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Although the antineoplastic activity of metformin (MET) is well established, the underlying
mechanism of the activity is not understood. Since MET activates AMP kinase (AMPK) and
proline dehydrogenase/proline oxidase (PRODH/POX) is stimulated by AMPK ligands
(implicated in the regulation of cancer cell survival/apoptosis), the effect of MET on
PRODH/POX-dependent apoptosis in wild-type MCF-7 cells (MCF-7WT) and POX
knockdown MCF-7 cells (MCF-7crPOX cells) was studied. PRODH/POX catalyzes
proline degradation generating ROS-induced apoptosis or autophagy. Availability of
proline for PRODH/POX functions is regulated by the activity of prolidase (enzyme
releasing proline from imidodipeptides), collagen biosynthesis (process consuming
proline), and metabolism of proline, ornithine, and glutamic acid. We have found that
MET is cytotoxic for MCF-7 cells (IC50~17 mM), and to the lower extent for MCF-7crPOX

cells (IC50~28mM). In MCF-7WT cells, the effect was accompanied by the inhibition of
DNA biosynthesis, collagen biosynthesis, stimulation of ROS formation, AMPKα
phosphorylation, and expression of prolidase, p53, caspase 8, caspase 9, and
cleaved PARP. In MET-treated MCF-7crPOX cells, the processes were less affected
than in MCF-7WT cells and the expression of caspase 9 was decreased, while cleaved
caspase 8 and cleaved PARP were not detected. The effects were accompanied by an
increase in the prolidase activity and proline concentration. The mechanism for MET-
induced apoptosis involves the up-regulation of prolidase activity and a decrease in
collagen biosynthesis contributing to an increase in the concentration of substrate
(proline) for PRODH/POX-dependent ROS formation and activation of caspases −9
and −8. The data suggest that PRODH/POX participates in the MET-induced intrinsic
and extrinsic apoptosis in MCF-7 cells.
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INTRODUCTION

Metformin (MET) is widely used to treat type II diabetes. It
evokes multidirectional activity by a decrease in the intestinal
glucose absorption, the inhibition of gluconeogenesis, an increase
in glycolysis, tissue sensitivity to insulin, and hypoglycemia (Rena
et al., 2017). However, the most intriguing property of MET is its
anti-cancer activity. Pharmaco-epidemiological studies initiated
in 2005 provided evidence for a reduced risk of different cancers
in diabetic patients receiving MET (Evans et al., 2005). Recently,
several clinical trials were conducted on the antineoplastic
potency of MET (Chae et al., 2016; De Flora et al., 2016).
However, the mechanism of anti-cancer potential of MET is
still unknown. It has been considered that the underlying
mechanism of anti-cancer potential of MET could be due to
the activation of AMP-activated protein kinase (AMPK) (Salani
et al., 2012; Han et al., 2013; Wang et al., 2015; Guo et al., 2016)
and inhibition of mitochondrial respiration (Rena et al., 2017).

Activation of AMPK through its phosphorylation takes place in
conditions of energy shortage (e.g., starvation) when the ratio of
AMP/ATP increases. This kinase, in order to restore the proper
level of ATP, stimulates oxidative phosphorylation and inhibits the
expenditure of energy, e.g., for cell proliferation (Hardie, 2003;
Gwinn et al., 2008). The overall function of AMPK is the inhibition
of anabolic processes and stimulation catabolism. Under conditions
of energy shortage caused by defects in carbohydratemetabolism, an
alternative energy source is proline. This amino acid could come
from protein degradation, mainly from collagen, the protein
containing the highest amount of proline among all proteins.
This unique amino acid is oxidized by the mitochondrial enzyme
proline dehydrogenase/proline oxidase (PRODH/POX) (Liu and
Phang, 2012; Phang et al., 2012). Of interest is that the enzyme
expression is up-regulated by AMPK (Pandhare et al., 2009).

PRODH/POX catalyzes the conversion of proline to Δ1-
pyrroline-5-carboxylate (P5C). This process yields electrons that
could be transported to the electron transport chain producingATP-
promoting cell survival (Donald et al., 2001; Phang et al., 2008a; Liu
and Phang, 2012) or they could be accepted by oxygen, producing
reactive oxygen species (ROS) to promote apoptosis/autophagy
(Raha and Robinson, 2001; Martindale and Holbrook, 2002; Liu
et al., 2006; Hu et al., 2007). Therefore, PRODH/POX may play a
dual role, but the mechanism that switches PRODH/POX from cell
growth supporting the growth inhibiting factor is unknown. The
critical factor in this switching process is the availability of proline as
a substrate for PRODH/POX-dependent functions. The main
sources of intracellular proline are collagen degradation products
(CDPs) (Jackson et al., 1975). Extracellular collagen degradation
initiated by metalloproteinases is completed intracellularly. CDPs
are hydrolyzed in lysosomes yielding free amino acids and
imidodipeptides (e.g., glycyl-proline) that are further cleaved in
cytoplasm by prolidase (E.C.3.4.13.9). Prolidase, known also as
peptidase D or imidopeptidase, cleaves imidodipeptides with
proline or hydroxyproline at the C-terminal position (Myara
et al., 1984; Mock et al., 1990; Palka and Phang, 1997). The
enzyme significantly contributes to the regulation of free proline
concentration in cytoplasm (Myara et al., 1984; Palka and Phang,
1997; Surazynski et al., 2008).

Another factor regulating the intracellular concentration of
proline is collagen biosynthesis (Priest and Davies, 1969).
Synthesis of this protein requires a large amount of proline
that constitutes about 25% of all amino acids building collagen
molecules. In this context, collagen biosynthesis functions as a
sink for proline, decreasing its concentration in cytoplasm and
availability for PRODH/POX.

It has been suggested that the PRODH/POX-dependent
generation of ROS may contribute to the initiation of intrinsic
and extrinsic apoptotic pathways (Raha and Robinson, 2001;
Martindale and Holbrook, 2002; Liu et al., 2006; Hu et al.,
2007; Phang et al., 2008a). PRODH/POX overexpression causes
the leakage of cytochrome c frommitochondrion to cytoplasm and
the activation of caspase-9 and caspase-3 inducing intrinsic
apoptosis (Liu et al., 2006). Interestingly, in the same conditions
(overexpression of PRODH/POX), the extrinsic apoptotic pathway
involving TNF-related apoptosis inducing ligand (TRAIL), death
receptor 5 (DR5), and an increase in the expression of cleaved
caspase-8 was observed (Liu et al., 2006).

However, PRODH/POX-mediated apoptosis could occur
through different mechanisms in different cancer cells. It may
involve the deregulation of cell signaling and cell cycle regulatory
pathways. One of the most potent PRODH/POX activators is
protein p53. PRODH/POX could be therefore transcriptionally
regulated by p53 since the promoter of PRODH/POX contains a
specific p53-response element (Polyak et al., 1997; Phang et al.,
2008b; Maxwell and Kochevar, 2008).

The aim of this study is the identification of the mechanism of
anticancer activity of MET in breast cancer cells. We evaluated
the effect of MET on the expression of AMPK, PRODH/POX,
cytoplasmic concentration of proline, collagen biosynthesis, and
some apoptosis-inducing proteins in MCF-7 and PRODH/POX
knockdown MCF-7 cells (MCF-7crPOX cells).

MATERIALS AND METHODS

PRODH/POX Knockout CRISPR-Cas9 DNA
Plasmid Purification
The sgRNAs for PRODH/POX (CRISPR All-In-One Non-Viral
Vector with spCas9) were products of ABM Company. The
vector containing expression construct was transfected into
Escherichia coli DH5α cultured in Luria-Bertani (LB) medium
with 100 μg/ml ampicillin for 24 h at room temperature. The
extraction of the targeted plasmid was performed using a plasmid
DNA purification kit (Nucleobond Xtra Midi/Maxi, MACHERY-
NAREL GmbH). The purified samples were precipitated with
isopropanol, washed with 70% ethanol, and submitted to DNA
cleaning-up step by the GeneMATRIX Basic DNA Purification
Kit (EURX, E3545-01 protocol 1). DNA concentration was
evaluated by NanoDrop™ 2000/2000c Spectrophotometer.

Transfection Into MCF-7 Breast Cancer Cell
Line
MCF-7 cells were cultured in DMEM 1X (Gibco), containing 10%
fetal bovine serum (FBS) qualified (Gibco), 4.5 g/L glucose,
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L-glutamine, and pyruvate supplemented with 1% penicillin/
streptomycin (Invivogen) at 37°C in 5% CO2. The cells were
cultured in 6-well plates to achieve about 70–90% of confluency.
The amount of plasmid tested in the experiment was 1–2 µg/well.
For transfection, lipofectamine 2000 (Invitrogen) was used.

Prior to transfection, the plasmid was diluted with 50 µL of
medium A, DMEM 1X (Gibco) without FBS. The transfection
solution (805.4 µL of medium A and 194.6 µL of lipofectamine)
was gentlymixed and incubated for 5 min at room temperature. The
cells tested were washed with PBS 1X (sterile, Gibco), 1 ml of
medium A was added and incubated for 20 min, and then the
mixture of plasmid with transfection reagent was added to cells and
incubated overnight at 37°C in 5% CO2. The next day, the
transfected cells were selected in the complete growth medium
with 1 μg/ml of puromycin (Sigma-Aldrich) in the same culture
conditions for 10 days. The PRODH/POX expression was analyzed
by Western blot. Based on the expression level, the PRODH/POX
knockout MCF-7 cell line was selected for further stable clone
generation. The screening steps were done with a random
selection of cell clones. The efficiency of PRODH/POX silencing
was measured by Western blot using an anti-PRODH/POX
antibody (Santa Cruz). The PRODH/POX knockout MCF-7 cells
defined as MCF-7crPOX cells were banked for further experiments.

Cell Culture
The MCF-7 breast cancer cells (HTB-22) were purchased from
ATCC Company (Manassas, United States). Wild-type MCF-7

cells (MCF-7WT) and MCF-7crPOX cells were cultured in DMEM
with 10% fetal bovine serum, 50 IU/ml penicillin, and 50 μg/ml
streptomycin at 37°C in 5% CO2. The medium was changed every
3 days until the cells reached 80% of confluency. Then, the cells
were treated for 48 h with MET at a concentration of 0–80 mM in
glutamine-free medium.

Cell Viability
The cell viability was measured by the MTT assay, as described
previously (Zareba et al., 2018). The control and treated cells were
washed twice with PBS, and a working solution of MTT at a final
concentration of 0.5 mg/ml was added and the cells were incubated
for 4 h. The formed formazan precipitate was dissolved in DMSO,
and absorbance was measured at 540 nm (Varioscan Lux, Thermo
Fisher Scientific, Waltham, MA, United States). The cell survival
was calculated as a percentage of control.

DNA Biosynthesis
The assay of DNA biosynthesis was based on the evaluation of
(methyl-3H]-thymidine incorporation in the DNA of
proliferating cells, as described previously (Zareba et al., 2018).
The cells at 80% of confluency were treated for 44 h with MET in
the medium without glutamine and next for 4 h with 0.5 μCi/ml
of (methyl-3H]-thymidine. Incorporation of radioactive
thymidine into DNA was evaluated by a Liquid Scintillation
Analyzer Tri-Carb 2810 TR with Quanto SMART™ software.

Collagen Biosynthesis
The assay for collagen biosynthesis was based on the evaluation of 5
(3H]-proline (5 μCi/ml) incorporation into proteins susceptible to
Clostridium histolyticum collagenase, as described previously
(Huynh et al., 2020). The cells were cultured in conditions
described above for 48 h. Incorporation of radioactive proline
was assessed in compliance with the method of Peterkofsky
et al. (Peterkofsky and Diegelmann, 1971). Incorporation of a
radioactive tracer was evaluated by a Liquid Scintillation Analyzer
Tri-Carb 2810 TR with Quanto SMART™ software. Data are
shown as cumulative values for cell and medium fractions.

Determination of Prolidase Activity
The enzyme activity was measured by the colorimetry method of
Myara et al. (Myara et al., 1982) based on the measurement of
proline release from synthetic substrate, glycyl-proline. The
activity of the enzyme was presented as an amount of proline
(nmoles) released from the substrate for 1 min per milligram of
the supernatant protein in cell homogenate. The protein was
measured by the method of Lowry et al. (Lowry et al., 1951)

Western Blot
Proteins were analyzed by Western blot, as described previously
(Zareba et al., 2017; Zareba et al., 2018). The cell lysates containing
20 µg of protein were submitted to SDS-PAGE (10%
polyacrylamide gel) for 1 h in room temperature. After
transferring proteins to membranes, they were blocked and
incubated with selected antibodies (Leśniewska et al., 2009):
rabbit anti-caspase-9, anti-caspase-8, anti-cleaved-caspase-8, anti-
p53, anti-pS46-p53, anti-PARP, anti-cleaved-PARP, anti-AMPKα,

FIGURE 1 | Cell viability (A) and DNA biosynthesis (B) in wild-type MCF-
7 cells (MCF-7WT) and knocked-down PRODH/POX MCF-7 cells (MCF-
7crPOX) upon treatment with indicated concentrations of metformin (MET) for
48 h in glutamine-free medium. Themean values with standard deviation
(SD) from three experiments performed in duplicates are presented. Asterisks
(*) indicate statistical differences between studied cells compared to controls
at p < 0.01.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 8694133

Huynh et al. Metformin-Induced Apoptosis in MCF-7 Cells

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


anti-pAMPKα, anti-PEPD, anti-collagen type IV, anti-collagen type
VI, anti-ERK1/2, anti-phospho-ERK1/2, and goat-anti-PRODH,
diluted 1:1000 in a blocking buffer. Then, the membranes were
washed in TBSwith 0.05%Tween (TBST) 3 × 15min and incubated
with the respective HRP-linked secondary antibody at a
concentration of 1:7500 for 60 min at RT with gentle agitation.

After washing in TBS-T (5 × 5min), themembranes were incubated
with an Amersham ECL Western Blotting Detection Reagent.
Pictures were taken using a BioSpectrum Imaging System UVP.
Densitometry analysis was performed; the mean values of band
intensity are presented in Figures 3, 4.

LC–MS-Based Quantitative Analysis
Quantitative analysis of proline was performed using a 1260
Infinity HPLC coupled to a 6530 Q-TOF mass spectrometer
equipped with a dual ESI source (Agilent Technologies, Santa
Clara, CA, United States) in the positive ionization mode
according to the method of Klupczynska et al. (Klupczynska
et al., 2020). Chromatographic separation was conducted on a
Luna HILIC column (2.0 × 100 mm, 3 μm particle size,
Phenomenex, Torrance, CA, United States). The total protein
concentration was used for normalization. The data were
presented as a percent of control values.

ROS Generation Assessment
Accumulation of ROS was assessed by using DCFH-DA
(fluorescent probe), as described previously (Huynh et al.,
2020). The cells were pre-treated with DCFH-DA (20 µM)
for 30 min, washed by PBS, and incubated with 20 mM MET
for 48 h in DMEM without glutamine. The intensity of
fluorescence was measured at an excitation/emission
wavelength of 488/535 nm using a TECAN Infinite® M200
PRO (Männedorf, Switzerland). The results were presented as
a percent of control values.

Apoptosis Induction
The translocation of phosphatidylserine (PS) to the cell surface
due toMET treatment was measured using theMuse® Annexin V
and Dead Cell Kit (Merck, Germany). The combination of FITC-
labeled Annexin V with 7-AAD (7-aminoactinomycin D;
indicator of cell membrane structural integrity) allowed us to
distinguish the apoptotic cells. For the purpose of the clarity of
presented data, live cells (Annexin V-negative and 7-AAD-
negative) were not presented in the provided figures.

Immunofluorescence Microscopy
Immunostaining was conducted according to the BDB
Bioimaging protocol, as described previously (Zareba et al.,
2017). Cells exposed to MET (20 mM) were fixed with
paraformaldehyde, permeabilized with Triton, blocked with 3%
FBS, and incubated with anti-cleaved-caspase-7 (primary
antibodies) and FITC Fluor-conjugated secondary antibody
and Hoechst. Samples were visualized with a confocal laser
scanning microscope (BD Pathway 855 Bioimager) using
AttoVision software.

Statistical Analysis
All experiments were carried out in duplicates, and the
experiments were repeated at least three times. Data are
shown as a mean ± standard deviation (SD). For statistical
calculations, a one-way analysis of variance (ANOVA) with
Dunnett’s correction and t-test was used. Statistical analysis
was performed using GraphPad Prism 5.01 (GraphPad

FIGURE 2 | ROS formation (A), apoptosis induction (B), and
representative plots of flow-cytometry-based analysis of Annexin V (C) in wild-
type MCF-7 cells (MCF-7WT) and knocked-down PRODH/POX MCF-7 cells
(MCF-7crPOX) treated with 20 mMmetformin (MET) for 48 h in glutamine-
free medium. The mean values with standard deviation (SD) from three
experiments performed in duplicates are presented. Asterisks (*) indicate
statistical differences between studied cells compared to controls at *p < 0.01
and **p < 0.001.
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Software, San Diego, CA, United States). Statistically significant
differences were marked as *p < 0.01 and **p < 0.001.

RESULTS

MET cytotoxicity in numerous breast cancer cell lines is a well-
established phenomenon (Effect of Metformin on Breast Cancer
Metabolism, 2014; Metformin clinical trial, 2014). To test
whether PRODH/POX is involved in MET-induced
cytotoxicity, studies were performed on wild-type MCF-7 cell
line (MCF-7WT), expressing PRODH/POX and on PRODH/POX
knocked out cells (MCF-7crPOX) generated by the CRISPR/Cas9
method. The effect of MET on the cell viability in both cell lines
was measured by the MTT assay (Figure 1A). Cells were
incubated with MET for 48 h. The IC50 value for MCF-7WT

cells was 16.61 mM and for MCF-7crPOX, it was 27.61 mM. The
data were corroborated by the results on DNA biosynthesis
showing a dose-dependent inhibitory effect of MET on the
process (Figure 1B). The data suggest that MET-induced
cytotoxicity in MCF-7 cells could be partially PRODH/POX-
dependent.

Since in some experimental conditions PRODH/POX is
known to induce the production of ROS, the effect of MET on
the process was studied using dichlorodihydrofluorescein
diacetate (DCFH-DA), a fluorogenic dye that when oxidized
by ROS produces fluorescent dichlorofluorescein (DCF). Cells
were treated with 20 mM of MET, a concentration that decreased
the viability of MCF-7WT cells almost by a half. It has been found
that the treatment of MCF-7WT withMET for 48 h increased ROS
generation by about 20-fold, compared to that of control cells. In
MCF-7crPOX cells, MET treatment in the same conditions
increased ROS production by about 15 times, compared to
control (Figure 2A). It suggests that MET-dependent ROS
generation is partially dependent on PRODH/POX.

Generation of ROS may lead to apoptosis; therefore, the
process was assessed by double-staining with annexin V and
7-AAD in both cell lines. Treatment of cells with 20 mMMET for
48 h increased the percentage of apoptotic cells in MCF-7WT by
about 50%, while in MCF-7crPOX, it increased only by about 25%,
compared to non-treated cells (Figure 2B). It has been confirmed
by results from the flow-cytometry-based analysis of Annexin V
in MET-treated cells (Figure 2C). MCF-7WT and MCF-7crPOX

cells were analyzed by flow cytometry using Annexin V-FITC/7-
AAD double staining. A combination of Annexin V and 7-AAD
allowed the cells to be sorted into four groups (presented in
Figure 2C): early apoptotic cells [Annexin V (+)/7-AAD (–)], late
apoptotic/dead cells [Annexin V (+)/7-AAD (+)], dead cells
[Annexin V (–)/7-AAD (+)], and live cells [Annexin V (–)/7-
AAD (–)]. The calculated percentages of apoptotic and dead cells
are presented in Figure 2B. In the cells treated with 20 mM of
MET, a significant number of cells were in the late-stage apoptosis
in both cell lines. Moreover, it was noted that some of these cells
were still undergoing early apoptosis since they were classified as
Annexin V-positive/7-AAD-negative. Collectively, these results
clearly indicate that MET-based treatment induces apoptosis in

breast cancer cells. It suggests a significant role of PRODH/POX
in MET-dependent apoptosis in MCF-7WT cells.

In order to evaluate the mechanism of MET-dependent
apoptosis and the role of PRODH/POX in apoptosis, the
expression of some proteins involved in this process was
determined by Western blot (Figure 3A).

FIGURE 3 | Western blot of some proteins involved in proline
metabolism and apoptosis (A) and immunofluorescence bioimaging of
cleaved caspase-7 (B) in wild-type MCF-7 cells (MCF-7WT) and knocked-
down PRODH/POX MCF-7 cells (MCF-7crPOX) treated with metformin
(MET, 0–20 mM) for 48 h in glutamine-free medium. Representative blot
images are shown (the mean value of the densitometric analysis of protein
bands is presented below each blot).
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MET did not affect the PRODH/POX expression in MCF-7WT

cells, indicating that the ability of the cells to oxidize proline is
also preserved during MET-induced apoptosis.

MET has been identified as a potent stimulator of AMP-
dependent kinase (AMPK). The enzyme is a heterotrimer
composed of alpha, beta, and gamma subunits. The alpha
subunit is post-translationally activated by phosphorylation. In
both cell lines treated with MET, an increase in phosphorylation
of the α-subunit of AMPK was observed. One of the substrates of
the AMP-dependent kinase is the p53 protein. In MCF-7WT cells,
we found a parallel increase in the phosphorylation of AMPK and
the S46 serine residue located in the p53 transactivation domain.
However, this change was not greater than the increase in the p53
(total) protein expression due to MET-treatment. In MCF-7crPOX

cells, the phenomenon was not observed.
The p53 protein is a key factor in activating apoptosis in

response to DNA damage. MET-induced increase in the p53
expression in both cell lines was accompanied by a decrease in the
expression of procaspase-9 and the absence of cleaved caspase-8.
Expression of caspase 8 was induced by 20 mM MET only in
MCF-7WT cells. Changes in the expression of initiator caspases
are accompanied by the cleavage of PARP—one of the caspase 3
substrates. In both cell lines, MET induced the expression of
PARP; however, the cleaved PARP was found only in MCF-7WT

cells treated with 10 and 20 mM MET. The observed changes in
the protein expression confirm the activation of apoptosis in
MCF-7WT cells treated with MET. The results were confirmed by
immunofluorescence bioimaging of caspase-7 in studied cells
(Figure 3B).

As presented in Figure 4, MET contributed to a decrease in the
expression of collagen (e.g., types IV and VI) in both cell lines
(MCF-7WT and MCF-7crPOX). The biosynthesis of collagen

requires a large supply of proline; therefore, when the process
is reduced, it supports free proline for PRODH/POX-dependent
functions. At 20 mM, MET induced the expression of prolidase,
an enzyme catalyzing the recovery of proline from
imidodipeptides (degradation products of collagen) in MCF-
7WT cells. The process was less pronounced in MCF-7crPOX

cells. An increase in the prolidase expression should result in
the increase in the intracellular proline concentration, thus
providing a substrate for PRODH/POX. These MET-
dependent processes were accompanied by a dose-dependent
decrease in the expression of ERK1/2 in both cell lines.

MET at 20 mM drastically increased not only prolidase
expression (Figure 4) but also prolidase activity in MCF-7WT

cells and to a lesser extent in MCF-7crPOX cells (Figure 5A).
Similarly, MET down-regulated not only collagen types IV and VI

FIGURE 4 | Western blot for prolidase, collagen types IV and VI, and
ERK1/2 in wild-type MCF-7 cells (MCF-7WT) and knocked-down PRODH/
POX MCF-7 cells (MCF-7crPOX) treated with metformin (MET, 0–20 mM) for
48 h in glutamine-free medium. Representative blot images are shown
(the mean value of the densitometric analysis of protein bands is presented
below each blot).

FIGURE 5 | Prolidase activity (A), collagen biosynthesis (B), and proline
concentration (C) in wild-type MCF-7 cells (MCF-7WT) and knocked-down
PRODH/POX MCF-7 cells (MCF-7crPOX) upon treatment with 20 mM
metformin (MET) for 48 h in glutamine-free medium. The mean values
with standard deviation (SD) from three experiments performed in duplicates
are presented. Asterisks (*) indicate statistical differences between studied
cells compared to controls at *p < 0.01 and **p < 0.001.
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expressions in both cell lines (Figure 3) but also the total collagen
biosynthesis (Figure 5B). It suggests that despite PRODH/POX
knockout, the MET ability to inhibit collagen biosynthesis was
preserved. Thus, in MCF-7crPOX cells, a decrease in the utilization
of proline for protein biosynthesis and inability of proline to be
oxidized (due to the lack of PRODH/POX) contributed to an
increase in the concentration of proline in the cells (Figure 5C).
The data suggest that MET-dependent increase in the prolidase
activity and a decrease in collagen biosynthesis contributed to an
increase in the intracellular concentration of proline, a substrate
for PRODH/POX.

DISCUSSION

In this report, we provide evidence for the important role of
PRODH/POX in the mechanism of MET-induced apoptosis in
MCF-7 cells. We hypothesized that the sequence of events could
involve i/MET-induced AMPK, ii/AMPK-induced PRODH/
POX, and iii/PRODH/POX-dependent ROS generation
inducing apoptosis. The hypothesis was based on previous
reports showing that the overexpression of PRODH/POX
contributed to apoptosis by intrinsic and extrinsic pathways
(Raha and Robinson, 2001; Martindale and Holbrook, 2002;
Liu et al., 2006; Hu et al., 2007; Phang et al., 2008a). However,
the results presented in the present report show that MET did not
stimulate the PRODH/POX expression. Therefore, it has been
considered that proline availability for PRODH/POX could
determine ROS generation with further consequences on
apoptotic pathways. In fact, MET facilitated proline availability
for PRODH/POX-dependent functions by the inhibition of
collagen biosynthesis. The collagen biosynthesis inhibiting
activity of MET was shown both in MCF-7WT and in MCF-
7crPOX cells with a weaker inhibiting effect on the latter. It was
accompanied by a significant increase in thw intracellular proline
concentration in MCF-7WT and a drastic increase in the
concentration of this amino acid in MCF-7crPOX cells. The
rational explanation for the phenomenon is that PRODH/POX
is the only proline degrading enzyme; therefore, the knockdown
contributed to a drastic increase in intracellular proline
accumulation. However, the level of free proline could not be
considered as a contributor to the activation of apoptosis. The
increase in proline concentration in MET-treated MCF-7WT cells
was much lower than in MET-treated MCF-7crPOX cells, while
MET was more cytotoxic for MCF-7WT cells (IC50~17 mM versus
IC50~28 mM for MCF-7crPOX cells) and strongly induced
apoptosis only in MCF-7WT cells. It seems that the mechanism
ofMET-induced apoptosis could be attributed to the inhibition of
collagen biosynthesis and an increase in proline availability for
PRODH/POX and ROS generation. In this report, we have
provided evidence that the treatment of MCF-7WT cells with
MET increased ROS formation and the expression of caspase 8,
caspase 9, and cleaved PARP. In MET-treated MCF-7crPOX cells,
the processes were less affected.

The data suggest that both PRODH/POX and proline
availability for the enzyme play an important role in the
mechanism of MET-dependent apoptosis in MCF-7 cells.

Since PRODH/POX is considered as an inhibitory factor in
tumor progression (Donald et al., 2001; Maxwell and Rivera,
2003; Liu et al., 2005), the metabolism of its substrate, proline, in
neoplastic cells is of great importance.

Several studies showed that in various cancers, PRODH/POX
is down-regulated (Kononczuk et al., 2015a) and the proline
concentration is increased (Hirayama et al., 2009; Catchpole et al.,
2011). Although several mechanisms for down-regulation of
PRODH/POX were described (Kononczuk et al., 2015a), the
elevation of proline concentration in cancer cells is attributed
to an increased degradation of type I collagen in the extracellular
matrix (Ii et al., 2006). It usually happens in conditions of energy
shortage accompanying cancer cell metabolism due to the
Warburg effect. In fact, glucose depletion (Pandhare et al.,
2009) was found to induce matrix metalloproteinases MMP-2
and MMP-9, suggesting that the increase in cellular proline
concentration in cancer cells is a result of collagen
degradation. However, proline could be synthesized from
glutamine, the amino acid essential for cell growth (D’Aniello
et al., 2020). Taking this fact into consideration, the studies
presented in this report were performed in glutamine-free
medium limiting its availability for proline synthesis. It creates
conditions for the utilization of proline from other sources, e.g.,
collagen degradation. Moreover, this culture condition (energy
shortage) facilitated the activation of AMPK and potentially
PRODH/POX (Liu et al., 2012a; Phang and Liu, 2012). In
conditions of energy shortage, cancer cells may prefer proline
as an alternative energetic substrate. In in vivo conditions, proline
has an advantage over fatty acids, glutamine, and glucose that
require delivery by the circulation. In the presented conditions,
proline could be directly used from extracellular matrix protein
degradation. In this context, proline may serve as an energy
substrate as well as an energetic sensor. In fact, in conditions of
energy shortage, the cells adapt to the metabolic changes by
activating AMPK (Laderoute et al., 2006; Wang and Guan, 2009),
which inhibits energy-consuming processes and stimulates the
production of energy to restore energy homeostasis (Kato et al.,
2002; Hardie, 2008). It cannot be excluded that in such
conditions, MET not only inhibits collagen biosynthesis but
also induces collagen degradation.

However, according to our result, it seems that PRODH/POX
is not necessary for maintaining a high level of AMPK. A high
expression of PRODH/POX is usually accompanied by a high
level of AMPK, since this kinase is a potent stimulator of
PRODH/POX (Pandhare et al., 2009). Recently, we provided
evidence that PRODH/POX knockout induced reprogramming
of energetic metabolism of MCF-7 cells, suggesting that such a
modification of the cells can affect pAMPK-α (Huynh et al.,
2021). It seems that the decreased level of pAMPK in MCF7crPOX

cells, compared to MCF7WT cells (Figure 3), is a result of such a
mechanism. Whether there is a direct link between AMPK and
PRODH/POX requires to be established.

Another explanation for the lower expression of pAMPK-α in
MCF7crPOX cells, compared to that in MCF7WT, comes from
studies suggesting an interplay between AMPK and p53 in the
mechanism of MET-dependent apoptosis in MCF-7 cells,
suggesting that in certain conditions, MET could induce
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apoptosis by the AMPKα-independent pathway, favoring p53
signaling (Yenmis et al., 2021). Such a specific condition was
described by Yi et al. showing that a low concentration of MET
stimulates p53-dependent senescence, while a high concentration
causes apoptosis (Yi et al., 2013). In fact, PRODH/POX could be
transcriptionally regulated by p53 (Polyak et al., 1997; Phang
et al., 2008b; Maxwell and Kochevar, 2008), and MET-induced
PRODH/POX-dependent apoptosis in MCF-7WT cells was also
accompanied by an increase in the expression of p53 and its
phosphorylation. Phosphorylation of p53 determines its
transcriptional activity (Liu et al., 2008; Maxwell and
Kochevar, 2008). The similar increase in the p53 expression,
but not its phosphorylation, was found in MET-treated MCF-
7crPOX cells not showing a pro-apoptotic phenotype. It could not
be explained by the p-53-dependent transcriptional regulation of
PRODH/POX in MCF-7WT cells (Maxwell and Kochevar, 2008)
since the PRODH/POX expression was not affected in these
conditions. MET-induced p53 expression in both cell lines
suggests that the process is PRODH/POX-independent.
However, in contrast to MCF-7WT cells, in MCF-7crPOX cells,
MET lost the ability to phosphorylate p53 (Figure 3). The MET-
dependent increase in the expression of p53 in both cell lines was
accompanied by an increase in the expression of caspases-8 and
-9 in MCF-7WT cells, while in MCF-7crPOX cells, the expressions
were decreased. Similarly, MET induced PARP expression in both
cell lines; however, the cleaved PARP was detected only in MCF-
7WT cells treated with 10 or 20 mM MET. It suggests that
PRODH/POX is involved in the mechanism of MET-induced
apoptosis; however, the mechanism of the process needs
further study.

We suggest that the MET-dependent increase in intracellular
proline concentration provides a substrate for PRODH/POX-
induced ROS generation, with further consequences on the
activation of intrinsic and extrinsic apoptotic pathways.
PRODH/POX cooperates with P5C reductases (mitochondrial
PYCR1/2 and cytosolic PYCRL) participating in proline
shuttling between mitochondria and cytoplasm. The conversion
of P5C into proline is linked to glucose metabolism by the pentose
phosphate pathway, while the conversion of proline into P5C is
coupled to the TCA cycle (Phang et al., 2008b; Pandhare et al.,
2009; Liu and Phang, 2012; Phang et al., 2012). It is vital for the
maintenance of redox balance in a cell due to participation of
NADPH/NADH in the conversion of P5C to proline. However, in
cancer cells due to the Warburg effect, the deregulation of
glycolysis and TCA cycle could enforce proline cycle. The above
data suggest that ROS could be generated by the massive
conversion of proline into P5C by PRODH/POX and P5C to
proline by mitochondrial PYCR (Liu et al., 2012b), instead of
cytosolic PYCRL converting P5C to proline and utilized for
collagen biosynthesis (Pandhare et al., 2009). Probably, the
inhibition of collagen biosynthesis by MET inhibits proline
utilization in this process, therefore the amino acid again is
degraded by PRODH/POX and up-regulates proline cycle. Such
a cycle of proline/P5C within the mitochondrion could be
responsible for ROS-induced apoptosis. Therefore, we postulate
that the critical step in the mechanism of MET-dependent
apoptosis is the inhibition of proline utilization for collagen

biosynthesis. Although the presented mechanism for the switch
between ATP and ROS production by PRODH/POX in
mitochondria requires further study, it is partially supported by
data showing that 2-methoxyestradiol, an inhibitor of collagen
biosynthesis (Gelse et al., 2008), facilitates apoptosis and autophagy
in certain cancer cells, e.g., adenocarcinoma cells (Theron et al.,
2013). The similar tendency was found in the breast cancer tissue,
characterized by a high prolidase activity and a low collagen
content (Cechowska-Pasko et al., 2006). In our previous studies,
we found that Eptifibatide (ligand of α5β3 integrin) induced the
increase in prolidase activity, upregulated the PRODH/POX
expression, and inhibited the biosynthesis of collagen in MCF-7
cells, resulting in the activation of intrinsic apoptosis, as shown by
the increase in the expression of cleaved caspase-9 (Kononczuk
et al., 2015b).

However, in several of our previous studies, we found that the
role of PRODH/POX in the apoptosis/survival of cancer cells
depends on the metabolic context of a specific cell type. In one of
our recent articles (Huynh et al., 2021), we provided evidence that
the stimulation of the PRODH/POX expression by MET induced
apoptosis in both WT and PRODH/POX knockout MCF-7 cells,
however, only when cultured in the absence of glutamine, while
the presence of glutamine facilitated the pro-survival phenotype
of the cells. Metabolomic analysis suggested that glycolysis is
tightly linked to glutamine and proline metabolism in these cells,
creating metabolic conditions for energy production and proline
availability for PRODH/POX-dependent functions. MET
treatment of both cell lines (WT and PRODH/POX knockout
MCF-7 cells) cultured in glutamine-free medium contributed to
glucose starvation, facilitating pro-apoptotic phenotype of these
cells, as detected by the increase in the expression of active
caspase-7 and PARP. Caspase-7 is known as an executioner
protein of apoptosis activated by caspase-8 (extrinsic pathway)
and caspase-9 (intrinsic pathway). The data suggested that in
PRODH/POX-expressing cells and PRODH/POX knockout cells,
apoptosis undergoes a different mechanism. In fact, in both cell
lines, we have found that MET inhibits ERK1/2 expression in a
dose-dependent manner. Although the MET-dependent
inhibition of ERK1/2 signaling in breast cancer cells is well
established (Malki and Youssef, 2011), the similar effect of
MET on PRODH/POX knocked out cells is not known.
Recently, it has been suggested that in certain conditions,
PRODH/POX knockout can induce ROS-independent
apoptosis through the activation of extrinsic apoptotic
pathways (Kazberuk et al., 2022a). It seems that the
mechanism for the process in PRODH/POX knockout cells
involves a drastic increase in the proline concentration
(bearing reducing potential). This phenomenon occurs when
both pathways of proline utilization are blocked, namely,
PRODH/POX and collagen biosynthesis. The functional
significance of such a mechanism in the experimental cancer
treatment is currently investigated.

It has been considered that proline availability for PRODH/
POX could be an important factor in the creation of pro-
apoptotic phenotype of cancer cells. In melanoma cells,
characterized by the intense biosynthesis of collagen (proline
consuming process) PRODH/POX knockout did not induce
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apoptosis. It seems that in the melanoma cells with a high
capacity to utilize proline for collagen biosynthesis, the proline
concentration is not high enough to induce extrinsic apoptosis.
However, the stimulation of PRODH/POX by MET in melanoma
cells induced ROS-dependent apoptosis, while PRODH/POX
knockout abolished the effect (Oscilowska et al., 2022). A
similar effect was found in MCF-7 cells treated with non-
steroidal anti-inflammatory drugs (Kazberuk et al., 2022b).
Other studies on MCF-7 and MDA-MB-231 cells highlighted
the role of estrogens and estrogen receptors (ERα and ERβ) in
PRODH/POX-dependent apoptosis (Lewoniewska et al., 2021).
We have found that the activation of PRODH/POX (by
troglitazone) induced apoptosis only in the absence of
estradiol or ERβ in MDA-MB-231 cells.

Therefore, we suggest that the role of PRODH/POX in
apoptosis/survival in cancer cells is metabolic context-dependent
and the process occurs through various mechanisms in different
types of cancer cells. Obviously, it limits the clinical relevance of
MET use in breast cancer. To date, a decreased risk of breast cancer
was observed only in patients with type 2 diabetes, receiving MET
on a long-term basis (Bodmer et al., 2010). Similarly, in diabetic
patients with breast cancer, MET treatment reduced the risk of
metastases; however, the benefit ratio was very low (Jacob et al.,
2016), suggesting that some patients respond to the treatment,
while others do not. Since the mechanism of MET participation in
these processes is unknown, several approaches have been
undertaken to explore the issue. The results presented in this
report provide insight into the complexity of molecular
mechanisms creating PRODH/POX-dependent and PRODH/
POX-independent apoptosis in cancer cells.

The application value of the results presented in this article has
obvious limitations due to in vitro studies that should be confirmed
by in vivo experiments. Although cell line models have several
limitations (e.g., inability to observe systemic phenomena), they are
a powerful tool that offers several advantages. Certainly, the cell
models allow a strict control of the conditions of the experiment in
order to establish the critical factor affecting the studied processes
in a relatively short time. They are especially helpful in the case of
limited availability of clinical samples or in vivomodels. Therefore,
results on cell models allow us to predict the consequences of
pharmacotherapeutic manipulation in humans and provide
rational for clinical studies on dose-dependent effects. Different
treatment regimens and combinations of therapies have been
tested using cell lines that have yielded interesting and
potentially promising results that some of them could have an
application value.

In this report, we suggest that the mechanism for MET-
induced apoptosis involves an increase in the prolidase activity
and a decrease in collagen biosynthesis providing substrate
(proline) for PRODH/POX-dependent ROS formation and

activation of caspases-9 and -8. The data suggest that
PRODH/POX participates in the MET-induced intrinsic and
extrinsic apoptosis in MCF-7 cells.

CONCLUSION

MET-induced apoptosis involves the up-regulation of PRODH/
POX-dependent ROS formation, the activation of caspases-9 and
-8, an increase in prolidase expression and activity, a decrease in
collagen biosynthesis, and an increase in the proline
concentration providing a substrate for PRODH/POX. The
data suggest that PRODH/POX participates in the MET-
induced intrinsic and extrinsic apoptosis in MCF-7 cells.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article; further inquiries can be directed to the corresponding
author.

AUTHOR CONTRIBUTIONS

Conceptualization, TYLH, IO, LS, and JP; data curation, TYLH,
IO, LS, and JP; formal analysis, TYLH, IO, LS, and JP; funding
acquisition, TYLH and JP; investigation, TYLH, IO, LS, and JP;
methodology, TYLH, EP,WB, and KB; project administration, JP;
resources, TYLH and JP; software, TYLH, EP, WB, and KB;
supervision, IO, LS, RB, and JP; validation, TYLH, EP, WB, and
KB; visualization, TYLH, IO, and LS; writing—original draft
preparation, TYLH, IO, LS, and JP; and writing—review and
editing, TYLH, LS, RB, WM, and JP.

FUNDING

This work was supported by the National Science Centre
(number of project: 2017/25/B/NZ7/02183). This research was
conducted within the project, which has received funding from
the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agreement
No. 754432 and the Polish Ministry of Science and Higher
Education and from financial resources for science in
2018–2023 granted for the implementation of an international
co-financed project. The funding sources had no involvement in
conducting the research, preparation of article, collection,
analysis and interpretation of data, writing of the report, and
making decision to submit the article for publication.

REFERENCES

Bodmer, M., Meier, C., Krähenbühl, S., Jick, S. S., and Meier, C. R. (2010). Long-
term Metformin Use Is Associated with Decreased Risk of Breast Cancer.
Diabetes Care 33 (6), 1304–1308. doi:10.2337/dc09-1791

Catchpole, G., Platzer, A., Weikert, C., Kempkensteffen, C., Johannsen, M., Krause, H.,
et al. (2011). Metabolic Profiling Reveals Key Metabolic Features of Renal Cell
Carcinoma. J. Cell Mol. Med. 15 (1), 109–118. doi:10.1111/j.1582-4934.2009.00939.x

Cechowska-Pasko, M., Pałka, J., and Wojtukiewicz, M. Z. (2006). Enhanced
Prolidase Activity and Decreased Collagen Content in Breast Cancer Tissue.
Int. J. Exp. Pathol. 87 (4), 289–296. doi:10.1111/j.1365-2613.2006.00486.x

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 8694139

Huynh et al. Metformin-Induced Apoptosis in MCF-7 Cells

https://doi.org/10.2337/dc09-1791
https://doi.org/10.1111/j.1582-4934.2009.00939.x
https://doi.org/10.1111/j.1365-2613.2006.00486.x
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Chae, Y. K., Arya, A., Malecek, M.-K., Shin, D. S., Carneiro, B., Chandra, S., et al.
(2016). Repurposing Metformin for Cancer Treatment: Current Clinical
Studies. Oncotarget 7 (26), 40767–40780. doi:10.18632/oncotarget.8194

D’Aniello, C., Patriarca, E. J., Phang, J. M., and Minchiotti, G. (2020). Proline
Metabolism in Tumor Growth and Metastatic Progression. Front. Oncol. 10,
776. doi:10.3389/fonc.2020.00776

De Flora, S., Ganchev, G., Iltcheva, M., La Maestra, S., Micale, R. T., Steele, V. E.,
et al. (2016). Pharmacological Modulation of Lung Carcinogenesis in Smokers:
Preclinical and Clinical Evidence. Trends Pharmacol. Sci. 37 (2), 120–142.
doi:10.1016/j.tips.2015.11.003

Donald, S. P., Sun, X. Y., Hu, C. A., Yu, J., Mei, J. M., Valle, D., et al. (2001). Proline
Oxidase, Encoded by P53-Induced Gene-6, Catalyzes the Generation of
Proline-dependent Reactive Oxygen Species. Cancer Res. 61 (5), 1810–1815.
AvaliableAt: https://pubmed.ncbi.nlm.nih.gov/11280728/

Effect of Metformin on Breast Cancer Metabolism (2014). Effect of Metformin on
Breast Cancer Metabolism. AvaliableAt: https://www.clinicaltrials.gov/ct2/
show/record/NCT01266486?term=metformin&rank=10https://www.
clinicaltrials.gov (Accessed December 15, 2021).

Evans, J. M. M., Donnelly, L. A., Emslie-Smith, A. M., Alessi, D. R., and Morris, A.
D. (2005). Metformin and Reduced Risk of Cancer in Diabetic Patients. BMJ
330 (7503), 1304–1305. doi:10.1136/bmj.38415.708634.f7

Gelse, K., Pfander, D., Obier, S., Knaup, K. X., Wiesener, M., Hennig, F. F., et al.
(2008). Role of Hypoxia-Inducible Factor 1alpha in the Integrity of Articular
Cartilage in Murine Knee Joints. Arthritis Res. Ther. 10 (5), R111. doi:10.1186/
ar2508

Guo, Q., Liu, Z., Jiang, L., Liu, M., Ma, J., Yang, C., et al. (2016). Metformin
Inhibits Growth of Human Non-small Cell Lung Cancer Cells via Liver
Kinase B-1-independent Activation of Adenosine Monophosphate-Activated
Protein Kinase. Mol. Med. Rep. 13 (3), 2590–2596. doi:10.3892/mmr.2016.
4830

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A.,
Vasquez, D. S., et al. (2008). AMPK Phosphorylation of Raptor Mediates a
Metabolic Checkpoint. Mol. Cell 30 (2), 214–226. doi:10.1016/j.molcel.2008.
03.003

Han, D., Li, S.-J., Zhu, Y.-T., Liu, L., and Li, M.-X. (2013). LKB1/AMPK/mTOR
Signaling Pathway in Non-small-cell Lung Cancer. Asian Pac. J. Cancer Prev. 14
(7), 4033–4039. doi:10.7314/apjcp.2013.14.7.4033

Hardie, D. G. (2008). AMPK and Raptor: Matching Cell Growth to Energy Supply.
Mol. Cell 30 (3), 263–265. doi:10.1016/j.molcel.2008.04.012

Hardie, D. G. (2003). Minireview: the AMP-Activated Protein Kinase Cascade: the
Key Sensor of Cellular Energy Status. Endocrinology 144 (12), 5179–5183.
doi:10.1210/en.2003-0982

Hirayama, A., Kami, K., Sugimoto, M., Sugawara, M., Toki, N., Onozuka, H., et al.
(2009). Quantitative Metabolome Profiling of Colon and Stomach Cancer
Microenvironment by Capillary Electrophoresis Time-Of-Flight Mass
Spectrometry. Cancer Res. 69 (11), 4918–4925. doi:10.1158/0008-5472.can-
08-4806

Hu, C. A., Donald, S. P., Yu, J., Lin, W. W., Liu, Z., Steel, G., et al. (2007).
Overexpression of Proline Oxidase Induces Proline-dependent and
Mitochondria-Mediated Apoptosis. Mol. Cell Biochem. 295 (1-2), 85–92.
doi:10.1007/s11010-006-9276-6

Huynh, T. Y. L., Oscilowska, I., Sáiz, J., Nizioł, M., Baszanowska, W., Barbas, C.,
et al. (2021). Metformin Treatment or PRODH/POX-Knock Out Similarly
Induces Apoptosis by Reprograming of Amino Acid Metabolism, TCA, Urea
Cycle and Pentose Phosphate Pathway in MCF-7 Breast Cancer Cells.
Biomolecules 11 (12), 1888. doi:10.3390/biom11121888

Huynh, T. Y. L., Zareba, I., Baszanowska, W., Lewoniewska, S., and Palka, J. (2020).
Understanding the Role of Key Amino Acids in Regulation of Proline
Dehydrogenase/proline Oxidase (Prodh/pox)-dependent Apoptosis/
autophagy as an Approach to Targeted Cancer Therapy. Mol. Cell Biochem.
466, 35–44. doi:10.1007/s11010-020-03685-y

Ii, M., Yamamoto, H., Adachi, Y., Maruyama, Y., and Shinomura, Y. (2006). Role of
Matrix Metalloproteinase-7 (Matrilysin) in Human Cancer Invasion,
Apoptosis, Growth, and Angiogenesis. Exp. Biol. Med. (Maywood) 231,
20–27. doi:10.1177/153537020623100103

Jackson, S. H., Dennis, A. W., and Greenberg, M. (1975). Iminodipeptiduria: a
Genetic Defect in Recycling Collagen; a Method for Determining Prolidase in
Erythrocytes. Can. Med. Assoc. J. 113 (8759), 759–763.

Jacob, L., Kostev, K., Rathmann, W., and Kalder, M. (2016). Impact of Metformin
onMetastases in Patients with Breast Cancer and Type 2 Diabetes. J. Diabetes its
Complicat. 30 (6), 1056–1059. doi:10.1016/j.jdiacomp.2016.04.003

Kato, K., Ogura, T., Kishimoto, A., Minegishi, Y., Nakajima, N., Miyazaki, M., et al.
(2002). Critical Roles of AMP-Activated Protein Kinase in Constitutive
Tolerance of Cancer Cells to Nutrient Deprivation and Tumor Formation.
Oncogene 21 (39), 6082–6090. doi:10.1038/sj.onc.1205737

Kazberuk, A., Chalecka, M., Palka, J., Bielawska, K., and Surazynski, A. (2022).
NSAIDs Induce Proline Dehydrogenase/Proline Oxidase-dependent and
Independent Apoptosis in MCF7 Breast Cancer Cells. Int. J. Mol. Sci. 23
(7), 3813. doi:10.3390/ijms23073813

Kazberuk, A., Chalecka, M., Palka, J., and Surazynski, A. (2022). Nonsteroidal
Anti-inflammatory Drugs as PPARgamma Agonists Can Induce PRODH/
POX-Dependent Apoptosis in Breast Cancer Cells: New Alternative
Pathway in NSAID-Induced Apoptosis. Int. J. Mol. Sci. 23 (3), 1510. doi:10.
3390/ijms23031510

Klupczynska, A., Misiura, M., Miltyk, W., Oscilowska, I., Palka, J., Kokot, Z. J., et al.
(2020). Development of an LC-MS Targeted Metabolomics Methodology to
Study Proline Metabolism in Mammalian Cell Cultures. Molecules 25 (20),
4639. doi:10.3390/molecules25204639

Kononczuk, J., Czyzewska, U., Moczydlowska, J., Surażyński, A., Palka, J., and
Miltyk, W. (2015). Proline Oxidase (POX) as A Target for Cancer Therapy. Cdt
16 (13), 1464–1469. doi:10.2174/138945011613151031150637

Kononczuk, J., Surazynski, A., Czyzewska, U., Prokop, I., Tomczyk, M., Palka, J.,
et al. (2015). αIIbβ3-integrin Ligands: Abciximab and Eptifibatide as
Proapoptotic Factors in MCF-7 Human Breast Cancer Cells. Cdt 16 (13),
1429–1437. doi:10.2174/1389450115666140804220441

Laderoute, K. R., Amin, K., Calaoagan, J. M., Knapp, M., Le, T., Orduna, J., et al.
(2006). 5′-AMP-Activated Protein Kinase (AMPK) Is Induced by Low-Oxygen
and Glucose Deprivation Conditions Found in Solid-Tumor
Microenvironments. Mol. Cell Biol. 26 (14), 5336–5347. doi:10.1128/mcb.
00166-06

Leśniewska, M., Miltyk, W., Swiatecka, J., Tomaszewska, M., Kuźmicki, M., Pałka,
J., et al. (2009). Estrogen Receptor Beta Participate in the Regulation of
Metabolizm of Extracellular Matrix in Estrogen Alpha Negative Breast
Cancer. Folia Histochem Cytobiol. 47 (5), S107–S112. doi:10.2478/v10042-
009-0047-6

Lewoniewska, S., Oscilowska, I., Huynh, T. Y. L., Prokop, I., Baszanowska, W.,
Bielawska, K., et al. (2021). Troglitazone-Induced PRODH/POX-Dependent
Apoptosis Occurs in the Absence of Estradiol or ERβ in ER-Negative Breast
Cancer Cells. J. Clin. Med. 10 (20), 4641. doi:10.3390/jcm10204641

Liu, W., Glunde, K., Bhujwalla, Z. M., Raman, V., Sharma, A., and Phang, J. M.
(2012). Proline Oxidase Promotes Tumor Cell Survival in Hypoxic Tumor
Microenvironments. Cancer Res. 72 (14), 3677–3686. doi:10.1158/0008-5472.
can-12-0080

Liu, W., Le, A., Hancock, C., Lane, A. N., Dang, C. V., Fan, T. W.-M., et al. (2012).
Reprogramming of Proline and Glutamine Metabolism Contributes to the
Proliferative and Metabolic Responses Regulated by Oncogenic Transcription
Factor C-MYC. Proc. Natl. Acad. Sci. U.S.A. 109 (23), 8983–8988. doi:10.1073/
pnas.1203244109

Liu, W., and Phang, J. M. (2012). Proline Dehydrogenase (Oxidase), a
Mitochondrial Tumor Suppressor, and Autophagy under the Hypoxia
Microenvironment. Autophagy 8 (9), 1407–1409. doi:10.4161/auto.21152

Liu, Y., Borchert, G. L., Donald, S. P., Surazynski, A., Hu, C.-A., Weydert, C. J.,
et al. (2005). MnSOD Inhibits Proline Oxidase-Induced Apoptosis in
Colorectal Cancer Cells. Carcinogenesis 26 (8), 1335–1342. doi:10.1093/
carcin/bgi083

Liu, Y., Borchert, G. L., Surazynski, A., Hu, C.-A., and Phang, J. M. (2006). Proline
Oxidase Activates Both Intrinsic and Extrinsic Pathways for Apoptosis: the Role
of ROS/superoxides, NFAT and MEK/ERK Signaling. Oncogene 25 (41),
5640–5647. doi:10.1038/sj.onc.1209564

Liu, Y., Borchert, G. L., Surazynski, A., and Phang, J. M. (2008). Proline Oxidase, a
P53-Induced Gene, Targets COX-2/PGE2 Signaling to Induce Apoptosis and
Inhibit Tumor Growth in Colorectal Cancers. Oncogene 27 (53), 6729–6737.
doi:10.1038/onc.2008.322

Lowry, O., Rosebrough, N., Farr, A. L., and Randall, R. (1951). Protein
Measurement with the Folin Phenol Reagent. J. Biol. Chem. 193 (1),
265–275. doi:10.1016/s0021-9258(19)52451-6

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 86941310

Huynh et al. Metformin-Induced Apoptosis in MCF-7 Cells

https://doi.org/10.18632/oncotarget.8194
https://doi.org/10.3389/fonc.2020.00776
https://doi.org/10.1016/j.tips.2015.11.003
https://pubmed.ncbi.nlm.nih.gov/11280728/
https://www.clinicaltrials.gov/ct2/show/record/NCT01266486?term=metformin&rank=10https://www.clinicaltrials.gov
https://www.clinicaltrials.gov/ct2/show/record/NCT01266486?term=metformin&rank=10https://www.clinicaltrials.gov
https://www.clinicaltrials.gov/ct2/show/record/NCT01266486?term=metformin&rank=10https://www.clinicaltrials.gov
https://doi.org/10.1136/bmj.38415.708634.f7
https://doi.org/10.1186/ar2508
https://doi.org/10.1186/ar2508
https://doi.org/10.3892/mmr.2016.4830
https://doi.org/10.3892/mmr.2016.4830
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.7314/apjcp.2013.14.7.4033
https://doi.org/10.1016/j.molcel.2008.04.012
https://doi.org/10.1210/en.2003-0982
https://doi.org/10.1158/0008-5472.can-08-4806
https://doi.org/10.1158/0008-5472.can-08-4806
https://doi.org/10.1007/s11010-006-9276-6
https://doi.org/10.3390/biom11121888
https://doi.org/10.1007/s11010-020-03685-y
https://doi.org/10.1177/153537020623100103
https://doi.org/10.1016/j.jdiacomp.2016.04.003
https://doi.org/10.1038/sj.onc.1205737
https://doi.org/10.3390/ijms23073813
https://doi.org/10.3390/ijms23031510
https://doi.org/10.3390/ijms23031510
https://doi.org/10.3390/molecules25204639
https://doi.org/10.2174/138945011613151031150637
https://doi.org/10.2174/1389450115666140804220441
https://doi.org/10.1128/mcb.00166-06
https://doi.org/10.1128/mcb.00166-06
https://doi.org/10.2478/v10042-009-0047-6
https://doi.org/10.2478/v10042-009-0047-6
https://doi.org/10.3390/jcm10204641
https://doi.org/10.1158/0008-5472.can-12-0080
https://doi.org/10.1158/0008-5472.can-12-0080
https://doi.org/10.1073/pnas.1203244109
https://doi.org/10.1073/pnas.1203244109
https://doi.org/10.4161/auto.21152
https://doi.org/10.1093/carcin/bgi083
https://doi.org/10.1093/carcin/bgi083
https://doi.org/10.1038/sj.onc.1209564
https://doi.org/10.1038/onc.2008.322
https://doi.org/10.1016/s0021-9258(19)52451-6
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Malki, A., and Youssef, A. (2011). Antidiabetic DrugMetformin Induces Apoptosis
in Human MCF Breast Cancer via Targeting ERK Signaling. Oncol. Res. 19 (6),
275–285. doi:10.3727/096504011x13021877989838

Martindale, J. L., and Holbrook, N. J. (2002). Cellular Response to Oxidative Stress:
Signaling for Suicide and Survival. J. Cell. Physiol. 192 (1), 1–15. doi:10.1002/
jcp.10119

Maxwell, S. A., and Kochevar, G. J. (2008). Identification of a P53-Response
Element in the Promoter of the Proline Oxidase Gene. Biochem. Biophysical Res.
Commun. 369 (2), 308–313. doi:10.1016/j.bbrc.2008.01.171

Maxwell, S. A., and Rivera, A. (2003). Proline Oxidase Induces Apoptosis in Tumor
Cells, and its Expression Is Frequently Absent or Reduced in Renal Carcinomas.
J. Biol. Chem. 278 (11), 9784–9789. doi:10.1074/jbc.m210012200

Metformin clinical trial (2014). Metformin Clinical Trial. AvaliableAt: www.
clinicaltrials.gov (Accessed December 15, 2021).

Mock, W. L., Green, P. C., and Boyer, K. D. (1990). Specificity and pH Dependence
for Acylproline Cleavage by Prolidase. J. Biol. Chem. 265 (32), 19600–19605.
doi:10.1016/s0021-9258(17)45414-7

Myara, I., Charpentier, C., and Lemonnier, A. (1982). Optimal Conditions for
Prolidase Assay by Proline Colorimetric Determination: Application to
Iminodipeptiduria. Clin. Chim. Acta 125 (2), 193–205. doi:10.1016/0009-
8981(82)90196-6

Myara, I., Charpentier, C., and Lemonnier, A. (1984). Prolidase and Prolidase
Deficiency. Life Sci. 34 (21), 1985–1998. doi:10.1016/0024-3205(84)90363-1

Oscilowska, I., Rolkowski, K., Baszanowska, W., Huynh, T. Y. L., Lewoniewska, S.,
Nizioł, M., et al. (2022). Proline Dehydrogenase/Proline Oxidase (PRODH/
POX) Is Involved in the Mechanism of Metformin-Induced Apoptosis in C32
Melanoma Cell Line. IJMS 23 (2354), 1–15. doi:10.3390/ijms23042354

Palka, J. A., and Phang, J. M. (1997). Prolidase Activity in Fibroblasts Is Regulated
by Interaction of Extracellular Matrix with Cell Surface Integrin Receptors.
J. Cell. Biochem. 67 (2), 166–175. doi:10.1002/(sici)1097-4644(19971101)67:
2<166::aid-jcb2>3.0.co;2-v

Pandhare, J., Donald, S. P., Cooper, S. K., and Phang, J. M. (2009). Regulation and
Function of Proline Oxidase under Nutrient Stress. J. Cell. Biochem. 107 (4),
759–768. doi:10.1002/jcb.22174

Peterkofsky, B., and Diegelmann, R. (1971). Use of a Mixture of Proteinase-free
Collagenases for the Specific Assay of Radioactive Collagen in the Presence of
Other Proteins. Biochemistry 10 (6), 988–994. doi:10.1021/bi00782a009

Phang, J. M., Donald, S. P., Pandhare, J., and Liu, Y. (2008). The Metabolism of
Proline, a Stress Substrate, Modulates Carcinogenic Pathways. Amino Acids 35
(4), 681–690. doi:10.1007/s00726-008-0063-4

Phang, J. M., and Liu, W. (2012). Proline Metabolism and Cancer. Front. Biosci. 17,
1835–1845. doi:10.2741/4022

Phang, J. M., Liu, W., Hancock, C., and Christian, K. J. (2012). The Proline
Regulatory axis and Cancer. Front. Oncol. 2, 60. doi:10.3389/fonc.2012.00060

Phang, J. M., Pandhare, J., and Liu, Y. (2008). The Metabolism of Proline as
Microenvironmental Stress Substrate. J. Nutr. 138 (10), 2008S–2015S. doi:10.
1093/jn/138.10.2008s

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W., and Vogelstein, B. (1997). A Model
for P53-Induced Apoptosis. Nature 389 (6648), 300–305. doi:10.1038/38525

Priest, R. E., and Davies, L. M. (1969). Cellular Proliferation and Synthesis of
Collagen. Lab. Invest. 21 (2), 138–142.

Raha, S., and Robinson, B. H. (2001). Mitochondria, Oxygen Free Radicals, and
Apoptosis. Am. J. Med. Genet. 106 (1), 62–70. doi:10.1002/ajmg.1398

Rena, G., Hardie, D. G., and Pearson, E. R. (2017). The Mechanisms of Action of
Metformin. Diabetologia 60 (9), 1577–1585. doi:10.1007/s00125-017-4342-z

Salani, B., Maffioli, S., Hamoudane, M., Parodi, A., Ravera, S., Passalacqua, M., et al.
(2012). Caveolin-1 Is Essential for Metformin Inhibitory Effect on IGF1 Action
in Non-small-cell Lung Cancer Cells. FASEB J. 26 (2), 788–798. doi:10.1096/fj.
11-192088

Surazynski, A., Donald, S. P., Cooper, S. K., Whiteside, M. A., Salnikow, K., Liu, Y.,
et al. (2008). Extracellular Matrix and HIF-1 Signaling: the Role of Prolidase.
Int. J. Cancer 122 (6), 1435–1440. doi:10.1002/ijc.23263

Theron, A. E., Nolte, E. M., Lafanechère, L., and Joubert, A. M. (2013). Molecular
Crosstalk between Apoptosis and Autophagy Induced by a Novel 2-
methoxyestradiol Analogue in Cervical Adenocarcinoma Cells. Cancer Cell
Int. 13 (1), 87. doi:10.1186/1475-2867-13-87

Wang, J., Gao, Q., Wang, D., Wang, Z., and Hu, C. (2015). Metformin Inhibits
Growth of Lung Adenocarcinoma Cells by Inducing Apoptosis via the
Mitochondria-Mediated Pathway. Oncol. Lett. 10 (3), 1343–1349. doi:10.
3892/ol.2015.3450

Wang, W., and Guan, K.-L. (2009). AMP-activated Protein Kinase and Cancer.
Acta Physiol. (Oxf). 196 (1), 55–63. doi:10.1111/j.1748-1716.2009.01980.x

Yenmis, G., Besli, N., Yaprak Sarac, E., Hocaoglu Emre, F. S., Senol, K., and
Kanigur, G. (2021). Metformin Promotes Apoptosis in Primary Breast Cancer
Cells by Downregulation of Cyclin D1 and Upregulation of P53 through an
AMPK-Alpha Independent Mechanism. Turk J. Med. Sci. 51 (2), 826–834.
doi:10.3906/sag-1908-112

Yi, G., He, Z., Zhou, X., Xian, L., Yuan, T., Jia, X., et al. (2013). Low Concentration of
Metformin Induces a P53-dependent Senescence in Hepatoma Cells via Activation
of the AMPK Pathway. Int. J. Oncol. 43 (5), 1503–1510. doi:10.3892/ijo.2013.2077

Zareba, I., Celinska-Janowicz, K., Surazynski, A., Miltyk, W., and Palka, J. (2018).
Proline Oxidase Silencing Induces Proline-dependent Pro-survival Pathways in
MCF-7 Cells. Oncotarget 9 (17), 13748–13757. doi:10.18632/oncotarget.24466

Zareba, I., Surazynski, A., Chrusciel, M., Miltyk, W., Doroszko, M., Rahman, N.,
et al. (2017). Functional Consequences of Intracellular Proline Levels
Manipulation Affecting PRODH/POX-Dependent Pro-apoptotic Pathways
in a Novel In Vitro Cell Culture Model. Cell Physiol. Biochem. 43 (2),
670–684. doi:10.1159/000480653

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huynh, Oscilowska, Szoka, Piktel, Baszanowska, Bielawska,
Bucki, Miltyk and Palka. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 86941311

Huynh et al. Metformin-Induced Apoptosis in MCF-7 Cells

https://doi.org/10.3727/096504011x13021877989838
https://doi.org/10.1002/jcp.10119
https://doi.org/10.1002/jcp.10119
https://doi.org/10.1016/j.bbrc.2008.01.171
https://doi.org/10.1074/jbc.m210012200
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://doi.org/10.1016/s0021-9258(17)45414-7
https://doi.org/10.1016/0009-8981(82)90196-6
https://doi.org/10.1016/0009-8981(82)90196-6
https://doi.org/10.1016/0024-3205(84)90363-1
https://doi.org/10.3390/ijms23042354
https://doi.org/10.1002/(sici)1097-4644(19971101)67:2<166::aid-jcb2>3.0.co;2-v
https://doi.org/10.1002/(sici)1097-4644(19971101)67:2<166::aid-jcb2>3.0.co;2-v
https://doi.org/10.1002/jcb.22174
https://doi.org/10.1021/bi00782a009
https://doi.org/10.1007/s00726-008-0063-4
https://doi.org/10.2741/4022
https://doi.org/10.3389/fonc.2012.00060
https://doi.org/10.1093/jn/138.10.2008s
https://doi.org/10.1093/jn/138.10.2008s
https://doi.org/10.1038/38525
https://doi.org/10.1002/ajmg.1398
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1096/fj.11-192088
https://doi.org/10.1096/fj.11-192088
https://doi.org/10.1002/ijc.23263
https://doi.org/10.1186/1475-2867-13-87
https://doi.org/10.3892/ol.2015.3450
https://doi.org/10.3892/ol.2015.3450
https://doi.org/10.1111/j.1748-1716.2009.01980.x
https://doi.org/10.3906/sag-1908-112
https://doi.org/10.3892/ijo.2013.2077
https://doi.org/10.18632/oncotarget.24466
https://doi.org/10.1159/000480653
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Metformin Induces PRODH/POX-Dependent Apoptosis in Breast Cancer Cells
	Introduction
	Materials and Methods
	PRODH/POX Knockout CRISPR-Cas9 DNA Plasmid Purification
	Transfection Into MCF-7 Breast Cancer Cell Line
	Cell Culture
	Cell Viability
	DNA Biosynthesis
	Collagen Biosynthesis
	Determination of Prolidase Activity
	Western Blot
	LC–MS-Based Quantitative Analysis
	ROS Generation Assessment
	Apoptosis Induction
	Immunofluorescence Microscopy
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


