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� Ambient single cell mass spectrom-
etry was used to study live cells.

� Other analytical techniques (e.g.,
cytotoxicity assay, enzymatic activity
assay, and HPLC/MS) were used to
provide complementary information.

� Drug-resistant cancer cells' viabilities
and molecular profiles were affected
by antidiabetic drug metformin.

� Unique lipids and metabolites were
observed only in live single cells.

� Inhibition of fatty acid synthase
(FASN) is a potential mechanism
related to metformin treatment of
drug-resistant cancer cells.
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a b s t r a c t

Irinotecan (IRI), a topoisomerase I inhibitor blocking DNA synthesis, is a widely used chemotherapy drug
for metastatic colorectal cancer. Despite being an effective chemotherapy drug, its clinical effectiveness is
limited by both intrinsic and acquired drug resistance. Previous studies indicate IRI induces cancer
stemness in irinotecan-resistant (IRI-resistant) cells. Metformin, an oral antidiabetic drug, was recently
reported for anticancer effects, likely due to its selective killing of cancer stem cells (CSCs). Given IRI-
resistant cells exhibiting high cancer stemness, we hypothesize metformin can sensitize IRI-resistant
cells and rescue the therapeutic effect. In this work, we utilized the Single-probe mass spectrometry
technique to analyze live IRI-resistant cells under different treatment conditions. We discovered that
metformin treatment was associated with the downregulation of lipids and fatty acids, potentially
through the inhibition of fatty acid synthase (FASN). Importantly, certain species can be only detected
from cells in their living status. The level of synergistic effect of metformin and IRI in their co-treatment
of IRI-resistant cells was evaluated using Chou-Talalay combinational index. Using enzymatic activity
assay, we determined that the co-treatment exhibit the highest FASN inhibition compared with the
mono-treatment of IRI or metformin. To our knowledge, this is the first single-cell MS metabolomics
study demonstrating metformin-IRI synergistic effect overcoming drug resistance in IRI-resistant cells.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Drug resistance, classified as intrinsic resistance (pre-existent)
and acquired resistance (induced by drug), occurs in almost all
cancer patients in chemotherapy, decreasing the therapeutic effect
of the treatment [1]. Acquired drug resistance is one of the major
challenges of treating metastatic colorectal cancer (mCRC) patients.
Among all cancers, colorectal cancer is the third most common
cancer diagnosed and the fourth leading cause of cancer death
worldwide [2]. GLOBOCAN estimates colorectal cancer accounted
for 6.1% of all cancer incidence and 9.2% of all cancer deaths in 2018
[3]. It is estimated approximately 60% of patients will ultimately
develop into mCRC [4], whereas more than 30% of patients were
first diagnosed with mCRC in their early stages without showing
any symptoms [4].

Irinotecan (IRI) is a widely used chemotherapy drug for the
treatment of mCRC. Chemotherapy regimens using IRI (e.g., FOLFIRI
and FOLFOXIRI) are standard first-line therapies for mCRC. As an
effective chemotherapy drug, IRI containing regimens give an
average response rate of 31e65% and overall median survival of
14e31 months [5e7]. However, the effectiveness of IRI treatment
suffers from small populations of cancer cells with acquired drug
resistance, which is a common reason for treatment failure.
Numerous studies have been performed to explain themechanisms
of IRI drug resistance. The proposed theories include drug inacti-
vation by IRI glucuronidation [8], reduced drug accumulation in
subcellular localization caused by active drug efflux [9], drug-target
interaction reduction by decreased topoisomerase I expression [10],
DNA damage minimization by decreasing topo I-DNA interaction
[11], and the induction of cancer stem-like cells to escape cytotoxic
effect [12,13]. To gain an insight into the cellular mechanism of IRI
resistance in colorectal cancer cells, we studied the changes in
metabolites and proteins of IRI-resistant cells, which were derived
from colorectal cancer cell line HCT-116 through low-does (1 mM)
IRI treatment [14]. Compared with the parental HCT-116 cells, the

resistance index (RI ¼ IC50ðdrug�resistant cellÞ
IC50ðparental cellÞ

) increased from 1.9 to 3.6 after

HCT-116 cells beingexposed to IRI for 10 and 20 days, respectively
[14]. Further studies found the IRI-resistant cells exhibited certain
levels of similarities of lipid compositions as cancer stem cells
(CSCs). In addition, we discovered that IRI-resistant cells possess
cancer stemness, including the enriched proteins and overex-
pressed mRNAs of CSCs biomarkers such as CD133, CD24, and
ALDH1A1.

Metformin is a classical biguanide antidiabetic drug. Recently, it
was reported that the chemotherapy involving metformin showed
enhanced anticancer effects [15], arising from its ability of selec-
tively killing CSCs [16e18]. Metformin exhibits pharmacological
activities on CSCs by disrupting their energy metabolism (e.g.,
glycolysis, TCA cycle, and electron transport chain) to inhibit
oxidative phosphorylation and ATP synthesis [19]. Eventually,
metformin induces energy crisis to CSCs by preventing cellular
metabolism shifting frommitochondrial-dependent metabolism to
aerobic glycolysis [19]. In fact, the antitumor capability ofmetformin
was reflected from the decreased expression of CSCs biomarkers,
such as CD44, EZH2, Oct4, in cells treated by this compound [20].

The combined treatment of metformin and IRI in mCRC patients
has been previously proposed, and Phase 2 clinical trial of this
combination showed improved disease control and better overall
survival for patients [21]. However, studies of the combined treat-
ment of IRI-resistant cells have not been performed, and the mo-
lecular mechanisms of the synergistic effect remain unclear. Based
on the facts that metformin targeting CSCs and IRI-resistant cells
exhibiting high cancer stemness, we predict metformin can rescue
the therapeutic effect of IRI in IRI-resistant cells.
2

Metabolites are the end products of cellular activities, and they
directly and sensitively reflect the genetic and environmental
changes of cells. Cellular metabolomics studies have become an
indispensable approach to determining alterations in metabolic
pathways induced by environmental stimuli, including physical
and chemical changes. Owing to its high sensitivity and accuracy,
mass spectrometry (MS) has become a powerful tool for metab-
olomics studies. MS metabolomics studies have been generally
performed using samples prepared from populations of cells.
However, this strategy becomes ineffective when analyzing specific
types of cells among heterogeneous populations. Tumor hetero-
geneity in cancer is characterized by the diversity of cancer cells
consisting of a broad spectrum of morphologies, gene expression
profiles, and functional features [22,23]. Cancer cell heterogeneity
is driven by both intrinsic (e.g., epigenetic mutation) and extrinsic
factors (e.g., drug-related stimuli during treatment) [23]. Because
metabolites have rapid turnover rates, they promptly reflect the
status of live cells, and any environment perturbation may affect
their native compositions [24,25]. Thus, traditional HPLC-MS based
methods requiring multi-step sample preparation (e.g., cell pellet
preparation, cell lysis, and metabolite extraction) cannot accurately
reflect intrinsic compositions of metabolites in live cells. An
obvious choice is to use ambient single cell MS (SCMS) techniques
to measure of individual cells in their living status.

A variety of ambient single cell MS (SCMS) techniques have been
developed and utilized in numerous studies. Example of these
techniques include Live single-cell MS [26], capillary micro-
sampling ESI-IMS-MS [27], patch clamp technique combined nano-
ESI-MS [28], nano-DESI single cell MS [29], and laser ablation based
single cell MS [30]. In this work, we utilized the Single-probe SCMS
technique to study the metabolomic changes of IRI-resistant cells
upon metformin treatment and metformin-IRI co-treatment. The
Single-probe SCMS technique is a versatile tool that can be used to
study cellular metabolism of individual cells and to quantify drug
compounds inside live single cells in ambient conditions [31e35].
To further verify the mechanisms of the synergistic effect, enzy-
matic activity assay of fatty acid synthase (FASN) was performed to
compare the inhibition levels of FASN between the mono-
treatment (IRI or metformin) and co-treatment (IRI combined
with metformin).

2. Experimental section

2.1. Cell culture

The establishment of IRI-resistant cells followed our previously
published protocols [14]. Briefly, HCT-116 cells were cultured
using1 mM IRI in McCoy's 5a Medium (Fisher Scientific Company
LLC, IL, USA) supplemented with 10% fetal bovine serum (FBS, GE
Healthcare Bio-science Corp, Marlborough, MA, USA) and 1%
penicillin streptomycin (Life Technologies Corporation, Grand Is-
land, NY, USA). HCT-116 cells were split when their confluency
reached 80%. For the cell passaging, 2 mL trypsineEDTA (Life
Technologies Corporation, Grand Island, NY, USA) was incubated
into a petri dish at 37 �C for 3 min, and then 8 mL cell culture
medium was added to quench trypsin enzymatic activity. Sub-
culture was performed by pipetting 1 mL cell suspending solution
into 9 mL fresh culture medium. IRI-resistant cells were harvested
after culturing HCT-116 cells in the culture medium containing
1 mM IRI for 30 days.

2.2. The Single-probe SCMS analysis

The Single-probe was fabricated according to the previously
established protocols [33]. The Single-probe is composed of three
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major parts: a nano-ESI emitter, a dual-bore quartz needle, and a
fused silica capillary. A dual-bore quartz tubing (O.D. 500 mm; I.D.
127 mm, Friedrich & Dimmock, Millville, NJ) was pulled into sharp
needles (tip size is approximately 10 mm) using a laser micropipette
puller (Sutter P-2000, Sutter Instrument, Novato, CA). The Nano-ESI
emitter was produced by pulling the fused silica capillary (O.D.
105 mm; I.D. 40 mm, Polymicro Technologies, Phoenix, AZ) using a
butane micro torch. Fabrication of the Single-probe requires
inserting the fused silica capillary and nano-ESI emitter into the
dual-bore quartz needle. To conveniently conduct experiment, the
Single-probe was attached to a microscope glass slide using epoxy
glue. The Single-probe was then attached to an XYZ-stage system
coupled to the Thermo LTQ Orbitrap XL mass spectrometer
(Thermo Scientific, Waltham, MA) for the SCMS analysis. Acetoni-
trile (1% formic acid) was used as the solvent for the SCMS exper-
iments. The mass range of the mass spectrometer was set as m/z
150e2000 and m/z 50e800 in the positive and negative ion mode,
respectively. Other mass spectrometer parameter settings are mass
resolution 60,000, ionization voltage 4.5 kV (positive ion mode)/-
4.5 kV (negative ion mode), 1 microscan, 100 ms max injection
time, and AGC on (target 5E5).

2.3. Cell viability analysis

The cell viability measurements of IRI-resistant cells were per-
formed using the MTT (3-(4,5-dimethylthoazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. The assay was conducted ac-
cording to the previous publication with a few modifications [36].
Briefly, after settling down the IRI-resistant cells (cell
density ~ 10,000 cells/well) into 96-well plates, drug treatments
were carried out using different concentrations of IRI (1.0, 4.0, 8.0,
16, 64, and 128 mM) combined with metformin (2.0, 4.0, and
8.0 mM). MTT (BIOTIUM Inc., Hayward, CA) was added into each
well of 96-well plates, and then absorbance signal at 570 nm and
background absorbance at 630 nm were measured using a micro-
plate reader (Synergy H1, BioTek, Winooski, VE). Five replicates
were measured for each drug treatment, and the cell viability
values are summarized in Fig. 1A. MTT assay was used to measure
cell viability of IRI-resistant cells under metformin and IRI mono-
treatments, and the IC50 values of these two drugs were deter-
mined using Prism (GraphPad Software Inc.).

2.4. Enzymatic activity analysis

There are two major steps in measuring enzymatic activities of
IRI-resistant cells in the current studies. First, we extracted enzyme
from the IRI-resistant cells. Cells under different treatment condi-
tions were harvested and washed with cold PBS. To obtain the
Fig. 1. Measurements of cell viability and combinational index (CI). (A) Cell viability plot o
viabilities in co-treatments are correlative to the measurements from IRI monotreatment. (
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protein fraction, cells were mixed with ice-cold enzyme lysis buffer
(20 mM Tris-HCl, pH ¼ 7.5, 1 mM dithiothreitol, and 1 mM EDTA)
and sonicated at 4 �C for 10 min. Cell lysates were centrifuged for
10 min at 100,000 g, and the supernatants were collected. Second,
we conducted NADPH absorbance assay of the supernatant to
measure FASN activity following the published protocols [37e39].
Briefly, the concentrations of cellular proteins in the supernatant
were measured using Piece BCA protein assay (Thermo Scientific,
Waltham, MA). The supernatant was added in to 96-well plate and
diluted by the assay buffer (25 mM K2HPO4-KH2PO4, pH ¼ 7,
250 mM EDTA, and 250 mM dithiothreitol) to reach the final con-
centration of 100 mg protein/well (with 300 mL total volume). The
background oxidation rate of NADPH was obtained from the
absorbance (at 340 nm for 3 min) after the addition of 30 mM
Acetyl-CoA (Sigma-Aldrich, St. Louis, MO) and 350 mM NADPH
(Sigma-Aldrich, St. Louis, MO) into wells. The oxidation reaction of
NADPH was then initiated by adding 100 mM Malonyl-CoA (Sigma-
Aldrich, St. Louis, MO), and the absorption was monitored (at
340 nm for 10 min). The net oxidation rate of NADPH was then
determined from the decreased rate of absorbance with the
correction of background oxidation rate. The results were
expressed as one enzymatic unit equals the oxidation for 1 nmol
NADPH/min/mg. Statistical analysis of enzymatic activities was
conducted with one-way ANOVA (analysis of variance) using
GraphPad Prism (GraphPad Software Inc.).

2.5. HPLC-MS

HPLC-MS analyses of cell lysates were performed to provide
complementary information to identify ions of interest. Cell lysates
were prepared using the Folch's extraction method. Briefly, the IRI-
resistant cells were suspended into PBS solution after trypsiniza-
tion, chloroform and methanol (3:1, v/v) were added, and then the
mix was vortexed on ice for 10 min. After separating two layers by
centrifuge, the organic layer was transferred and dried under the
vacuum. The samples were then stored in �80 �C refrigerator prior
to HPLC-MS analysis.

An UltiMate 3000 HPLC system (Thermo Scientific, San Jose, CA)
was coupled to the LTQ Orbitrap XL mass spectrometer for me-
tabolites separation and MS2 identification. A Luca 3u C18 column
(50 � 2.00 mm, 3 mm, Phenomenex, Torrance, CA) was used for
chromatographic separation. The settings of HPLC include injection
volume: 5 mL; column oven: 50 �C; Flow rate: 350 mL/min; mobile
phase A: acetonitrile/water (60/40, v/v); mobile phase B: iso-
propanol/acetonitrile/water (90/8/2, v/v). Both mobile phases
contain 10 mM ammonium formate and 0.1% formic acid. The total
run time was 80 min, including 5 min’ equilibrium. The MS2 ana-
lyses were carried out in data independent mode, and the
f IRI-resistant cells treated using combined irinotecan (IRI) and metformin (MET). Cell
B) The CI-Fa (faction affected) plot for IRI and metformin in IRI-resistant cell.
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normalized collision energy (NCE) was set as 24e25 (factory unit)
for collision induced dissociation (CID) experiments.

2.6. Data analysis

Adopted from our previous studies [40], a customized R script
was used for data preprocessing, including background signals
removal (e.g., from solvent and cell culture medium) and normal-
ization of ion intensities to the total ion current (TIC) [40], followed
by peak alignment of MS data from all cells using Geena 2 [41].
Multivariate analysis, performed using the partial least squares
discriminant analysis (PLS-DA) in MetaboAnalyst 4.0 [42], was
carried out to compare the overall metabolic profiles of cells in
different groups. Levene's test was conducted, and the results
indicated equal variance of the data across samples. Thus, Student's
t-test (in MetaboAnalyst) was applied to obtain metabolites with
significantly different abundances in cells from two groups. One-
way ANOVA and post-hoc test (Tukey's test) were performed to
reveal the cellular metabolites changes among three groups [40]. To
tentatively label ions, we used three different online databases,
METLIN [43], HMDB [44] and GNPS [45], to search for potential
metabolites (mass error <5 ppm). The identification of chemical
structures of ions of interest was based on the tandem MS (MS2)
results.

3. Results and discussion

3.1. Co-treatment of metformin and IRI exhibited synergistic effect
in IRI-resistant cells

To quantitatively evaluate the enhanced potency of metformin
and IRI in the combined treatment of IRI-resistant cells, we
measured the combinational treatment effect of these two com-
pounds. Solutions with different final concentrations of IRI (1.0, 4.0,
8.0, 16, 64, and 128 mM) and metformin (2.0, 4.0, and 8.0 mM) were
used to measure cell viability using the MTT assay. As shown in
Fig. 1A, both IRI and metformin inhibited cell proliferation in a
dose-dependent manner. The combination of IRI and metformin
resulted in higher death degrees of IRI-resistant cells. To quanti-
tatively evaluate the synergistic effect between IRI and metformin,
we calculated the combinational index (CI) values of these two
compounds using Chow-Talalay method integrated in CompuSyn
software [46]. The degrees of synergetic effect of any two com-
pounds are reflected from the CI values: synergism (CI < 1), additive
effect (CI ¼ 1), or antagonism (CI > 1) [46e48]. Our measurements
show that the CI values for the co-treatment of IRI and metformin
are less than 1 (Fig. 1B), indicating the presence of synergistic ef-
fects of these two compounds in the treatment of IRI-resistant cells.
The relationships between CI values and Fa (i.e., faction affected)
are summarized in Fig. 1B. All combinational treatments showed
synergetic effects, and most of them resulted in strong or very
strong synergism (Fig. S2C), according to the previously established
standard of assessment (i.e., very strong synergism (CI < 0.1), strong
synergism (0.1 < CI < 0.3), and synergism (0.3 < CI < 0.7)) [49].

3.2. Metformin treatment resulted in downregulated fatty acids and
lipids

To study the influence of metformin on metabolites in IRI-
resistant cells, 8.7 mM metformin, which is its IC50 determined
from the MTT assay (Fig. S2A), was utilized to treat IRI-resistant
cells followed by the Single-probe SCMS metabolomic analysis in
both the positive and negative ion modes. In the comparison
studies, the same measurements were conducted using cells
without metformin treatment. As reported in our previous studies,
4

the technical variance of the Single-probe SCMS technique (i.e., ion
intensity fluctuation due to technical factors during the SCMS ex-
periments) is insignificant compared with the biological variance
(i.e., mass spectra difference due to the variation of heterogeneous
cellular metabolites) [14]. PLS-DA can be utilized to illustrate the
within-group cell heterogeneity (i.e., data point distribution of each
group) and difference of cells in different groups (i.e., overlap be-
tween different groups). In the positive ion mode, significantly
different (p¼ 0.009 from permutation test) metabolic profiles were
observed upon metformin treatment (Fig. 2A). Furthermore, we
performed the Student's t-test and found a large number of cellular
lipids significantly downregulated by metformin (e.g., Fig. 2B).
Similarly, significantly different (p < 0.003 from permutation test)
metabolic profiles were obtained between these two groups in the
negative ion mode (Fig. 2C). A number of fatty acids, including
palmitic acid, stearic acid, palmitoleic acid, myristic acid, arachidic
acid, and adrenic acid, were significantly downregulated (Fig. 2D).

3.3. Metformin and IRI co-treatment resulted in downregulated
lipids, fatty acids, and ceramide phosphoethanolamine

To understand the influence of synergistic effect on cell me-
tabolites, the Single-probe SCMS experiments were performed in
both the positive and negative ion modes to analyze IRI-resistant
cells after mono- and co-treatment. IC50 of IRI (22 mM, Fig. S2B)
or metformin (8.7 mM, Fig. S2A) was selected as the monotreat-
ment concentration. In the co-treatment, we selected IRI (0.56 mM)
and metformin (4.0 mM) as a representative combination, because
a sharply decreased cell viability was observed around these con-
centrations. In the positive ion mode, significantly different
(p < 0.001) metabolic profiles were observed from PLS-DA (Fig. 3A).
Furthermore, ANAVO results indicate that metformin-containing
treatments, including both the mono- and co-treatment, lead to
significant downregulation of lipids in IRI-resistant cells (Fig. 3B).
Among all treatment conditions, the co-treatment showed the
lowest expression of both polar and nonpolar lipids.

To acquire broader ranges of molecular coverage, we also per-
formed the SCMS measurements in the negative ion mode. Around
30 IRI-resistant cells in the metformin monotreatment, IRI mono-
treatment, and co-treatment groups were analyzed. PLS-DA results
showed significantly distinct (p¼ 0.004) metabolic features among
these three groups (Fig. 3C). Using the combined ANOVA and
Tukey's test, which was demonstrated as a rigorous method to
determine metabolite biomarkers in our previous studies [40], we
discovered species exhibiting significantly different abundances
(i.e., p < 0.05 from both tests) among them. We were able to
tentatively label 49 ions based on the accurate mass search using
the online databases. A number of fatty acids (e.g., palmitic acid,
palmitoleic acid, oleic acid, stearic acid, and arachidonic acid)
exhibited lower expression levels after metforminmono-treatment
compared with those with IRI mono-treatment (Fig. 3D). Particu-
larly, the lowest abundances of fatty acids were found in cells from
the co-treatment, and this trend is similar to that of lipids discov-
ered in the positive ion mode (Fig. 3B).

Due to the extremely limited amounts (in picoliter range) and
complex compositions of contents in single cells, MS2 analyses at
the single-cell level can be only performed for relatively abundant
ions. To provide supplementary information for structure identifi-
cation, we prepared cell lysates for targeted analysis of ions of in-
terest (i.e., species with significantly different abundances among
different groups) using HPLC-MS2 method in the positive ionmode.
Because the majority of ions of interest were downregulated in all
treatment groups, IRI-resistant cells were used for lysate prepara-
tion. The retention timewas determined from the full scan mode in
the first run (Fig. S5), and then the precursor ions were isolated for



Fig. 2. SCMS results revealing the influence of metformin (8.7 mM) mono-treatment on metabolites of IRI-resistant cells. (A) PLS-DA of positive ion mode results shows the
metabolomics profiles were significantly changed (p ¼ 0.009 from permutation test), and (B) representative lipids with significant abundance change (p < 0.05 from Student's t-
test). (C) PLS-DA of negative ion mode results shows the metabolomics profiles were significantly changed (p < 0.003 from permutation test), and (D) representative metabolites
with significant abundance change (*p < 0.05, **p < 0.01, ***p < 0.001 from Student's t-test). Species labeled in blue font were identified using MS2 analysis both from single cells
and cell lysates. (MG: monoglycerides; DG: diglyceride; TG: triglyceride; PI: phosphatidylinositol; PS: Phosphatidylserine; SM: sphingomyelin). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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the MS2 analysis in the second run. HPLC/MS analyses provided the
identification of 9 metabolites that cannot be identified at the
single-cell level due to their low abundances. Combining the MS2

mass spectra from single cells and cell lysates, we were able to
identify 32 out of 49 tentatively labeled ions as illustrated in
Figs. 2B and 3B. Importantly, we noticed that 17 ions can only be
detected from the SCMS experiments. This likely indicates that
these species are fragile or have rapid turnover rate in live cells, and
they are potentially lost during the preparation of cell lysate [40].
3.4. Co-treatment of metformin and IRI more efficiently reduced
FASN enzymatic activity compared with the mono-treatment

Our SCMS experimental results indicate that the treatment
involving metformin greatly reduced the levels of fatty acids and
lipids. It is very likely that these downregulations are related to the
inhibition of lipogenic enzymes by metformin. Among all lipogenic
enzymes, the overexpressed FASN is generally observed in broad
types of cancer cells [50e52]. FASN is a key enzyme controlling de
novo fatty acids biosynthesis in cells [53]. FASN utilizes Acetyl-CoA
and Malonyl-CoA as the starting materials to synthesize saturated
fatty acids through condensation reactions. Themajor product from
FASN is palmitic acid, and the byproducts include saturated fatty
acids, which can be further processed to synthesizemore functional
and complex fatty acids (e.g., unsaturated fatty acids and long-
chain fatty acids) [53]. De novo lipid synthesis requires fatty acids
for the production of glycerophospholipids (e.g., phosphatidyl-
choline (PC), phosphatidylserine (PS), and phosphatidylinositol
(PI)), glycerolipids (e.g., diacylglyceride (DG) and triacylglyceride
5

(TG)), and sphingolipids utilized by cells for energy storage and
cellular membrane synthesis [54]. Because FASN synthesizes fatty
acids are required for cell divisions, the hyperactivity and over-
expression of FASN are tightly related to the malignancy of cancer
cells [55,56].

Based on our studies of synergetic effect and metabolomics, we
hypothesized that metformin inhibits the activities of FASN and
further sensitizes IRI-resistant cells to the therapeutic effect of IRI.
As one of the most well accepted molecular mechanisms, metfor-
min affects cancer cells by initializing the AMPK (AMP-activated
protein kinase) signaling pathway [57,58]. Metformin induces en-
ergy deficiency in cancer cells by promoting ATP depletion mainly
through inhibiting glycolysis, TCA cycle, and electron transport
chain complex I [59]. The energy crisis stress imposed by metfor-
min activates the AMPK signaling pathway (Fig. 4A). Among all
downstream actions of AMPK, one is to regulate cancer cell death
by inhibiting the expression of FASN and hindering the biosynthesis
of fatty acid and lipids [60]. Eventually, without adequate lipids and
fatty acids to provide cellular energy and building blocks, cancer
cell proliferation is decreased.

In order to compare the degree of FASN inhibition in IRI-
resistant cells among four different groups (i.e., IRI mono-
treatment, metformin mono-treatment, co-treatment using both
compounds, and IRI-resistant cells), we studied FASN activities by
measuring the Malonyl-CoA-dependent oxidation rate of NADPH
(Fig. 4B). We found the FASN activity in the co-treatment
(7.5 ± 0.6 nmol NADPH oxidized min�1 mg protein�1) is the
lowest among all four different groups (Fig. 4). The FASN activity in
metformin mono-treatment (9.0 ± 0.4 nmol NADPH oxidized



Fig. 3. SCMS results of IRI-resistant cells from the co-treatment (0.56 mM IRI þ 4.0 mM MET), IRI mono-treatment (22 mM IRI), and metformin mono-treatment (8.7 mM MET). (A)
PLS-DA of positive ion mode results shows the metabolomics profiles were significantly changed by three different treatments (p < 0.001 from permutation test), and (B)
representative lipids with significant abundance change (*p < 0.05 from both ANOVA and Tukey's test) among three treatment groups. (C) PLS-DA of negative ion mode results
shows metabolomics profiles were significantly changed by three different treatments (p ¼ 0.004 from permutation test), and (D) representative metabolites with significantly
different abundances (*p < 0.05 from both ANOVA and Tukey's test) among three treatment groups. Species labeled in blue font were identified using MS2 analyses using both single
cells and cell lysates. (LysoPC: lysophosphatidylcholine; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PE-Cer: ceramide phosphoethanol-
amine; PG: phosphatidylglycerol; DG: diglyceride). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The proposed mechanisms of metformin in the treatment of IRI-resistant cells and results from FASN activity assay. (A) Schematic pharmacological pathways of metformin in
IRI-resistant cells. Metformin inhibits FASN by activating AMPK pathway, and the downstream products, including fatty acids and lipids, are decreased. (B) The relative FASN
enzymatic activities of IRI-resistant cells in four different treatments. Results represent four replicates in each treatment for FASN enzymatic activity assay. Standard deviations are
labeled as error bars in the histogram. (*p < 0.05; **p < 0.01; ***p < 0.001 from one-way ANOVA).
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min�1 mg protein�1) is higher than that in the co-treatment but
lower than those in both IRI mono-treatment (9.8 ± 0.2 nmol
NADPH oxidized min�1 mg protein�1) and control cells
(10.2 ± 0.7 nmol NADPH oxidized min�1 mg protein�1). These
6

findings agree with the above results obtained from the SCMS and
cell viability measurements, suggesting higher degrees of FASN
inhibition is likely responsible for the enhanced antitumor ability in
the co-treatment.
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FASN, a key lipogenic enzyme, is an important biomarker, and its
overexpression correlateswith highmalignancy and poor prognosis
in cancer pathogenesis [61]. The development of cancer stemness is
also associated with FASN overexpression [62]. Suppressing the
activity of FASN can induce apoptosis of cancer cells and decrease
their viability. Furthermore, the inhibition of FASN was believed to
help restore cancer cellsmembrane toanon-malignant architecture,
resulting in enhanced chemotherapy efficacy of treating drug-
resistant cell lines [63]. In fact, combining FASN inhibitors with
other chemotherapy agents has been proven as an effective strategy
to resensitize anticancer drugs [63]. Our studies indicate that the
enhanced potency of metformin containing co-treatment is likely
due to its capability of suppressing FASN activity.

Although the current studies are performed using the IRI-
resistant cells, drug resistance induced by metformin is also clini-
cally relevant. It is known that diabetes (primarily type 2) is asso-
ciated with increased risk of multiple cancers such as in liver,
pancreas, colon, and breast [64]. Because metformin is a commonly
used for treatment of diabetes, anti-metformin is generally
observed in diabetes treatment for patients, including those with
cancers. It has been reported that long-term exposure of cancer
cells to metformin can lead to resistance to chemotherapy [65,66].
It is worth comprehensively studying cancer cells with resistance to
both metformin and anticancer drugs; however, these studies are
beyond the scope of current work.

4. Conclusion

The oral antidiabetic drug metformin exhibits anticancer effects
for its ability of selectively killing CSCs. To understand its influence
on metabolites and synergetic effect with anticancer drug IRI, we
conducted both metformin mono-treatment andmetformin/IRI co-
treatment for IRI-resistant cells, which were used as the model
system for drug-resistant cells. The Single-probe SCMS metab-
olomics studies were performed to investigate the influence of
metforminonmetabolites in IRI-resistant cells. TraditionalHPLC/MS
analyses of cell lysates were performed to provide complementary
information for molecular identification. In addition, we carried out
measurements of the synergetic effect between metformin and IRI
in the co-treatment and studied the enzymatic activities of FASN.
Our results indicate that metformin mono-treatment induced the
downregulation of lipids and fatty acids, whereas the co-treatment
resulted in further reduced production of ceramide phosphoetha-
nolamine. Importantly, some species can be only detected and
identified in live single cells. Themeasurement of CI demonstrated a
synergistic interaction between metformin and IRI in the co-
treatment. Enzymatic activity assay confirmed that the co-
treatment led to the lowest FASN activity compared with the
mono-treatment of metformin or IRI. Collectively, our studies indi-
cate that metformin sensitizes IRI-resistant cells, and its pharma-
cological action is related to its capability of inhibiting FASN.
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