations in nucleotides. As ex-
pected, there were significant differences of nucleotide ratios in Ampkα
WT and KO MEF cells. Following metformin treatment, WT and KO cells
displayed the similar trends in alterations of these nucleotide ratios com-
pared to their untreated cells, although the KO cells showed lower energy
state than WT cells (Fig. 4A). Consistently, based on the formula (ATP +
0.5 ×ADP) / (ATP+ADP+AMP) [31], the cell energy statewas also obvi-
ously suppressed by metformin treatment in both WT and KO MEF cells
(Fig. 4B). Moreover, metformin treatment reduced the NAD+/NADH ratio
due to NADH accumulation in both two cell lines (Fig. 4C). These findings
indicated that metformin could repress the energy generation largely in
an Ampkα-independent manner.

3.3. AICAR Induced Remark Metabolic Alterations in an Ampkα-
independent Manner

AICAR, an AMP mimic, commonly functions as an AMPK agonist in
the laboratory and has also been explored as an anticancer agent [32].



Fig. 1. Prkaa1 knock-out (KO) MEF cells displayed altered metabolomics profiling compared to Prkaa1 wild type (WT) MEF cells based on GC–MS. (A) Immunoblot of Ampkα, P-Ampk
(T172), Acc1 and P-Acc (S79) in Prkaa1 WT and KO MEF cells. Vinculin was used as a loading control. (B) Volcano plot of 44 different metabolites between WT and KO MEF cells (n =
3, p b 0.05 vs. WT MEF cells). X axis, log2 (ratio of KO to WT), Y axis, −log2 (p value). (C–E) The levels of citrate, fumarate, malate, lactate and glucose in WT and KO MEF cells were
compared (n = 3). Data are expressed as mean ± SD. Differences between two groups were analyzed by Student t-test. ⁎p b 0.05 and ⁎⁎p b 0.01 vs. WT MEF cells.
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Here, similar tometformin,we also performed a systematicallymetabo-
lomics screen in order to pinpoint the correlation between AICAR-
induced metabolic alterations and Ampkα dependence. We first found
that AICAR only activated the Ampkα ofWTMEF cells, however, displayed
anobviously suppressive effect on theproliferationof bothWTandKOMEF
cells (Fig. 2A–C), which was in line with the previous observations [28]. In
line with metformin, AICAR also upregulated P-Acc only in WT MEF cells
but downregulated P-S6, P-mTor, Atgl and P-Erk in bothWT and KOMEF
cells (Fig. 2A). However, AICAR obviously increased the level of Lc3 in
bothWT and KOMEF cells, which was in contrast to metformin (Fig. 2A).

Based on GC–MS analysis, we observed 50 differentialmetabolites in
AICAR-treated WT MEF cells and 64 differential metabolites in AICAR-
treated KO MEF cells when compared with the untreated cells, of
which44metaboliteswere the same (Fig. S3B). Of note, the intracellular
glucose levels of bothWT and KOMEF cells were dramatically elevated
by AICAR treatment, suggesting an Ampkα-independent decrease in
glucose consumption (Fig. S4). In contrast to metformin, AICAR caused
a remarkable reduction in the lactate level regardless of Ampkα
(Fig. S4). Moreover, although citrate and the ratio of citrate/pyruvate
had little alteration following AICAR treatment, other TCA intermedi-
ates, includingα-KG, succinate, fumarate andmalate, were all markedly
downregulated in both WT and KO MEF cells (Fig. S4). These findings
revealed that AICAR treatment could inhibit aerobic glycolysis and the
TCA cycle in MEF cells. Importantly, such suppression of AICAR exerted
no correlationwith Ampkα activity. Additionally, AICAR had little effect
on amino acid metabolisms except for several individual amino acids.



Fig. 2.Metformin and AICAR affectedmetabolism of MEF cells in an Ampkα-independentmanner. (A) The effects of metformin (10 mM) and AICAR (2mM) on Ampkα, P-Ampk (T172),
Acc1, P-Acc (S79), S6, P-S6 (S235/236),mTor, P-mTor (S2448), Lc3, Atgl, Erk and p-Erk (Thr202/Tyr204) expression inWT andKOMEF cells following 24 h of treatment. Vinculinwas used
as an internal control. (B, C) Cells were stained with 0.1% crystal violet after 24 h of treatments with metformin and AICAR, representative images are shown (B) and cell viability was
quantified by extracting with 10% acetic acid and determining at 590 nm (C) (n = 4). (D) Heatmap of main metabolites in WT and KO MEF cells following treatment with metformin
(10 mM) and AICAR (2 mM) based on GC–MS. For each metabolite, the average value of untreated WT MEF cells was used for normalization (n = 4). Data are expressed as mean ±
SD, ⁎⁎p b 0.01 and ⁎⁎⁎p b 0.001 vs. the control group. CON indicates control and MET indicates metformin.
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GivenAICAR-mediatedAMPKα activation due to the binding of itsmet-
abolic product ZMP to the γ-subunit of AMPK [33], we further investigated
the effects of AICAR on nucleotides metabolism in WT and KO MEF cells
using CE–MS. As expected, AICAR seriously disrupted the balance of nucleo-
tidemetabolisms, as evidenced by a dramatic upregulation in purinemetab-
olites (i.e., ATP, ADP, AMP, GTP, GDP and GMP) and a marked
downregulation in pyrimidine metabolites (i.e., CTP, CDP, CMP, UTP, UDP
and UMP) (Fig. S5). Furthermore, the level of 5-Phosphoribosyl 1-
pyrophosphate (PRPP) was completely suppressed following AICAR treat-
ment, which could be explained by the feedback inhibition of increased pu-
rine metabolites. It has been considered that PRPP functions as a critical
substrate for UMP synthase catalyzing the conversion of orotate to UMP
[34]. In line with such data were the observed accumulation in orotate and
reduction in UMP as well as the downstream pyrimidine metabolites. This
result is consistent with the previous studies in AICAR-treated multiple
myelomacells [35].More interestingly, ourfindings showed that sucheffects
of AICAR on nucleotide metabolisms were independent of Ampkα in MEF
cells.

3.4. Metformin Ampkα-independently Promoted Lactate Production and
Inhibited TCA Cycle by Metabolic Flux Analysis

To further validate metformin-mediated metabolic alterations, we per-
formed metabolic flux analysis in Prkaa1 WT and KO MEF cells following
metformin treatment. As shown in Fig. 5, the proportion of lactate (M +
0)was decreased and that of lactate (M+3)was increased followingmet-
formin treatment in both Prkaa1WTandKOMEF cells, suggesting thatmet-
formin led to an Ampkα-independent promotion of lactate production. In
addition, TCA cycle intermediates citrate (M+0), fumarate (M+0),malate
(M + 0), α-KG (M + 0) and succinate (M + 0) were Ampkα-



Fig. 3. Glutamine and sodium pyruvate reversed metformin-induced cell growth inhibition. (A–C) Metabolite ratios in MEF cells treated with metformin and AICAR including citrate/
pyruvate, lactate/pyruvate and α-ketoglutarate/glutamine were calculated (n = 4). ⁎p b 0.05, ⁎⁎p b 0.01 and ⁎⁎⁎p b 0.001 vs. the control group. (D, E) The effects of glutamine (1 mM,
D, n = 3) and sodium pyruvate (1 mM, E, n = 3) on cell viability of 10 mM metformin-treated MEF cells were determined by crystal violet staining. Data are expressed as mean ± SD.
⁎⁎⁎p b 0.001 vs. the metformin-treated group. Glu indicates glutamine, and Pyr indicates sodium pyruvate.

Fig. 4.Metformin significantly reduced cellular energy states in an Ampkα-independentmanner. (A) The effect of metformin on nucleotide ratios ofMEF cells. Heatmap of the nucleotide
ratios is shown in left and the ratio values are shown in right (n= 3). (B) The effect ofmetformin on energy states ofMEF cells. The cellular energy state was calculated by formula (ATP+
0.5 × ADP) / (ATP + ADP+ AMP) [31] (n= 3). (C) The effect of metformin on NAD+/NADH ratio of MEF cells (n= 3). Data are expressed asmean ± SD. ⁎p b 0.05, ⁎⁎p b 0.01 and ⁎⁎⁎p b

0.001 vs. the control group.
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independently accumulated following metformin treatment, whereas the
proportions of fumarate (M+ 2), malate (M+ 2), α-KG (M+ 2), citrate
(M+ 4), malate (M+ 4), α-KG (M + 4), succinate (M+ 4) and citrate
(M+ 6) were significantly decreased in an Ampkα-independent manner.
These results indicated that metabolic flux from acetyl-CoA to TCA cycle
through citrate synthase was Ampkα-independently repressed. Moreover,
the proportions of citrate (M + 3), fumarate (M + 3), malate (M + 3),
succinate (M+3)andα-KG(M+3)were alsoAmpkα-independently de-
creased by metformin treatment, suggesting that pyruvate-malate meta-
bolic flux through pyruvate carboxylase was inhibited (Fig. 5).

Furthermore, the levels of amino acid also exhibited significant
changes following metformin treatment. The proportion of aspartate
(M + 0) was increased and the proportions of aspartate (M + 2,
M + 3, M + 4) were all decreased in both WT and KO MEF cells,
suggesting that malate-aspartate shuttle was inhibited following
metformin treatment (Fig. 5). Similarly, the proportion of glutamate
(M + 0) was increased and the proportions of glutamate (M + 3,
M + 4, M + 5) were all decreased in both WT and KO MEF cells
(Fig. 5). These findings indicated that the amino acids generated from
TCA cycle were also Ampkα-independently inhibited by metformin.
Fig. 5.Metabolic flux analysis ofmetformin inducedmetabolic changes by using U-13C6-glucose
isotopologue distribution. Data are expressed as mean ± SD. ⁎p b 0.05, ⁎⁎p b 0.01 and ⁎⁎⁎p b 0.
3.5. Metformin-Mediated Ampkα-independent Metabolic Reprogramming
Was Concentration-independent

It has been reported that treatment with low or high concentration
of metformin can result in different effects on cells [36]. In order to fur-
ther examine whether AMPKα independence of metformin-induced
metabolic alterations correlates with its concentration, we investigated
the impact of different concentrations of metformin (1 and 10 mM) on
cell proliferation and metabolic alterations in WT and KO MEF cells. Of
note, metformin concentration-dependently induced phosphorylation of
Ampkα and suppressed the proliferation of WTMEF cells, but also exerted
a similar anti-proliferative effect on KOMEF cells (Fig. 6A–B). We have also
determined the levels of Acc1, P-Acc, S6, P-S6, mTor, P-mTor, Lc3, Atgl, Erk
and P-Erk in MEF cells following low and high-concentration of metformin
treatment. As shown in Fig. 6A, 1 mMmetformin displayed a slight promo-
tion on P-Ampk and P-Acc as well as a slight inhibition on P-Erk and Lc3
compared to 10 mMmetformin.

Furthermore, GC–MS metabolomics profiling showed that metformin
also affected metabolic pathways of MEF cells in a concentration-dependent
manner, as evidenced by fewer differential metabolites found in MEF cells
as tracer. (n= 5. CON indicates control, MET indicatesmetformin andMID indicatesmass
001 vs. the control group.)



Fig. 6. Low concentration of metformin affected cellular metabolism in an Ampkα-independent manner. (A) The effects of metformin with low and high concentrations (1 mM and
10 mM) on Ampkα, P-Ampk, Acc1, P-Acc (S79), S6, P-S6 (S235/236), mTor, P-mTor (S2448), Lc3, Atgl, Erk and P-Erk (Thr202/Tyr204) in MEF cells after 24 h of treatment. Vinculin
was used as a loading control. (B) The effects of metformin with low and high concentrations (1 mM and 10 mM) on cell viability following 48 h of treatment. (n = 4) (C) Heatmap of
main metabolites in WT and KO MEF cells following 24 h of treatments with metformin (1 mM and 10 mM) based on GC–MS (n = 3). (D–F) The levels of lactate, citrate and aspartate
in MEF cells treated with different concentrations of metformin (1 mM and 10 mM) were compared (n = 3). Data are expressed as mean ± SD. ⁎p b 0.05, ⁎⁎p b 0.01 and ⁎⁎⁎p b 0.001
vs. the control group. LMET indicates a low concentration of metformin (1 mM), and HMET indicates a high concentration of metformin (10 mM).
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treatedwith1mMmetformincompared to10mMmetformin (Fig. 6C). Sim-
ilar to high concentration of metformin, the levels of lactate in bothWT and
KOMEF cells were also elevated following treatment with 1mMmetformin
(Fig. 6D). However, 1 mM metformin had little effect on the TCA cycle
(Fig. 6E). In line with the previous observations [37], the level of aspartate
was markedly reduced by both treatments with metformin (Fig. 6F). These
results suggest that metformin-mediated Ampkα-independent metabolic
reprogramming did not depend on its concentrations.



26 M. Yan et al. / Metabolism Clinical and Experimental 91 (2019) 18–29
3.6. Energy Stress by FBS Starvation Also Led to Ampkα-independent Alter-
ations in Metabolic Pathways

FBS starvation is considered as a common model for energy stress,
which can activate AMPK phosphorylation. Thus, the metabolomics
profiling of WT and KO MEF cells under FBS-free condition was ana-
lyzed to further confirm the correlation between metabolic
reprogramming and Ampkα activity. As expected, FBS starvation in-
duced obvious phosphorylation of Ampkα in WT MEF cells but not in
KO MEF cells (Fig. S6A). Consistently, the intracellular glucose was
Ampkα-independently increased and the levels of lactate and citrate
were Ampkα-independently reduced by FBS-free culture (Fig. S6D).
Next, we also compared the metabolic alterations between WT and
KO MEF cells under FBS-free condition. As Fig. S6B and C shown, the
two most markedly differential metabolic pathways were alanine, as-
partate and glutamate metabolism as well as TCA cycle, which was in
linewith themetabolic differences between twoMEF cell lines cultured
with FBS. These results indicated that FBS starvation could also induce
metabolic reprogramming bypassing Ampkα.

3.7. Metformin AMPKα-independently Induced Metabolic Alterations and
Inhibited Tumorigenicity in Human Cell Lines

To further confirm the AMPKα independence of metformin on cellu-
lar metabolism, we used MCF10A shControl and shPRKAA1 cells to vali-
date the AMPKα independence of metformin (Fig. 7A). After PRKAA1
knocking down, decreased levels of P-AMPK and P-ACC as well as in-
creased level of P-S6were observed (Fig. 7A). Followingmetformin treat-
ment, lactate to pyruvate ratio and various amino acids were increased,
while citrate and aspartate were decreased in both MCF10A shControl
and shPRKAA1 cells (Fig. 7B), in line with the observations in MEF lines.

Also, we conducted GC–MS metabolomics to examine the effect of
metformin on hepatic cell lines with different levels of AMPKα expres-
sion. Based on the AMPKα levels in ten of hepatic cell lines (Fig. 8A),
HCCLM3 and BEL-7402 were chosen as AMPK high-expressing cells,
while SMMC-7721 was used as AMPK low-expressing cells. Interest-
ingly, these three cell lines exhibited similar sensitivity in response to
treatment with 10 mMmetformin (Fig. 8B). Consistent with the effects
observed in MEF and MCF10A cells, metformin dramatically promoted
Fig. 7. The effects of metformin on metabolism of MCF10A cells did not depend on AMPKα. (A
MCF10A shControl and shPRKAA1 cells. β-Actin was used as internal control. (B) Heatmap of m
metabolite, the average value of untreated shControl group was used for normalization.
the lactate production from pyruvate and suppressed the TCA cycle in
threeHCC cell lines (Fig. 8C).Moreover, followingmetformin treatment,
numerous amino acids of three cell lines were altered in a consistent
way. Therefore, these findings suggest that the effects of metformin on
cellular metabolism may be largely bypassing AMPKα.

Finally, to test whether the effect of metformin on tumorigenicity is
dependent on AMPKα, we performed colony formation assays by using
AMPKα high-expressing MHCC97H and BEL-7402 cells as well as
AMPKα low-expressing SMMC-7721 and SNU-449 cells. The results
showed that metformin obviously inhibited colony formation in both
AMPKα high-expressing and low-expressing HCC cell lines based on
both two and three-dimensional colony formation assays (Fig. 8D,
Fig. S7). Of note, we knocked down PRKAA1 in MHCC97H cells and
also found that metformin remarkably suppressed clonogenicity in
bothMHCC97H shControl and shPRKAA1 cells (Fig. S8). Taken together,
these findings indicated that metformin could AMPKα-independently
inhibited tumorigenicity in HCC cell lines.

4. Discussion

As a first-line anti-hyperglycemic drug and a potential anti-cancer
agent, metformin has gained considerable attention to its mechanisms
of action. It has been well accepted that metformin functions through
disturbing the metabolic processes [8,9,37,38]. Moreover, AMPK has
been reported to serve as a critical modulator for the action of metfor-
min [39]. However, it is still unclear whether metformin-mediated me-
tabolism disturbance attributes to AMPK activation. Hence, the overall
aim of this study was to investigate the AMPKα dependence of effect
of metformin on metabolism. Here, we comprehensively evaluated the
effect of metformin on metabolism in Prkaa1 WT and KO MEF cells
based on GC–MS and CE–MS metabolomics analyses as well as
metabolic flux analysis. As expected, metformin treatment resulted in
significant alterations to metabolic pathways, including the TCA cycle,
glycolysis, amino acid metabolism and nucleoside levels. Importantly,
most of these changes induced by metformin did not depend on
Ampkα except for some individual metabolites, which was consistent
with the observations in MEF cells with AICAR treatment or
under FBS-free condition as well as in metformin-treated HCC and
MCF10A cells.
) Immunoblot of AMPKα, P-AMPK (T172), ACC1, P-ACC (S79), S6 and P-S6 (S235/236) in
ain metabolites altered by metformin after treatment for 24 h (20 mM, n = 5). For each



Fig. 8. The effects of metformin onmetabolism and clonogenicity of human hepatocellular carcinoma (HCC) cells did not depend on AMPKα. (A) Immunoblot of AMPKα in ten of hepatic
cell lines. GAPDH was used as an internal control. (B) The effect of metformin (10 mM) on cell viability of HCCLM3, BEL-7402 and SMMC-7721 cells (n = 3). (C) Heatmap of main
metabolites altered by metformin treatment for 24 h in HCCLM3, BEL-7402 and SMMC-7721 cells (n = 4). (D) Three-dimensional colony formation assay by 10 mM metformin
treatment in MHCC97H, BEL-7402 and SMMC-7721 cells (n = 9. Data are expressed as mean ± SD. ⁎⁎⁎p b 0.001 vs. the control group.)
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Increasing evidence shows that metformin exhibited anticancer and
hypoglycemic effects in an AMPK-independent way, although AMPK
signaling pathway could be triggered by metformin [20,21]. Of note,
our study also demonstrated that metformin affected cellular metabo-
lism largely bypassing Ampkα. We observed an Ampkα-independent
elevation in lactate/pyruvate ratio and reduction in citrate/pyruvate
ratio following metformin treatment, suggesting that pyruvate was
more inclined to enter into lactate than the TCA cycle. Importantly,
thesemetabolic alterationswere also validated bymetabolic flux analy-
sis (Fig. 5). Additionally, we found that metformin led to a marked de-
crease in NAD+/NADH ratio, which can be partly explained that the
NADH generated from glycolysis could not be converted into NAD+

via the oxidative phosphorylation. These results could be supported by
the previous reports that metformin could inhibit mitochondrial
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complex I in respiratory chain [40] as well as reduced hepatic energy
state AMPK-independently [21]. Furthermore, AMPK has been consid-
ered as a suppressor of tumorigenesis [41]. Interestingly, we observed
that Prkaa1 WT and KO MEF cells exhibited similar growth rates with
or without metformin treatment. Moreover, glutamine and sodium py-
ruvate could reverse metformin-induced growth inhibition regardless
of Ampkα. Consistent with our results, metformin has been reported
to elevate the dependence of glutamine metabolism in prostate cancer
cells [42]. We also found that metformin could Ampkα-dependently
upregulated P-Acc but Ampkα-independently downregulated the
levels of P-mTor, P-S6, P-Erk, Atgl and Lc3. These results suggestedmet-
formin might lead to an Ampkα-dependent inhibition in fatty acid syn-
thesis while an Ampkα-independent suppression in protein synthesis,
autophagy and fatty acid catabolism inMEF cells,whichwere consistent
with previous findings [36,43,44].

Here, our studies mainly revealed an Ampkα-independence of
metformin-mediated metabolic alterations, which could provide several
clinical significances. Although increasing clinical studies have showed
that metformin could reduce incidence and mortality of cancer [4,45],
the effects of metformin vary among different populations [46,47].
Besides, the acquired drug-resistance also occurred during metformin
treatment for cancer [48]. According to metabolic pathway analyses, the
drug-resistance of metformin might be due to the activation of comple-
mentary metabolic pathway to TCA cycle, which was independent of
the activity of AMPKα. Hence, thesefindings suggest that the other activa-
tors of AMPKαmay also not work during the drug-resistance of metfor-
min. Moreover, these also provide a new insight that combination of
metformin with the inhibitors of complementary metabolic pathway to
TCA cycle may achieve better therapeutic benefits.

AICAR, as a direct AMPK agonist, has also been reported to possess
hypoglycemic and antitumor effects [49,50]. Several previous studies
showed that the antitumor effects of AICAR correlatedwith AMPK activ-
ity [51,52]. However, some recent reports have revealed that such ef-
fects can be mediated by AMPK-independent mechanisms [53,54].
Previous studies showed that AICAR could lead to pyrimidine starvation
and apoptosis inmultiplemyeloma cells [35] aswell as inhibit glycolysis
in human umbilical vein endothelial cells [55]. Consistently, we ob-
served a dramatic upregulation in purinemetabolism and downregula-
tion in pyrimidine metabolism as well as lactate/pyruvate ratio in
AICAR-treated MEF cells. Moreover, in addition to nucleotide metabo-
lism and glycolysis, AICAR also suppressed the TCA cycle in MEF cells,
suggesting an energy stress by AICAR. Here, our data indicated that
metformin and AICAR displayed opposite effects on glycolysis, despite
the fact that Ampkαwas activated by both treatments. It wasmore sur-
prising that these observed metabolism alternations stimulated by
metformin and AICAR were largely Ampkα-independent. Recently,
AMPK has been reported to play a key role in FBS starvation-induced in-
crease of glucose transport [56]. However, similar to AICAR, FBS-
starvation also resulted in a decrease in lactate and citrate bypassing
Ampkα. Furthermore, metformin-mediated AMPKα-independent me-
tabolism reprogramming also be validated in human HCC cell lines
with distinct AMPKα expressions as well as in MCF10A shControl and
shPRKAA1 cells. Taken together, these results suggest that metformin
could AMPKα-independently alter cellular metabolism in different
origin cells.

On the other hand, several previous studies revealed thatmetformin
acted as an antitumor agent in multiple cancers via activating AMPK
[19,57]. Additionally, a recent report showed that at the initial stage of
administration in ratmodels of diabetes,metformin could lower hepatic
glucose production in a duodenal Ampk-dependent mode [18]. Consis-
tently, we observed that several amino acids including phenylalanine,
methionine and threonine were affected by metformin related to
Ampkα activation. Moreover, the metformin induced nucleotide
changes were partly Ampkα-dependent. Specifically, it has been re-
ported that AMPK dependence of metformin might be associated with
its concentrations [36]. That study showed that low-concentration of
metformin (≤1 mM) Ampk-dependently suppressed mTorc1 signaling
pathways in primary hepatocytes, whereas high-concentration of met-
formin (N2 mM) exhibited an Ampk-independent mTorc1 inhibition.
However, our data indicated that 1mMmetformin also affectedmetab-
olism of MEF cells bypassing Ampkα, even though the metabolic path-
ways displayed slighter alterations following 1 mMmetformin treatment
compared to 10 mM. Nevertheless, despite these findings, one limitation
of the present study was only at cellular level. Thus, further research will
be needed to illuminate the exact mechanisms of AMPKα dependence of
metformin in vitro and in vivo as well as in humans.

In summary, based on multi-platform metabolomics analyses and
metabolic flux analysis, we found that metformin displayed strong in-
fluence on metabolic pathways in Prkaa1WT and KOMEF cells. Specif-
ically, metformin treatment led to an elevation in glycolysis, a reduction
in the TCA cycle and energy states, aswell as a disturbance in amino acid
metabolism. Importantly, metformin-mediated metabolism program-
ming was largely independent of Ampkα, with the exception of several
amino acids and nucleotides. Consistently, such Ampkα independence
of metformin was validated in HCC cell lines with distinct AMPKα ex-
pressions as well as in MCF10A shControl and shPRKAA1 cells. More-
over, we demonstrated that AICAR Ampkα-independently inhibited
glycolysis and TCA cycle as well as disrupted nucleotide metabolism.
Our results highlight a systematic view ofmetabolomics profilingmedi-
ated bymetformin and AICAR aswell as the Ampkα independence, pro-
viding a new insight for their application.
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