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Three-dimensional (3D) cell culture models are used in cancer research because they mimic physiological re-
sponses in vivo compared with two-dimensional (2D) culture systems. Recently, cross-resistance of butyrate-
resistant (BR) cells and chemoresistance in colorectal cancer (CRC) cells have been reported; however, effec-
tive treatments for BR cells have not been identified. In this study, we investigated the cytotoxicity of metformin
(MET), an anti-diabetic drug, on BR CRC cells in a 3D spheroid culture model. The results demonstrate that MET
decreases spheroid size, migration, and spheroid viability, while it increases spheroid death. The molecular
mechanism revealed that AMP-activated protein kinase (AMPK) and Akt serine/threonine kinase 1(Akt) were
significantly upregulated, whereas the acetyl-CoA-carboxylase (ACC) and mammalian target of rapamycin
(mTOR) were downregulated, which led to caspase activation and apoptosis. Our findings show the potential
cytotoxicity of MET on CRC-BR cells. The combination of MET and conventional chemotherapeutic drugs should

be addressed in further studies to reduce the side effects of standard chemotherapy for CRC.

1. Introduction

Based on the GLOBOCAN 2020 data, colorectal cancer (CRC) is the
third most commonly diagnosed cancer and the second cause of cancer-
related death in both men and women worldwide [1]. In Thailand, CRC
is the third most common cancer. The incidence and mortality are
increasing despite the existence of more effective screening programs
and treatments [2,3]. Previous reports have demonstrated that butyrate,
a bacterial metabolite present in the human colon, contributes to
chronic inflammation and CRC development [4,5]. Butyrate normally
inhibits the proliferation of cancer cells and induces apoptosis; however,
long-term exposure can alter cancer cells to generate butyrate-resistant
(BR) cells. BR cells exhibit various malignant phenotypes, including
glucose deprivation survival, heat-shock tolerance, and increased
tumorigenicity [6,7]. Previous reports have suggested that BR cells
contribute to the chemoresistant phenotype, causing the treatments to
fail[8]. Moreover, an AMP-activated protein kinase (AMPK)-activating
compound exerted effects on BR cells, including proliferation inhibition
and autophagy activation [9]. These AMPK activator drugs appear to
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sensitize BR cells.

Metformin (MET) is commonly used to treat diabetes mellitus (DM)
but, surprisingly, it was also shown to reduce the risk of cervical,
endometrial, lung, and colon cancers in type 2 DM patients [10-13].
MET acts by inhibiting mitochondrial respiration, resulting in an
imbalance in the AMP:ATP ratio, which is regulated by AMPK [14,15].
Previous studies have shown that MET, which activates AMPK, is a
candidate therapeutic agent against chemoresistant CRC cells when
combined with 5-fluorouracil (5-FU) and oxaliplatin (Ox, FuOx) [13].
Moreover, a study of breast cancer cell lines revealed that MET pre-
treatment reduces the doxorubicin-resistant phenotype [16]. Based on
these findings, MET may exhibit therapeutic effects against
drug-resistant cancer cells.

Three-dimensional (3D) spheroid culture is widely used in cancer
research. Compared with two-dimensional (2D) or monolayer cultures,
the 3D culture model can mimic the tumor environment in vivo [17,18].
Various reports have suggested that 3D CRC-primary cells could pre-
serve the characteristic of their parental tumor tissue [19] and show a
different response during irradiation and chemotherapy [20]. Previous

E-mail addresses: kesara.nittayaboon@gmail.com (K. Nittayaboon), lkittinunl@gmail.com (K. Leetanaporn), s.sangkhathat@gmail.com (S. Sangkhathat),
sittiruk@biotec.or.th (S. Roytrakul), nraphatp@medicine.psu.ac.th (R. Navakanitworakul).

https://doi.org/10.1016/j.biopha.2022.113214

Received 27 February 2022; Received in revised form 24 May 2022; Accepted 26 May 2022

Available online 28 May 2022
0753-3322/© 2022 The Authors.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license


mailto:kesara.nittayaboon@gmail.com
mailto:lkittinun1@gmail.com
mailto:s.sangkhathat@gmail.com
mailto:sittiruk@biotec.or.th
mailto:nraphatp@medicine.psu.ac.th
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.113214
https://doi.org/10.1016/j.biopha.2022.113214
https://doi.org/10.1016/j.biopha.2022.113214
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2022.113214&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Nittayaboon et al.

studies conducted using a 3D breast cancer model revealed a different
phenotype, including hypoxia in the bulk tumor and drug sensitivity,
which was higher compared with that observed in the 2D system [21].
The 3D CRC cells also showed a reduction of cancer drug activity [22].
Moreover, the effects of drugs in a 3D cell culture model of BR cells have
not been thoroughly investigated.

In this study, we characterized the formation of PMF-k014 cells-
derived spheroids and determined the cytotoxic effect of MET on PMF-
k014 BR spheroids. The drug response was evaluated in terms of cell
viability, caspase3/7 activity, and spheroid migration. The underlying
molecular mechanism was examined by Western blot analysis.

2. Materials and methods
2.1. Butyrate-resistant cell culture

PMF-k014 epithelial colorectal carcinoma——a polygonal epithelial
derived from highly metastatic adenocarcinoma [23] (RBRC-RCB1426,
RIKEN BRC, Japan)——cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco™ Thermo Fisher, USA) supplemented with 10 %
heat-inactivated fetal bovine serum (Gibco™ Thermo Fisher scientific,
USA) and 1 % penicillin/streptomycin (Gibco™ Thermo Fisher scienti-
fic, USA) in a humidified incubator with 5 % CO5 and 95 % air at 37 °C.
The butyrate-resistant PMF (PMF-BR) cells were previously established
(unpublished data). Briefly, the cells were stimulated in a complete
medium supplemented with 0.2 mM sodium butyrate (Sigma, USA).
Butyrate treatments induced cancer cell death. However, some cells
survived and continued to proliferate. BR cells were subcultured at 80 %
confluency. Subsequently, the concentration of butyrate was increased
by 2-fold every three generations. After the concentration of butyrate
reached 3.2 mM, both the parental (PT) and BR cells were ready for
further experiments.

2.2. Poly-HEMA-coated plate preparation and spheroid formation

A stock solution of poly-(2-hydroxyethyl methacrylate) (Poly-HEMA,
Sigma, USA) was prepared at 120 mg/mL in 95 % ethanol by stirring
with a sterile magnetic bar at room temperature overnight. A working
solution was prepared (5 mg/mL) using the same procedure. Then, 20 pL
of working solution was added to a 96-well U-bottom plate, and the plate
was dried for 3 days in an incubator. The spheroids were generated by
seeding PMF-PT and PMF-BR cells in the coated plate to generate
200-300 pm spheroid cells.

2.3. Characterization of spheroid formation

To detect the presence of CD44 surface marker, immunofluorescence
assay was used. We fixed the spheroids in 4 % paraformaldehyde for 20
min. Then, fixed spheroids were incubated with antihuman CD44
(phycoerythrin [PE] conjugated; ImmunoTools, Germany) for 45 min.
The nuclei were counterstained with 4’,6-Diamidine-2’-phenylindole
dihydrochloride (DAPI) (Sigma, USA). The stained spheroids were
imaged on a LionheartFX live cell imager (Biotek, USA).

To assess the genes expression, total RNA was isolated from the
monolayer and spheroid cells using the Trizol reagent (Invitrogen, USA)
as instructed by the manufacturer. RNA was then quantified using
absorbance measurements by Nanodrop (Thermo Fisher). RNA samples
(1 pg) with good quality were reverse-transcribed to complementary
DNA (cDNA) using reverse transcriptase enzymes. An iScript™ cDNA
synthesis kit (Bio-rad, USA) was used for cDNA synthesis according to
the manufacturer’s instructions. GAPDH was used as an internal control.
Differential expression of stemness genes; SOX2, OCT4, KLF4 and
CXCR4, butyrate-related genes; GPR-109A, GPR-109B, GPR-41 and
SLC5A8 and drug efflux genes; ABCA5, ABCC1, ABCC2, ABCC3, ABCC5,
ABCF2 and ABCG2 were determined. The primer sequences are shown in
Supplementary Table 1. The quantitative real time RT-PCR (RT-qPCR)
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was carried out in duplicates with three independent experiments. The
22Ct method was used for calculating the relative gene expression
levels.

2.4. Characterization of PMF-PT and PMF-BR spheroids by mass
spectrometry

To examine the characteristics of PMF-PT and PMF-BR spheroids,
mass spectrometry was performed at the Functional Proteomics Tech-
nology Laboratory, National Center for Genetic Engineering and
Biotechnology (BIOTEC), Thailand. The spheroid cell lysates were
reduced, alkylated, and digested with trypsin, and were analyzed by LC-
MS/MS (Bruker Impact II, USA). Peptides were quantified and identified
using the DeCyder MS differential analysis software 2.0 (GE Healthcare,
USA) and the MASCOT search engine (Matrix Science, UK) based on the
NCBI human protein databases. To display the list comparing PT and BR
spheroids, the peptide data were used to generate Venn diagrams
through jvenn, an interactive Venn diagram viewer (http://jvenn.tou-
louse.inra.fr/app/index.html). The functional enrichment analysis of
the uniquely expressed proteins was performed using the PANTHER
analysis tool (http://pantherdb.org/).

2.5. Butyrate sensitivity

Both the monolayer cells and spheroids generated on poly-HEMA-
coated plates were treated with and without butyrate (Sigma, USA) at
various concentrations (0-100 mM) for 72 h. After incubation, cell
viability was measured using ApoLive-Glo™ Multiplex Assay (Promega,
USA) following the manufacturer’s instructions. Briefly, the fluorescent
substrate (glycyl-phenylalanyl-amino fluorocoumarin; GF-AFC) was
added to the treated spheroids. Live-cell protease was interacted with
GF-AFC substrate. The fluorescent intensity was detected following a
400 nm excitation source and 505 nm emission filter, was then quanti-
fied using a Varioskan LUX multimode microplate reader (Thermo
Fisher, USA), and was presented as the percentage of cell viability.

2.6. MET activity in butyrate-resistant spheroids

The spheroids generated on poly-HEMA coated plates were treated
with and without MET at various concentrations for 72 h. After incu-
bation, spheroid size, cell viability, and caspase activity were measured.
The spheroid size was firstly determined using an inverted microscope
and was analyzed using ImageJ analysis software. The LIVE/DEAD®
Cell Imaging Kit (Thermo Fisher scientific, USA) was used for staining.
The solution contained calcein AM and BOBO-3 iodide, which interacted
with live and dead cells, respectively. The complete media of spheroids
were removed until 100 uL was left in each well. Then, the mixed so-
lution was added, and the plate was wrapped with aluminum foil to
protect the contents from sunlight, and it was further incubated at 37 °C
for 30 min. The images were obtained using a LionheartFX live cell
imager. The ApoLive-Glo™ Multiplex Assay was used to detect viable
cells as a marker of cytotoxicity, and caspase3/7 activation as a marker
of apoptosis. The kit contains two assay components. Firstly, the activity
of a protease marker of cell viability was measured. The protease activity
of live cells was restricted to intact viable cells and was measured using a
fluorogenic and cell-permeant peptide substrate (GF-AFC). The sub-
strate entered intact cells where it was cleaved by the protease activity of
live cells to generate a fluorescent signal proportional to the number of
living cells, which was measured as relative fluorescence units using the
following 400 nm excitation source and 505 nm emission filter. The
protease of live cells is inactive as the cell membrane integrity is lost and
leakage occurs into the culture medium. Secondly, the kit also contained
the Caspase-Glo® assay which is used to detect caspase 3/7 activation.
This assay provides a luminogenic caspase-3/7 substrate, which con-
tains the tetrapeptide sequence DEVD, in a reagent optimized for cas-
pase activity, luciferase activity, and cell lysis. Adding the Caspase-Glo®
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3/7 reagent resulted in cell lysis, followed by caspase cleavage of the
substrate and generation of a luminescent signal produced by luciferase.
Luminescence is proportional to the amount of caspase activity present
and was measured as relative luminescence units using the Caspase-Glo
3/7 assay system. Both assays were quantified with a Varioskan LUX
multimode microplate reader. The means of three independent experi-
ments were plotted as a dose response curve.

2.7. Spheroid migration

The migration properties of PMF-PT and PMF-BR spheroids were
evaluated using a tumor spheroid-based migration assay. Briefly, PMF-
PT and PMF-BR spheroids were generated by seeding the cells into 96-
well U-bottom Poly-HEMA coated plates for 72 h, and were further
incubated with MET at various concentrations for 72 h. Then, the
spheroids were transferred to a new flat-bottom 96-well plate and
further incubated for 72 h. After incubation, the spheroids were imaged
using an inverted microscope (10x magnification). The migration areas
were analyzed using ImageJ software.

2.8. Western blot analysis

Western blot analysis with spheroids was performed as previously
described [24]. Briefly, spheroid pellets were lysed in RIPA buffer
(Pierce Biotechnology, USA). Protein concentration was measured using
the Bradford assay (Bio-Rad, USA). Protein extract with 30 pg was
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by transfer to polyvinylidene difluoride (PVDF) membranes
(Amersham Pharmacia Biotech, USA). The membranes were blocked in
5 % non-fat milk in Tris-buffer saline with 0.1 % (v/v) Tween-20 (TBS-T)
for 1 h at room temperature. Then, they were washed twice with TBS-T
for 10 min. Each membrane was incubated overnight at 4 °C, shaking
continuously with primary antibodies (1:1000 diluted with 1 % non-fat
milk in TBS-T) specific to AMPKa (cat. no. 5831; Cell Signaling Tech-
nology, Inc.), phospho-AMPKa (Thr172, cat. no. 2535; Cell Signaling
Technology, Inc.), acetyl-CoA carboxylase (cat. no. 3676; Cell Signaling
Technology, Inc.), phospho-acetyl-CoA carboxylase (Ser79; cat. no.
11818; Cell Signaling Technology, Inc.), Akt (cat. no. 4691; Cell
Signaling Technology, Inc.), phospho-Akt (Ser473; cat. no. 4060; Cell
Signaling Technology, Inc.), phospho-mTOR (Ser2448; cat. no. 5536;
Cell Signaling Technology, Inc.), mTOR (cat. no. 2983; Cell Signaling
Technology, Inc.), Raptor (cat. no. 2280; Cell Signaling Technology,
Inc.), Rictor (cat. no. 2114; Cell Signaling Technology, Inc.), GBL (cat.
no. 3274; Cell Signaling Technology, Inc.) and f-actin (cat. no. 4967;
Cell Signaling Technology, Inc.) used as internal control. After incuba-
tion, the membranes were washed thrice (10 min/time) with TBS-T and
were incubated with a secondary antibody (Anti-rabbit IgG horseradish
peroxidase; cat. no. 7074; Cell Signaling Technology, Inc.) at 1:1000
diluted in 1 % non-fat milk in TBS-T for 2 h. Then, the membranes were
washed again three times with TBS-T and the last washing was per-
formed using TBS for 10 min. The protein expressions were visualized
using an enhanced chemiluminescence reagent (Pierce™ ECL Western
Blotting Substrate, Thermo Fisher scientific, USA). Densitometry was
performed using a Chemiluminescence & Epi Fluorescence Alliance Q9
Advanced (Uvitec, UK) imager.

3. Results
3.1. PMF-PT and PMF-BR spheroid formation and characterization

We first evaluated the butyrate sensitivity on the butyrate-induced
monolayer cells that were incubated with or without various concen-
trations of butyrate and determined the 50 % inhibitory concentration
(ICsp). We found that the ICso value of PMF-BR cells was 3-fold higher
than that of PMF-PT cells. Moreover, both PT and BR cells were treated
with various concentrations of anticancer drugs such as 5-FU and MET
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for 72 h. We found that butyrate-resistant cells were cross-resistant to 5-
FU, whereas both PT and BR cells were sensitive to MET with an equal
ICs value of MET (Supplementary Table 1).

Currently, several promising drug candidates tested using the 2D
culture model have not proved successful in clinical practice. Therefore,
we focused on the 3D culture model. PMF-PT and PMF-BR cells were
grown on poly-HEMA-coated plates for 72 h to generate spheroids. Both
cells formed spheroids with a round-shape structure, compact
morphology, and smooth surface. The size of PMF-PT spheroids was
slightly larger than that of PMF-BR spheroids (Fig. 1A). The average
diameter of the PT spheroid was 208.29 + 7.94 ym, whereas that of the
BR spheroid was 196.41 + 9.43 um. We also characterized spheroid
formation by detection of the presence of CD44 as cancer stem cell (CSC)
marker on the surface of spheroids using immunofluorescence staining.
CD44 was positively stained in the membrane of cells in spheroids in
both spheroids (Fig. 1A). In addition, we investigated CSC enrichment in
formed spheroids as compared to their 2D monolayers. The expression of
key stemness genes including SOX2, OCT4, KLF4 and CXCR4 using RT-
qPCR were assessed. We found that the expression of SOX2 and OCT4
genes were significantly upregulated in both PMF-PT and BR spheroids
as compared to their 2D monolayers, while the expression of KLF4 and
CXCR4 was not difference in both comparisons (Fig. 1B-C).

For butyrate sensitivity tests, both spheroids were incubated with
various concentrations of butyrate, and ICso was then determined. The
viability of PMF-BR spheroids was significantly higher than that of PMF-
PT spheroids. The percentage of cell survival and the ICsy of each
spheroid cell are shown in Fig. 2A and B, respectively. The ICs( value of
PMF-BR spheroids was 2.7 times higher than that of PMF-PT spheroids.
This result indicated that the BR spheroid still presents the trait of
butyrate resistance. We also examined the response of the spheroids
against 5-FU, which is normally used in clinical practice (Supplementary
Figure 1). The ICso values of 5-FU in PMF-PT and PMF-BR spheroids
were 78.50 £ 5.95 and 208.80 + 4.77 pM, respectively. This result
illustrated that the PMF-BR spheroids were also cross-resistant to 5-FU.
Moreover, the expression of butyrate-related genes and drug efflux
pumps was determined using GAPDH as an internal control. GPR109A-a
butyrate receptor-its homolog GPR109B, GPR-41 and sodium-couplet
monocarboxylate transporter 1 (SMCT1 or SLC5A8) are response to
the transport of bacterial metabolites-particularly butyrate-in intestinal
cells. PMF-BR spheroids showed significantly higher expression of GPR-
109A, GPR-109B and GPR-41 genes than that of PMF-PT spheroids,
whereas SLC5A8 was not difference in both spheroids (Fig. 2C). For
evaluating the expression of the efflux pump, the expression of the ABC-
binding cassette transporter genes, which plays an important role in
drug transport in cancer cells, was elucidated. PMF-BR spheroids
showed significantly higher expression of ABC-C1, ABC-C2, ABC-C3,
ABC-C5 and ABC-G2 genes than PMF-PT spheroids. The expression of
ABC-A5 was significantly low in PMF-BR spheroids, whereas ABC-F2
was not difference in both spheroids (Fig. 2D).

The protein expression profiles in both spheroid cell types were also
identified by LC-MS/MS and then compared and visualized using a
Venn'’s diagram (Fig. 2E). This demonstrated all the possible relations of
protein expressions and the uniquely expressed proteins found in PMF-
PT and PMF-BR spheroids. The names of the uniquely expressed pro-
teins found only in PMF-PT and in PMF-BR spheroid cells are listed in
Supplementary Table 3 and Supplementary Table 4, respectively. These
uniquely expressed proteins were subsequently subjected to functional
enrichment analysis using PANTHER based on their pathway. We found
that the unique proteins involved in the metabolic pathway and signal
reception and transduction were enriched in PMF-BR spheroids rather
than in PMF-PT spheroids. In addition, proteins related to apoptosis and
stress response, transcriptional and posttranscriptional process, cell
cycle control and proliferation, and DNA replication and repair were
enriched only in PMF-BR spheroids. However, the unique proteins
involved in the cytoskeleton structure and cell-matrix interactions were
found in only PMF-PT spheroids (Fig. 2F).
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Fig. 1. Morphology of PMF-PT and PMF-BR spheroids and their characteristics. Spheroids were formed by seeding the cells on poly-HEMA coated plates for 72 h and
stained with CD44-PE (red) and DAPI (blue). Their images were obtained using an inverted microscope with 10x magnification (scale bar = 100 um) (A). Relative
expression of stemness genes in PMF-PT (B) and PMF-BR (C) was performed using RT-qPCR. Gene expression levels are shown relative to those of GAPDH. Data are
shown as mean =+ standard deviation (SD) of triplicate experiments (* p-value < 0.05 and ** p-value < 0.01; the mean difference is significant at the 0.05 and 0.01
level, respectively compared between 2D and 3D via Student’s t-test. Abbreviations: PMF-PT, PMF parental cells; PMF-BR, butyrate-resistant PMF cells; DAPI, 4',6-

Diamidine-2'-phenylindole dihydrochloride.

3.2. MET effect on PMF-PT and PMF-BR spheroids

3.2.1. MET reduces the size of PMF-PT and PMF-BR spheroids

The spheroid size was determined upon treatment (Day 0) and after
72 h (Day 3). Spheroid diameter was measured using ImageJ analysis
software. Briefly, the scale bar was calibrated in a micrometer unit.
Then, the spheroid diameter was measured by a linear line across the
edge. The software then converted the pixels of the linear line into
micrometer. Fig. 3 shows decreasing spheroid size in a dose-dependent
manner. However, spheroid size increased at 100 mM, possibly due to
cell death and disaggregation.

3.2.2. MET induces PMF-PT and PMF-BR spheroid death

After 72 h of treatment with MET, the viability of the spheroids was
determined using the LIVE/DEAD staining kit. The kit distinguishes live
and dead cells using two probes, namely calcein AM for intracellular
esterase activity and BOBO-3 iodide for plasma membrane integrity. The
results indicated that MET-induced spheroid death as evidenced by a red
fluorescent signal in the treatment group, whereas viable cells showed a
green fluorescent signal in the control (Fig. 4).

3.2.3. MET reduces cell viability and induces caspase activity in PMF-PT
and PMF-BR spheroids

To investigate the mode of cell death, we used the ApoLive-Glo assay
to measure enzyme activity as a marker for viable cells, and caspase-3/7
activity as an indication of apoptosis. We found that MET decreased cell
viability and increased caspase-3/7 activity in the treatment group
(Fig. 5). The caspase-3/7 activity of PMF-BR spheroids at all concen-
trations was higher than that of PMF-PT, even though the percentage of
cell viability was equal in both spheroid cell types. These results sug-
gested that PMF-BR spheroids are sensitive to MET, resulting in
apoptosis.

3.2.4. MET reduces spheroid migration in PMF-PT and PMF-BR cells

The anti-migration of MET on PT and BR spheroids was evaluated
using a tumor spheroid-based migration assay [25]. After MET treat-
ment for 72 h, the spheroids were transferred to a new flat-bottom plate
containing fresh complete media and were further incubated for 72 h.
Then, the migration area of the spheroids was measured and calculated
as the percentage of spheroid migration. The results showed a significant
decrease in migration at 25- and 50-mM MET for PMF-PT and at 50 mM
for PMF-BR spheroids (Fig. 6). This indicated that MET may have
anti-migration properties in both spheroid cell types, with even signif-
icant effects on PMF-PT spheroids.
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Fig. 2. Characterization of butyrate resistance spheroids. Effect of butyrate on PMF-PT and PMF-BR spheroids for 72 h represented as percentage of cell viability (A).
The ICso value of butyrate after the 72-h treatment was estimated from dose response curves (B). Relative expression of butyrate-related genes (B) and drug efflux
genes (C) in the spheroids was perform using RT-qPCR. Gene expression levels are shown relative to those of GAPDH. Data are shown as mean =+ standard deviation
(SD) of triplicate experiments (* p-value < 0.05 and ** p-value < 0.01; the mean difference is significant at the 0.05 and 0.01 level compared between PMF-PT and
PMF-BR spheroids via Student’s t-test. Proteomic analysis of PMF-PT and PMF-BR spheroids. The Venn's diagram illustrates the overlapping and uniquely expressed
proteins of the spheroids (E). Functional enrichment analysis of the uniquely expressed proteins in terms of the pathways found in PMF-PT and PMF-BR spheroids (F).

Abbreviations: PMF-PT, PMF parental cell; PMF-BR, butyrate-resistant PMF cell.
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Fig. 3. Effect of MET on the size of PMF-PT and PMF-BR spheroids. The spheroids were incubated with various concentrations of MET for 72 h. Spheroids were
imaged by inverted microscopy (10x magnification) (A). The bar graphs show the size of the spheroids. Scale bar= 100 pm. Significance: * p-value < 0.05 compared
with PMF-PT control; MET 0 mM, # p-value < 0.05 compared with PMF-BR control; MET 0 mM. Abbreviations: PMF-PT, parental cell; PMF-BR, butyrate-resis-

tant cell.

3.3. Molecular mechanism of MET in PMF-PT and PMF-BR spheroids

The primary mechanism associated with the activity of MET is the
activation of the AMPK pathway and inhibition of the mTOR pathway.
These two pathways are involved in the inhibition of proliferation and
induction of apoptosis in many cancer cells. Therefore, the proteins
related to them were examined. The expression of the proteins of in-
terest in PMF-PT and PMF-BR spheroids following MET treatment was
determined by Western blot analysis. Phospho-AMPK and p-Akt were
significantly upregulated in the MET-treated group in both PT and BR
spheroids. In addition, acetyl-CoA-carboxylase (ACC) was significantly
reduced in the MET-treated group. We also found that p-mTOR exhibi-
ted lower expression in the MET-treated group; however, we found no
significant difference in ratio of mTOR/p-mTOR expression. We also
examined other molecules in the mTOR pathway. The expression of
Raptor and Rictor were not different. The binding molecule of mTOR,
Raptor, and Rictor is GBL. We found a significant decrease in GfL
expression following MET treatment. Finally, c-Raf showed a significant
decrease in MET-treated BR spheroids (Fig. 7). Altogether, these results

suggested that MET could inhibit the cell viability of both PMF-PT and
PMEF-BR spheroids by activating the AMPK and Akt pathways and cas-
pase activity and inhibiting the ACC and mTOR pathways.

4. Discussion

BR cells have been considered on the one of cancer-related chemo-
resistant and leading to treatment failure [8]. In this study, we induced
the PMF-k014 cells with butyrate at the maximum concentration of
3.2 mM, whereas previous studies have used a lower butyrate concen-
tration of 1.6 mM in CRC cell lines, including HCT-116, SW480, and
HT29 cells, to induce as BR cells [8,26]. Unlike previous studies, we used
PMF-k014 derived from metastatic colon adenocarcinoma, which is less
responsive to anticancer drugs [27]. Moreover, previous studies have
investigated several anticancer drugs tested in the 2D cell culture model,
which is not adequately successful in clinical practice, whereas in
vivo-like models such as the 3D culture are currently attracting signifi-
cant attention. The present study is the first report to establish a
butyrate-resistant PMF spheroid and its parental cell with a
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round-shaped structure, compact morphology, and smooth surface,
which is consistent with published results on CRC BCS-TC2. BR2
spheroids [28]. Numerous studies reported that 3D tumor spheroids
including CRC, have enriched with CSC-like phenotype [29,30]. For
example, the key stemness markers such as CD44 protein and SOX2,
OCT4, KLF4 genes were significantly higher expression in CRC HT-29
and Caco-2 spheroids than their 2D monolayers. This is in line with
our study that both PMF-PT and PMF-BR spheroids showed the presence
of CD44 on the membrane of cells in the spheroids. Moreover, SOX2 and
OCT4 genes were also significantly high expression in PMF-PT and

PMF-BR spheroids compared to their 2D monolayers.

Previous studies have also demonstrated that BR cells present a
highly malignant phenotype, which includes traits such as survival in
glucose depletion, inhibition of apoptosis, and resistance to anticancer
drugs [6,7,31]; similarly, our findings demonstrated that PMF-BR
spheroids were also cross-resistant to 5-FU. Several mechanisms are
involved in the resistance to butyrate, including alteration of the drug
target and, drug inactivation and efflux expression. To investigate the
underlying mechanism in BR spheroids, we evaluated the expression of
butyrate-related genes, including butyrate receptors, GPRI109A,
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GPR109B and GPR-41, and butyrate transporter, SLC5A8. PMF-BR was upregulated in butyrate resistant mice (compared to germ-free
spheroids showed an upregulation of GPR109A, GPR109B, and mice) [32]. We further investigated the drug efflux gene expression.
GPR-41. In a previous study, the expression of butyrate-related genes We found the expression of ABC-C1, ABC-C2, ABC-C3, ABC-C5 and
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ABC-G2 was upregulated in PMF-BR spheroids, whereas that of ABC-A5
was upregulated in PMF-PT spheroids. Our finding is in line with the
previous reports that have shown the upregulation of ABC-C1 and
ABC-G2 in Hep2-5-FU-resistant cells [33]. These two ABC transporters
are considered chemoresistance driven genes and play a role in the
acquisition of chemoresistance. This finding would be the reason that
PMEF-BR spheroids were cross-resistant to 5-FU. Additionally, ABC-C1,
ABC-C3, ABC-C5 and ABC-F2 are found in paclitaxel-resistant cells.
Furthermore, doxorubicin resistance in breast cancer cells is induced by
the overexpression of ABC-C1 and ABC-F2 [34,35]. In addition, cells
expressing ABC-A5 and ABC-F2 are demonstrated to show stem cell
features [36]. Moreover, we characterized the protein patterns between
PT and BR spheroids. The proteins related to metabolic pathway and
signal reception and transduction were found in PMF-BR greater than
PMF-PT spheroids. For example, the proteins related to metabolic
pathway in PMF-BR spheroids composed of proteins involved in
glycolysis, gluconeogenesis, fructose, galactose, and pyruvate meta-
bolism which are consistent with the previous research that showed
upregulation of proteins in glycolysis/gluconeogenesis related to the
higher rate of metabolism in rapid growing tumor cells [37]. While the
proteins involved in glycolysis and TCA cycle were found lesser quan-
tities in PMF-PT spheroids. Our finding indicated that many proteins
related to metabolism process found in BR cells may help the cells to
grow and survive in butyrate exposure condition. However, the molec-
ular mechanism of butyrate resistance related to a cross-resistance of
anti-cancer drugs should be addressed in further study. Moreover, the
proteins related to apoptosis and stress response, DNA replication and
repair, transcriptional and posttranscription process, and cell cycle
control and proliferation were uniquely expressed in PMF-BR cells. The
upregulation of the stress/apoptosis-related gene in particular proteins
plays a role in the elimination of cytotoxic agents during chemotherapy
for colon cancer [31].

Previous studies have attempted to overcome BR cells by targeting
the AMPK pathway [9], which is a key pathway to balance the energy of
cells and maintain homeostasis in various types of cancers [38]. The
acquisition of butyrate resistance is associated with chemotherapeutic
drug resistance, as mentioned above. The proposed mechanism of
butyrate resistance included an increased p-Akt leading to decreased
p-AMPK and p-ACC, resulting in the suppression of fatty-acid synthesis
and apoptosis resistance [9]. To circumvent butyrate resistance in CRC
cells, the activation of the AMPK pathway represents a promising
strategy, as it would inhibit cell proliferation and coordinate metabolic
reprogramming in drug-resistant cells [9]. MET, an anti-diabetic com-
pound and AMPK activator drug, has been investigated as a cytotoxic
drug in the tumoral cells of numerous cancer types, such as breast [39],
cervical [38], and colorectal [40] cancers. MET primarily inhibits the
mitochondrial respiratory chain complex I leading to AMPK activation
[12,15]. MET is inexpensive and safe for diabetes patients, but its use is
still controversial in cancer patients. However, retrospective studies of
various cancer types showed the correlation between MET and lower
cancer incidence, higher disease-free survival, and reduced cancer
mortality [10,11,41,42]. Therefore, MET is a candidate for potential
drug repurposing in cancer. Moreover, the combination of MET with
conventional chemotherapy drugs showed a better anticancer effect
compared to the use of chemotherapy alone [38,43,44]. MET also pre-
vents doxorubicin resistance in breast cancer [16] and re-sensitizes the
colorectal chemoresistant cancer cells [13]. Based on the above, MET
may represent an effective treatment strategy for BR CRC cells. How-
ever, its effects on BR CRC cells using the 3D model have not been re-
ported yet.

The present study demonstrated that the cytotoxic effect of MET on
PMF-BR spheroids was dose-dependent. The spheroid morphology
changed from a compact aggregation to a disaggregated state after MET
treatment. We also detected an increase of caspase 3/7 activity
following MET treatment, which resulted in apoptosis induction. The
results are consistent with those reported in previous studies using the

Biomedicine & Pharmacotherapy 151 (2022) 113214

2D culture model in breast, cervical, and CRC cells [38,39,45]. MET also
inhibits PMF spheroid migration. However, it is necessary to further
elucidate the anti-migration properties of MET in this cell type. Migra-
tion is a primary step for cell invasion and metastasis [46,47]. Previous
studies have shown that MET inhibits cell migration in breast, pancre-
atic, and CRCs [13,46,47]. The molecular mechanism behind this
inhibitory effect has also been previously elucidated. The inhibition of
Akt/mTOR signaling was shown to reduce migration in squamous cell
carcinoma [48], whereas the activation of AMPK/p53 with the inhibi-
tion of PI3K/Akt decreased migration in cervical cancer [49]. Further
studies on the effect of MET on invasion should be conducted to the
potential for use in cancer [50]. Cell invasion is one of the metastatic
processes important for cancer cell distribution [51]. The inhibition of
cell invasion by MET may be useful in cancer treatment.

The molecular mechanism of MET in PMF spheroids was determined
by Western blot analysis. We found a significant upregulation of p-
AMPK in the MET treatment group, and AMPK activation resulted in
mTOR inhibition; however, we found no significant differences in the
expression of mTOR-related molecules such as mTOR, p-mTOR, Raptor,
and Rictor. Nevertheless, we observed a significant decrease in GpL, a
binding factor of mTOR and its complex. The results suggested that
AMPK activation reduces mTOR signaling by reducing the level of the
binding molecules in PMF-BR spheroid cells. ACC, a key enzyme in fatty-
acid synthesis, also significantly decreased, resulting in lipid synthesis
inhibition and in the activation of fatty-acid oxidation. A previous study
of head and neck cancer cells found that a higher ACC leads to an
increased cell proliferation, whereas a lower level of this enzyme pro-
duces the opposite effect [52]. We observed upregulation of p-Akt in
MET-treated spheroids. The overexpression of Akt and p-Akt occurs
frequently in cancer cells. Because of its key role in cell survival,
angiogenesis, and tumor formation, Akt is considered a hallmark of
cancer [53]. Previous studies of human mesenchymal stem cells showed
a significant activation of Akt, but not of AMPK, which resulted in cell
survival following MET exposure [43]. In the present study, we also
found a significant decrease of c-Raf in BR spheroids. This molecule
plays an important role in apoptosis signaling and normally binds to the
Bcl-2 protein, resulting in anti-apoptotic activity [54]. Decreased c-Raf
levels result in the binding of Bcl-2 and BAD, leading to apoptosis.

Based on the overall results of this study, a proposed mechanism of
MET action is presented in Fig. 8. It is concluded that the effect of MET is
dependent on different regulatory pathways in the cells. MET activates
AMPK which leads to mTOR pathway inhibition, a reduction in GBL
expression, and cell cycle arrest. AMPK activation also leads to ACC
inactivation, which results in a reduction of fatty-acid synthesis. Akt
activation and c-Raf reduction result in the activation of caspase activity
and apoptosis.

Altogether, our result demonstrated a potential cytotoxicity of MET
on metastatic CRC cells at high concentration. However, it is necessary
to evaluate the combination of MET and chemotherapeutic drugs to
reduce the concentration of drugs and test in in vivo conditions before
applying in clinical practice with low dose of MET.

5. Conclusions

In summary, MET shows potential therapeutic effects in PMF-BR
spheroids through the activation of AMPK and Akt pathways and inhi-
bition of the ACC and mTOR pathways leading to cell apoptosis. These
findings suggest that MET is an effective treatment for drug-resistant
CRC cells. Moreover, MET combined with chemotherapy should be
further investigated as a strategy to treat CRC to improve the treatment
and reduce the side effects of chemotherapy.
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