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Metformin overcomes metabolic
reprogramming-induced resistance of skin
squamous cell carcinoma to photodynamic
therapy
Marta Mascaraque-Checa 1,2, María Gallego-Rentero 1,2, Jimena Nicolás-Morala 1,2, Mikel Portillo-Esnaola 1,2,
José M. Cuezva 3, Salvador González 4, Yolanda Gilaberte 5, Ángeles Juarranz 1,2,*
ABSTRACT

Objective: Cancer metabolic reprogramming promotes resistance to therapies. In this study, we addressed the role of the Warburg effect in the
resistance to photodynamic therapy (PDT) in skin squamous cell carcinoma (sSCC). Furthermore, we assessed the effect of metformin treatment,
an antidiabetic type II drug that modulates metabolism, as adjuvant to PDT.
Methods: For that, we have used two human SCC cell lines: SCC13 and A431, called parental (P) and from these cell lines we have generated
the corresponding PDT resistant cells (10GT).
Results: Here, we show that 10GT cells induced metabolic reprogramming to an enhanced aerobic glycolysis and reduced activity of oxidative
phosphorylation, which could influence the response to PDT. This result was also confirmed in P and 10GT SCC13 tumors developed in mice. The
treatment with metformin caused a reduction in aerobic glycolysis and an increase in oxidative phosphorylation in 10GT sSCC cells. Finally, the
combination of metformin with PDT improved the cytotoxic effects on P and 10GT cells. The combined treatment induced an increase in the
protoporphyrin IX production, in the reactive oxygen species generation and in the AMPK expression and produced the inhibition of AKT/mTOR
pathway. The greater efficacy of combined treatments was also seen in vivo, in xenografts of P and 10GT SCC13 cells.
Conclusions: Altogether, our results reveal that PDT resistance implies, at least partially, a metabolic reprogramming towards aerobic glycolysis
that is prevented by metformin treatment. Therefore, metformin may constitute an excellent adjuvant for PDT in sSCC.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Skin squamous cell carcinoma (sSCC) is one of the most common
human malignancies, representing between 20 and 25% of all non-
melanoma skin cancer cells (NMSC) [1,2]. Its incidence is continu-
ously rising due to aging population and increased exposure to ul-
traviolet radiation [3e5]. The risk of metastasis is low, around 5%;
however, aggressive sSCC is associated with high morbidity and
mortality [6]. Alterations in PI3K (phosphatidylinositol 3-kinase) - AKT
(protein kinase B) - mTOR (mammalian target of rapamycin) signaling
pathway are involved in tumor progression and aggressiveness
[1,7e9].
The standard treatment options for sSCC include the combination of
surgery, radiotherapy and/or chemotherapy [11,12]. However, within
non-invasive treatments, photodynamic therapy (PDT) stands out,
since it has become one of the therapeutic modalities that has grown
the most in recent years, presenting numerous advantages over other
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treatments. It is based on the combination of a photosensitizer (PS),
light and oxygen to induce the selective death of tumor cells, by
generating reactive oxygen species (ROS) [10,12e14]. One of the
compounds approved for its use in oncological dermatology is methyl-
aminolevulinate (MAL), a precursor of the endogenous PS protopor-
phyrin IX (PpIX). MAL is approved for the treatment of actinic keratosis
in the U.S. and the E.U. and for in situ sSCC in the E.U. [15,16].
However, PDT is not always effective and recurrences may occur after
the treatment [17]. Intracellular resistance mechanisms can be trig-
gered by several causes including changes in the expression of pro-
teins related to cell death, such as p53; activation of antioxidant
defense mechanisms against ROS generation produced after PDT; and
activation of cell survival pathways [18e22]. In recent years the
metabolism of tumor cells has been studied as a new tumor resistance
mechanism, being widely studied at chemotherapy level but not in PDT
[23,24]. Otto Warburg, in 1924, observed that tumor cells, in the
presence of oxygen, obtained energy through glycolysis instead of
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Abbreviations

10GT PDT resistant cell
AKT protein kinase B
AMPK AMP-activated protein kinase
CGH comparative genomic hybridization
CSP cell survival percentage
Dlog difference in logarithms
FBS fetal bovine serum
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GLUT glucose transports
H&E hematoxylin and eosin
IHC immunohistochemically
LD20 (lethal dose of 20%)
MAL methyl-aminolevulinate
mTOR mammalian target of rapamycin
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide
NMSC non-melanoma skin cancer
OCR oxygen consumption rate

OSR oligomycin sensitive respiration rate
OXPHOS oxidative phosphorylation
P parental
p70S6K ribosomal protein S6 kinase b1
PBS phosphate buffer saline
PDK1 phosphoinositide dependent kinase 1
PDT photodynamic therapy
PET- FDG positron emission tomography using 18-fluorodeoxyglucose
PI3K phosphatidylinositol 3-kinase
PKM2 pyruvate kinase M2
PpIX protoporphyrin IX
PS photosensitizer
ROS reactive oxygen species
SD standard deviations
sSCC skin squamous cell carcinoma
TUNEL TdT-mediated dUTP nick-end labeling
WB western blot
b-F1-ATPase b-catalytic subunit of the mitochondrial Hþ-ATP synthase
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using oxidative phosphorylation (OXPHOS), as occurs preferentially in
differentiated (non-tumor) cells. This metabolic phenotype is called
“Warburg effect”. It involves a high rate of glycolysis followed by lactic
acid fermentation, even in aerobic conditions, leading to the tumor
acidification of the microenvironment that seems to favor tumor pro-
gression, invasion, metastasis and resistance to antitumor drugs [25e
29].
There are multiple molecular mechanisms that converge to modify
cellular metabolism, highlighting the role of the AKT-mTOR pathway.
AKT is an important inducer of the glycolytic phenotype, increasing the
expression of glucose transporters (GLUT) and stimulating mTOR
activation, which plays an important role in metabolic reprogramming
by increasing proliferation and biosynthesis of proteins and lipids [30e
32]. In addition, it has been observed that pyruvate kinase M2 (PKM2)
is highly expressed in cancer and promotes glycolysis and cell survival
[33e35]. Finally, changes during the cellular metabolism reprog-
ramming have been correlated, among other events, with a reduction
of the bioenergetic index in different neoplasia. This index is related to
the expression of the b-catalytic subunit of the mitochondrial Hþ-ATP
synthase (b-F1-ATPase), which is the bottleneck of OXPHOS, to the
expression of glycolytic glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [36e39].
In order to improve the effectiveness of PDT, new research is being
carried out in the study of the resistance mechanisms and the
combination with adjuvant agents that ensure tumor eradication
[14,18,40,41]. In this sense, metformin, used in type 2 diabetes mel-
litus, has become a promising adjuvant in oncology. The anti-
tumorigenic role of metformin seems to be due to the fact that it
interferes in metabolic reprogramming mechanisms, being one of its
main targets the inhibition of mTOR, through the activation of AMPK
(AMP-activated protein kinase) [42,43]. Regarding PDT, some studies
have shown that metformin sensitizes and improves the response of
cells to PDT with: (1) ALA in lung cancer [44], (2) phthalocyanine
chloride gallium in melanoma [45], (3) 5,10,15,20-tetrakis(sulfophenyl)
porphyrin, reducing angiogenesis and inflammation of Walker’s carci-
nosarcoma [46] and (4) MAL in basal cell carcinoma [47].
For all the above, research related to the metabolism of PDT-resistant
cells is of great interest and relevance for the treatment of sSCC.
Furthermore, with the aim of making PDT more effective and avoiding
2 MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. T
resistance, this study evaluates the efficacy of the combination of PDT
and metformin for the treatment of sSCC.

2. MATERIAL AND METHODS

2.1. Cell types
The skin squamous carcinoma cell lines (sSCC) used were SCC-13
(SCC13) [48] and A431 [49]. These cells, called parental (P), in a
previous work were subjected to 10 MAL-PDT cycles to obtain resis-
tant cells. For that, the concentration of MAL was set at 1 mM (5 h of
incubation) and the red light dose was gradually increased in suc-
cessive cycles to induce a survival rate lower than 20% (Supplemental
Table 1) [50]. These resistant cells were inoculated in immunosup-
pressed mice; the induced tumors were subcultured by explants, and a
cell population called 10GT was obtained (Fig. S1) [47]. The P pop-
ulations, which were not inoculated in mice, and 10GT of both sSCC
cell lines were grown in DMEM (Dulbecco’s modified Eagle’s medium
high glucose) supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% antibiotic (penicillin, 100 units/mL; streptomycin 100 mg/mL),
all from Thermo Fisher Scientific Inc (Rockford, IL, USA). Cell cultures
were performed under standard conditions of 5% CO2, 95% humidity,
and 37 �C and propagated by treatment with 1 mM EDTA/0.25%
Trypsin (w/v).

2.2. Spheroids (3D)
For the formation of spheroids, cells were trypsinized, centrifuged at
1800 rpm for 5 min and resuspended in spheroids medium [DMEM/
F12 (1:1), 2% supplement B27 (Thermo Fisher Scientific Inc, Rock-
ford, IL, USA), 20 ng/mL EGF, 0.4% bovine serum albumin and 4 mg/
mL insulin (SigmaeAldrich, St. Louis, MO, USA)]. Cells were then
seeded at a density of 40,000 cells/mL on P6 plates covered with
1.2% poly-HEMA (2-hydroxyethyl methacrylate, SigmaeAldrich) in
95% ethanol [51].

2.3. Treatments
The treatments were carried out when the two-dimensional cultures
reached 70% confluence or the spheroids had a size around 300 mm.
For PDT, methyl-aminolevulinate (MAL) (SigmaeAldrich, St. Louis,
MO, USA) was prepared at an initial concentration of 10 mM in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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deionized sterile water, and the cells were incubated with 0.3 mM MAL
in DMEM without FBS for 5 h in dark. Then, the cells were irradiated at
variable light doses (1.5e30.4 J/cm2) by using a red-light emitting
diode source (WP7143 SURC/E Kingbright, Los Angeles, CA, USA)
with an irradiance of 6.2 mW/cm2 and an emission peak of
l¼ 634� 20 nm. To minimize refraction of light, cells were irradiated
from the bottom of the culture plates. After irradiation, the cells were
incubated in DMEM with 10% FBS for 24 h until their evaluation [52].
The cells were treated for 24 h with metformin (25e150 mM) (Euro-
pean Pharmacopoeia, SigmaeAldrich, St. Louis, MO, USA). Stock
solution of metformin (M0605000, European Pharmacopoeia, Sigmae
Aldrich, St. Louis, MO, USA) was prepared at a concentration of 6 mM
in dimethyl sulfoxide (DMSO) (Panreac, Barcelona, Spain). The met-
formin concentration used for cell treatments were obtained by dilution
of the stock solution in DMEM with 10% (v/v) FBS [45,53]. The final
concentration of DMSO was always lower than 0.5% (v/v). a-
tocopherol (SigmaeAldrich, St. Louis, MO, USA) was prepared at a
concentration of 10 mM in DMEM with 10% FBS and it was admin-
istrated at the same time as metformin to the cells and 24 h later, the
cultures were exposed to PDT. Combined treatment was carried out
when the cells reached 50e60% confluence. First, cells were incu-
bated for 24 h with metformin (25e150 mM). Afterwards, metformin
medium was replaced by MAL without FBS (0.3 mM, 5 h). Subse-
quently, cells were irradiated with red light source and the medium
with MAL was replaced by fresh DMEM with 10% FBS and incubated
for 24 h until evaluation [45,47]. The spheroids were treated under the
same conditions as the 2D cells, on day 5 of their seeding.

2.4. Cellular viability and treatment combination analysis
Cell viability in 2D model was determined using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) assay
(SigmaeAldrich, St. Louis, MO, USA). MTT solution (100 mg/mL) was
added to cell cultures and incubated at 37 �C for 3 h. After incubation,
the formazan precipitate was dissolved with DMSO and optical density
was measured in a SpectraFluor (Tecan, Bradenton, FL, USA) plate
reader at 542 nm. Cellular toxicity was expressed as the percentage of
surviving cells relative to that of the non-treated (control) cells. A
statistical model based on cell survival percentage (CSP) was used to
determine the magnitude of synergy observed after the combined
treatment in both cell lines [54]. The model assumes that metformin
and MAL-PDT have distinct mechanisms of action. Dlog ¼ (log
CSPmetformin þ log CSPPDT)e log CSPcombination. A Dlog> 2 indicates a
synergistic effect, whereas an additive effect occurs when Dlog is 2.
Cell survival in 3D models was analysed by the propidium iodide and
acridine orange test. The spheroids were incubated with a PBS solution
with a final concentration of both fluorochromes of 50 mg/mL.
Immediately afterwards, the spheroids were observed in the fluores-
cence microscope under blue and green excitation light. The results
were expressed as the percentage of green cells (all cells) with respect
to red cells (dead) of the treated spheroids in relation to the control
spheroids (not subjected to treatment) [55].

2.5. Array comparative genomic hybridization
For chromosomal array comparative genomic hybridization (CGH), DNA
of SCC13 cells (P and 10GT) were isolated from exponential cultures
using the Qiagen DNEasy Kit. Whole-genome analysis of the cells was
conducted using a commercial 60-k oligonucleotide human array-CGH
(AMADID 21924, Agilent Technologies, Santa Clara, CA, USA) following
the manufacturer’s protocol [56]. Healthy female DNA (Promega
Biotech, Madison, WI, USA) was used as hybridization control.
Microarray data were extracted and visualized using Feature Extraction
MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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software, v10.7 and Agilent Genomic Workbench, v5.0 (Agilent
Technologies). Copy-number-altered regions were detected using
ADM-2 (set as 6) statistic provided by DNA Analytics, with a minimum
number of five consecutive probes. Microarray raw data tables have
been deposited in the Gene Expression Omnibus under the accession
number GSE180325. For the subsequent data treatment of the array,
different databases were used such as NCBI, Reactome and Uniprot.

2.6. Cellular respiration determination and glycolysis rates
Cells were cultured in an XF 24-well cell culture microplate (Agilent
technologies, Santa Clara, CA, USA) at a density of 30� 103 cells/well
in 200 mL of growth medium for 24 h. Then, 700 mL of XF Base
Medium (Agilent technologies) supplemented with 25 mM glucose
(SigmaeAldrich, St. Louis, MO, USA), 1 mM pyruvate (SigmaeAldrich),
and 2 mM glutamine (Life Technologies, Carlsbad, CA, USA) were
added, and the plate was incubated for 1 h at 37 �C without CO2. The
final concentration and order of injected substances was 6 mM oli-
gomycin (inhibits ATP synthase), 0.75 mM 2,4-Dinitrophenol (DNP) (an
uncoupling agent that collapse the proton gradient and disrupts the
mitochondrial membrane potential), 1 mM rotenone (inhibits complex I
of the electron transport chain) plus 1 mM antimycin (inhibits complex
III of the electron transport chain) (all from SigmaeAldrich, St. Louis,
MO, USA). To determine the rates of glycolysis, the initial amounts of
lactate production were determined by the enzymatic quantification of
lactate concentrations in the culture medium. Culture medium was
replaced by fresh medium supplemented with 1% FBS 1 h before the
measurement; 200 mL of culture medium samples were taken at
different intervals (60 and 120 min) and precipitated with 800 mL of
cold perchloric acid, incubated on ice for 1 h, and then centrifuged for
5 min at 11,000�g at 4 �C to obtain a protein-free supernatant.
Supernatants were neutralized with 20% (w/v) KOH and centrifuged at
11,000�g and 4 �C for 5 min to sediment the KClO4 salt. Lactate
levels were determined spectrophotometrically by following the
reduction of NADþ at 340 nm after the addition of 10 mL of lactate
dehydrogenase (SigmaeAldrich, St. Louis, MO, USA) [47].

2.7. Western blots
Western blotting was performed as previously described according to
the standard protocol [47,57]. The primary antibodies used for western
blotting were: pAMPK, (Thr172), AMPK, pAKT (ser473), AKT, phosho-
p70S6K (Thr 389) and p70S6K (Cell Signaling Tecnology, Inc, Danvers,
MA, USA), GAPDH, PKM2, a-tubulin (Abcam, Cambridge, UK), and b-
F1-ATPase (clone 17/9e15G1) (Dr. Cuezva). Afterwards, membranes
were subjected to the peroxidaseeconjugated secondary antibody and
developed by chemiluminescence (ECL, Amersham Pharmacia
Biotech, Little Chalfont, UK) using the high-definition system ChemiDoc
XRSþ (Bio-Rad, Hercules, CA, USA). The bands corresponding to the
proteins were digitalized using the Image Lab, version 3.0.1 (Bio-Rad).

2.8. RNA extraction and RT-PCR
Total RNA was extracted and purified with the RNAeasy Mini Kit
(Qiagen, Hilden, Germany). RNA concentration and purity was deter-
mined by spectrophotometry (NanoDrop ND1000, Nanodrop Technol-
ogies). The reverse transcription reactions were carried out from
1200 ng of total RNA from each sample using the High Capacity
Reverse Transcription Kit (Applied Biosystems). The temperature
conditions used were: a first step of 10 min at 25 �C, followed by
120 min at 37 �C and finally 5 s at 85 �C. mRNA expression was
measured with TaqMan� probes (Supplemental Table 2) obtained
from TaqMan� 96-well gene expression assay plates (Applied Bio-
systems, Thermo Fisher Scientific Inc, Rockford, IL, USA). Three
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triplicates were performed for each sample and gene. The RT-PCR
assay was carried out on the QuantStudio 7 Flex equipment (Applied
Biosystems) in 384-well plates, starting from 5 ng of cDNA per well in
a final volume of 10 mL containing the TaqMan� universal master mix
II (Applied Biosystems). The protocol consisted of an initial denaturation
cycle (10 min, 95 �C) and 40 amplification cycles (15 s, 95 �C; 1 min,
60 �C). The semi-quantitative analysis of the PCR results was per-
formed using the DDCt method (LC480 1.5 software) that corrects the
Cq data obtained with each sample for the analysed gene in relation to
the value of the 18S ribosomal RNA reference gene. These analysis
were carried out at the Genomics Unit of the Alberto Sols Biomedical
Research Institute.

2.9. Cell cycle
Cell distribution throughout the cell cycle phases was studied by flow
cytometry (Cytomics FC500, 2 laser, Beckman Coulter, Corston, UK).
24 h after metformin treatments, cells were trypsinized, fixed in 70%
ethanol, and washed with PBS (phosphate buffered saline) by centri-
fugation. The pellet was resuspended in 50 mL of DNAprep kit
(Beckman Coulter, Pasadena, CA, USA) and in 1 mL of propidium io-
dide and incubated for 30 min at 37 �C.

2.10. Protoporphyrin and reactive oxygen species production
Protporphyrin IX (PpIX) and reactive oxygen species (ROS) generation
was evaluated by flow cytometry after treatments. For ROS evaluation,
the cells were incubated with 6 mM of diacetate 20-70-dichlorodihy-
drofluorescein (DHF-DA) (Abcam, Cambridge, UK) for 1 h before the
end of each treatment. Afterwards, cells were trypsinized, centrifuged
7 min at 1800 rpm, fixed with 1% formaldehyde in PBS at room
temperature for 10 min and kept in the dark at 4 �C until evaluation.
PpIX and ROS measurements were obtained using the flow cytometer
FC500 Cytomics with a lexcitation of 625 nm and 490 nm, respec-
tively, and a lemission of 670 nm and 530 nm, respectively. Fluo-
rescence intensity was determined for 104 cells per condition.

2.11. Animal experiments
Xenograft mouse experiments were carried out in compliance with the
guidelines in RD53/2013 (Spain) and was approved by the Ethics
Committee from Consejo Superior de Investigaciones Científicas (CSIC,
Madrid, Spain) and Comunidad Autónoma of Madrid (CAM, Consejería
de Medio Ambiente; Register number: ES80790000188) in the frame
of the projects FIS-PI15/00974 and FIS-PI18/00708 supported by the
Spanish Ministerio de Economía y Competitividad. Female 6 weeks old
athymic nude-Foxn1nu mice (Envigo, France) were used. Mice were
classified randomly in two groups with 12 mice per group. One group
was inoculated in both flanks with 2 � 106 SCC13 P cells in 50 mL of
PBS and 50 mL of Matrigel (Corning, Bedford, MA, USA), and the other
group was inoculated in both flanks with 1 � 106 SCC13 10GT cells
[57]. In each group, mice were randomly distributed into two sub-
groups (6 mice per subgroup) and treated or not with 200 mg/mL
metformin diluted in drinking water (PHR1084, SigmaeAldrich, St.
Louis, MO, USA) (Supplemental Table 3). Metformin was administered
from day 7, when all tumors measured 35 mm3, until the end of the
experiment (28 days). The left tumor of each mouse was treated with
PDT at day 11 after cell inoculation, when the tumors had reached a
volume of 45 mm3. For PDT, 2 mM MAL was administered by intra-
tumoral injection in PBS. The volume of MAL administrated was equal
to 50% of the volume of each tumor. After 4 h of dark incubation,
tumors were exposed to 25 J/cm2 of red light. During the subsequent
days, the animals were monitored measuring the progressive increase
of tumor size with an automatic caliper. To calculate the tumor volume,
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all the lobules formed from each inoculation were considered and
determined as follows: V ¼ P/6 X (length X width X depth).

2.12. Hematoxylin and eosin stain (H & E); TdT-mediated dUTP
nick-end labeling (TUNEL) assay; and immunohistochemistry
analysis
Tissue sections were deparaffinized and dehydrated and H&E and
TUNEL assays were performed as previously described according to
the standard protocol [47]. For immunohistochemistry (IHC), endoge-
nous peroxidase was inhibited with 3% hydrogen peroxide (Panreac,
Barcelona, Spain) in methanol. The antigen unmasking was performed
by immersing them in citrate buffer at pH 6 (0.25% citric acid and
0.038% sodium citrate in water) for 10 min in a pressure cooker. When
the samples had tempered, blocking was carried out with non-immune
serum (Dako, Agilent Technologies, Santa Clara, CA, USA) for 1 h at
room temperature, followed by overnight incubation at 4 �C with the
primary antibody (Ki67, GAPDH, PKM2 (Abcam, Cambridge, UK) and b-
F1 -ATPase (Dr.Cuezva). After, the sections were incubated with the
secondary antibody conjugated to streptavidin-peroxidase (Cell
Signaling Tecnology, Inc, Danvers, MA, USA) for 30 min at room
temperature. Color was developed by 3-amino-9-ethylcarbazole so-
lution as chromogen (DAB, Vector laboratories, Burlingame, CA, USA)
and hematoxylin counterstaining were performed following the man-
ufacturer’s protocol. Finally, the sections were dehydrated in
increasing series of alcohol and mounted with DePeX (Serva, Heidel-
berg, Germany). Evaluation of IHC staining was performed by counting
the number of cells with a grid that expressed the antigen studied, in
10 high-magnification representative fields. The percentage of positive
cells was established for Ki67 using Cell Counter of Image J (NIH)
whereas a semiquantitative method was used for b-F1eATPase,
GAPDH using IHC toolbox of Image J.

2.13. Statistical analysis
Data were expressed as the mean value of at least three
experiments � standard deviations (SD). The statistical analysis was
carried out with the version 6.05 of the program GraphPad Prism
(GraphPad Software Inc, USA) used, also, to make graphical repre-
sentations. The statistical differences were determined using in
general, analysis of variance (ANOVA, Chicago, IL, USA) and post hoc
Bonferroni’s test (p < 0.05). For tumor volume, nonparametric
KruskalleWallis test was used and p < 0.05 was considered sta-
tistically significant. The significant differences were classified as
*: p <0.05; **: p <0.01; ***: p <0.001.

3. RESULTS

To investigate the resistance to PDT in sSCC we used two human cell
lines (SCC13 and A431). These cells, called parental (P), were sub-
jected to 10 PDT cycles to obtain the resistant 10G cells that were then
inoculated in immunosuppressed mice. The induced tumors were
subcultured by explants, and the new cell population was called 10GT,
considering the fact that the in vivo microenvironment could promote
the selection of cells with higher tumorigenic properties [47,50,57]
(Fig. S1). After the generation of 10GT populations of sSCC cells
(SCC13 and A431), their resistance to PDT was validated, in terms of
cell survival, by the MTT assay by using 0.3 mM of MAL (5 h of in-
cubation) and different light doses (0e30 J/cm2). We decided to use
this MAL concentration because differences in the response after PDT
between P, 10G and 10GT cells were clearly observed (Fig. S2A).
Furthermore, this concentration (0.3 mM) was the only one that
allowed us to obtain a LD20 (lethal dose of 20%) in both P cells among
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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all the MAL doses used (0.1e1 mM) (Fig. S2B). In fact, the obtained
data confirmed, as expected, that 10GT population of SCC13 and A431
cell were more resistant to PDT than their respective P and 10G cells
(Fig. S2A). For all the experiments, the corresponding controls were
performed: untreated cells (cells without MAL or light irradiation) and
cells treated with MAL (0.3 mM, 5 h of incubation) or the highest red
light used alone (30 J/cm2). Under such treatment conditions, no cell
toxicity was detected. According to these results, we selected the
10 GT population as resistant cells to PDT to perform the rest of the
experiments. In addition, to evaluate the synergic effect with metfor-
min, conditions of MAL-PDT that induced in the P populations a LD20
were selected (0.3 mM MAL and 23 J/cm2 for SCC13 and 7 J/cm2 for
A431 cells).

3.1. Metabolic reprogramming involved in PDT resistant
As the resistance to treatment is significantly correlated with the
accumulation of genomic alterations, we next performed an array CGH
(Comparative Genomic hybridations) between both populations (P and
10GT) of the SCC13 cell line. We focused our attention on alterations at
the level of energetic metabolism. Table 1 shows the percentage of
altered genes of the main metabolic pathways for each cell population.
The 10GT population presented between 10% and 20% altered genes
compared to P population, which suggests that resistance to PDT
implies modifications in cell metabolism genes. The alterations
observed exclusively in the 10GT population related to these pathways
were located on chromosomes 5, 11 and 19. In these chromosomes,
the deletions were more frequent than duplications (Fig. S3). The main
genes located in the chromosomal regions related to the indicated
pathways are shown in Supplemental Table 4. In summary, in these
deleted regions only one gene of glycolysis was observed: hexokinase
3 but several genes related to pyruvate metabolism were in these
chromosomic regions, highlighting lactate dehydrogenase A and py-
ruvate dehydrogenase. Finally, a high number of genes encoding
electron transport chain complexes, as well as those related to ATP
formation, were also located in deleted regions, suggesting an
OXPHOS dysregulation in PDT resistant cells.
Subsequently, we proceeded to validate the metabolic dysregulation
observed in the array CGH. To do this, we performed an analysis of
OXPHOS and glycolysis in P and 10GT populations of both cell lines
(SCC13 and A431) (Figure 1). In order to determine OXPHOS, we
analysed the oxygen consumption rate. The results obtained indicated
that 10GT populations (of both cell lines) displayed lower OCR than
their corresponding P populations (Figure 1AeB). In addition, we also
determined the oligomycin sensitive respiration rate (OSR), which
represents the activity of synthesis of ATP by complex V coupled to the
respiratory chain. As expected, the resistant cells of both cell lines
showed a significant decrease in OSR, suggesting a lower synthesis
of ATP (Figure 1C). Finally, we also evaluated the expression of the
Table 1 e Percentage of altered genes in pathways related to energy
metabolism. We analysed it by the reactome online platform from the
results of the array CGH.

Pathways Modified genes (%)

P SCC13 10 GT SCC13

Glycolysis 2.7 7.3
Pyruvate metabolism 8.8 21.0
Krebs cycle 12.0 20.0
Electron transport chain 15.6 36.5
ATP production 8.6 17.3
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b-F1-ATPase/GAPDH ratio, a proteomic index of the overall mito-
chondrial metabolism of the cell, at the protein level by western blot
(WB). This ratio was significantly decreased in both 10GT populations,
suggesting a lower OXPHOS in these cells compared to their corre-
sponding P cells (Figure 1D). All these results support the ones ob-
tained from the array CGH analysis, indicating that the generation of
PDT resistant cells triggers a dysregulation of OXPHOS.
On the other hand, we analysed the glycolytic state of the PDT resistant
cells. Glycolytic flux was evaluated by measuring extracellular lactate
production. We did not observe significant differences between P and
10GT populations of SCC13 cells. However, the 10GT population of
A431 showed a higher lactate production than that of P population,
according to the OXPHOS diminution observed (Figure 1E). Finally, we
analysed the expression of PKM2, which is an isoform of pyruvate
kinase that promotes aerobic glycolysis. Consistently, the PKM2 levels
were significantly increased in both PDT resistant cells (Figure 1F).

3.2. Metformin as adjuvant to PDT in vitro
Previous results indicated that 10GT cells had decreased mitochondrial
metabolism and showed a partial increase of glycolysis. Therefore, we
proceeded to evaluate the effect of metformin as a potential treatment
against sSCC cells resistant to PDT. The P and 10GT cells were pre-
incubated 24 h with metformin (25e150 mM) and subsequently PDT
treatment were administrated (0.3 mMMAL, 5 h, and 23 J/cm2 in SCC13
cell line and 7 J/cm2 in A431 cell lines). We observed a significant
decrease in cell survival after the combined treatment in both populations
of SCC13 and A431. These results agree with the cell morphology after
combined treatment, which showed cytoplasmic retraction with a
rounded aspect similar to that of cells in apoptosis (Figure 2A). This
decrease was dependent on the metformin concentration, being greater
with the higher concentrations. In addition, the type of effect (synergistic,
additive or antagonistic) produced by the combination of treatments was
analysed by estimating the Dlog value (calculated as indicated in the
Materials and Methods section). In both sSCC cell lines Dlog values were
greater than 2 from 75mMmetformin, confirming the synergistic effect of
MAL-PDT andmetformin (Figure 2B). For this reason, the 75mMdosewas
selected for the rest of experiments.
After the excellent results obtained in monolayer cultures by the
combination of metformin and PDT, we then proceeded to assess their
efficacy in three-dimensional models (spheroids). On the fifth day after
spheroids seed, they were treated with metformin (75 mM, 24 h) and
then PDT was administrated (0.3 mM MAL, 5 h, and 23 J/cm2 in
SCC13 cell line and 7 J/cm2 in A431 cell lines). The survival of the cells
confirming the spheroids was assessed, 24 h after irradiation, by
staining with propidium iodide-acridine orange (Figure 2C). The results
obtained showed that both untreated spheroids (control) and metfor-
min treated presented a green fluorescence, indicating that all the cells
that comprise them were alive. PDT treatments showed some red
fluorescence in P spheroids, indicating cell death. Finally, the appli-
cation of the combined treatment caused an increase in red fluores-
cence, suggesting a significant decrease in the survival of the cells that
form the spheroids. Therefore, the combination of both treatments has
a greater cytotoxic effect on 3D cultures than metformin or PDT
treatments administered individually (Figure 2C).

3.3. Metformin as adjuvant to PDT in vivo
Considering the obtained in vitro results, we selected the SCC13 cell
line to perform tumor studies since these cells showed better response
to PDT. P and 10GT SCC13 cells were inoculated in nude mice to
induce tumors in order to evaluate the potential antitumor activity of the
combined treatment: metformin plus PDT. Figure 3A shows the data
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: Metabolic characterization of sSCC. (A) Oxygen consumption rate (OCR) in SCC13 cells, measurements over time (min), were determined by using an extracellular
flux analyser after the sequential addition of oligomycin (1), 2,4-Dinitrophenol (DNP) (2), and rotenone þ antimycin (3). (B) Oxygen consumption rate (OCR) in A431cells. (C)
Oligomycin-sensitive respiration, which represents the activity of oxidative phosphorylation (OXPHOS), was calculated as basal respiration e oligomycin respiration. (D) Expression
of the metabolic markers b-F1-ATPase and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) analysed by WB; a-tubulin was used as loading control; and the ratio of b-F1-
ATPase/GAPDH indicates the use of glucose by the cells. (E) Rates of lactate production determined spectrophotometrically. (F) Pyruvate kinase M2 (PKM2) levels, analysed by WB;
a-tubulin was used as loading control. Values were represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 4).
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obtained regarding the evolution of the tumors volume throughout the
experiment. Tumor photographs and tumor weight at the end of the
experiment (day 28) are shown in Fig. S4. The tumors generated by P
population responded better to the treatments (metformin, PDT and
combined) than those formed by the 10GT populations. The three
treatments in P showed a decrease in their size compared to untreated
controls. The combined treatment was the one that presented the
greatest reduction in tumor size, being significant compared to the
other conditions. In the case of tumors generated by 10GT populations,
a significant decrease in their size was observed after combined
treatment (metformin þ PDT) (Figure 3A). The histological character-
istics of these tumors were evaluated by H&E staining and showed the
presence of nuclear pleomorphism and muscle infiltration. The treat-
ments (metformin, PDT and combined) did not cause significant
changes at the level of tumor morphology. However, areas of extrav-
asation of red blood cells were observed after them, being more
striking after the combined treatment application (Figure 3B). The
results obtained by TUNEL assay showed a correlation with the his-
topathological studies; numerous dead cells were observed close to
the extravasation sites. PDT produced a significant increase in TUNEL-
positive cells in all tumors, being greater in those generated by P
populations, with respect to the resistant ones. Finally, the combined
treatment (metformin and PDT) caused a greater significant increase in
dead cells compared to the individualized treatments (Figure 3C).
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3.4. Metformin modulates metabolic reprogramming. Prognostic
markers
The above results showed that metformin treatments sensitized the
10GT populations to PDT in both cell lines (SCC13 and A431), which
presented a lower OXPHOS metabolism than their P. Therefore, we
next evaluated the metabolism of these cells after metformin treatment
(75 mM, 24 h). The OCR after metformin treatment showed a signifi-
cant increase in the maxima respiration (after addition of DNP (2)) in
10GT population of SCC13 cells (Figure 4A) and in both populations of
A431 (Figure 4B), suggesting an intensification of OXPHOS. These
results were in concordance with that obtained in OSR after metformin
treatment, where both resistant cells showed a significant increase
(Figure 4C). Finally, all the cell lines showed a significant diminution in
the lactate extracellular production, suggesting a reduction of the
glycolytic flux after metformin treatment (Figure 4D). The set of results
obtained hints at the PDT resistant cells of sSCC increase their OXPHOS
and reduce their glycolytic flux after metformin, suggesting that
metformin modulates metabolic reprogramming in these cells.
On the other hand, one of the main effects of metformin is the arrest of
the cell cycle. Therefore, we evaluated that our metformin doses
stopped the cell cycle in vitro (75 mM, 24 h) and in vivo (200 mg/mL
diluted in drinking water) in both populations (Figure 5AeB, Fig. S5A).
In vitro, we observed that P and 10GT populations of both sSCC
cell lines (SCC13 and A431) showed a significant arrest in G0/G1
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Combined treatment of metformin and PDT in sSCC cells. (A) Cells were treated for 24 h with metformin (25e150 mM) and then subjected to PDT (0.3 mM MAL and
23 J/cm2 in SCC13 and 7 J/cm2 in A431 cells). The results were evaluated 24 h after treatment by MTT test. A representative image of the effect of the treatments on the different
cell lines is shown by phase contrast microscopy. (B) Combined treatment provided a synergistic effect on cell viability in both populations of SCC13 and A431 cells. The synergy/
antagonism parameter Dlog (difference in logarithm) was calculated as calculated as indicated in the Materials and Methods section. (C) Evaluation of the combined treatment in
spheroids (3D model). The spheroids were grown for 4 days before being treated for 24 h with metformin (75 mM), subsequently they were treated with PDT (0.3 mM MAL and
23 J/cm2 in SCC13 and 7 J/cm2 in A431 cells). Cell survival was evaluated by staining the spheroids with propidium iodide-acridine orange. The quantification of cell survival was
determined by the percentage of green cells to red cells. Values were represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 5). Metf: metformin.
associated with a decrease in S and G2 phase (Figure 5A). To be sure
that metformin alone does not induce cell death, the subG population
after the treatment is shown in Fig. S5B. However, in SCC13 tumors
only P tumor showed a decreased of Ki67 (proliferation markers) after
metformin treatment (Figure 5B). Likewise, we evaluated the bio-
energetic index (b-F1-ATPase/GAPDH) and PKM2 expression as
possible prognosis markers of response to PDT. In both cell lines and
SCC13 tumors, we observed a higher bioenergetic index that was
associated with a better response to PDT. After metformin treatment,
the values of this marker increased, except in 10GT tumors that they
MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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did not show a better response after the combined treatment
(Figure 5CeD). However, metformin did not induce significant differ-
ence in PKM2 expression neither in vitro nor in vivo, even though the
10GT populations showed the highest levels (Figure 5EeF).

3.5. Metformin enhances PDT mechanism of action
Since the combined treatment improved the response to PDT, we
evaluated if metformin treatment by itself increased the PpIX intra-
cellular production, since this metabolite is the basis of PDT action.
PpIX production was determined by flow cytometry in P and 10GT
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Figure 3: Combined treatment of metformin and PDT in SCC13 tumors induced in mice. (A) Tumor volumes evolution over time after the treatments in P and 10GT SCC13
tumors. At day 7, tumors were treated with metformin (200 mg/mL diluted in drinking water along the rest of the experiment). At day 11 the tumors were subjected to PDT (2 mM
MAL, 4 h of incubation, and 25 J/cm2 of red light). Scale bar ¼ 10 mm. (B) Tumor sections at the end of the experiments stained with hematoxylin and eosin (H&E) and (C) TUNEL
assay (dead cells appeared fluorescing in green and nuclei fluorescing in blue). Values were represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 3).
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populations of both sSCC cells prior incubation with MAL (basal level
PpIX), after metformin (75 mM, 24h), MAL (0.3 mM, 5h), and after
metformin treatment followed by MAL (Figure 6A). Cells treated with
metformin did not show any differences in PpIX production respect to
untreated control cells. MAL incubation only induced a significant in-
crease in P population of A431 cells respect to untreated cells,
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however if we use a higher MAL concentration (0.5 mM) we observed a
significant increase in the PpIX production (Fig. S6A). Finally, the
combined treatment (metformin þ MAL) in both populations (P and
10GT) of sSCC cells induced significant differences in PpIX production
with respect to the rest of the conditions (Figure 6A). Likewise, we
evaluated the ROS generation, as the main cause of cell death after
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Metformin treatment (75 mM, 24h) in sSCC cells. (AeB) Real-time analysis of OCR in (A) SCC13 and (B) A431 cells were determined by using an extracellular flux
analyser after the sequential addition of oligomycin (1), 2,4-Dinitrophenol (DNP) (2), and rotenone þ antimycin (3). (C) Oligomycin-sensitive respiration, which represents the
activity of oxidative phosphorylation (OXPHOS), was calculated as basal respiration e oligomycin respiration. (D) Rates of lactate production determined spectrophotometrically.
Values were represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 4).
PDT. ROS levels were also assessed by flow cytometry. The results
obtained showed a significant increase in ROS levels after the com-
bined treatment (metformin �24 h, 75 mM- þ PDT -5 h, 0.3 mM MAL
following red light 23 J/cm2 in SCC13 and 7 J/cm2 in A431-), in
accordance with the lower percentage of cell survival observed after
this treatment and a-tocopherol treatment, a known antioxidant,
significantly reduced the cell death induced by PDT (Figure 6B, S6A-B).

3.6. mTOR pathway modulation by combined treatment
One of the main pathways related to tumor processes and glycolytic
phenotype induction is PI3K/AKT/mTOR pathway. In this sense, and
in a first approach, we proceeded to analyse the mRNA levels of
participants in this signaling pathway by RT-PCR in both populations
of SCC13 cell line. The results at the mRNA level showed a significant
increase in the 10GT population of PIK3CA (alpha catalytic subunit of
PI3K), AKT1, mTOR, S6KB1 (p70S6K, ribosomal protein S6 kinase
b1), PDK1 (phosphoinositide dependent kinase 1) and SLC2A1
(GLUT1) compared to its P population. All these genes are related to
an increased glycolytic activity (Fig. S7). Next, we evaluated the
impact of the different treatments on their expression (Figure 7AeF).
The results showed a tendency to decrease the levels of these
mRNAs (PIK3CA (Figure 7A), AKT1 (Figure 7B), mTOR (Figure 7C),
S6KB1 (Figure 7D), PDK1 (Figure 7E) and SLC2A1 (Figure 7F)) after all
treatments (metformin, PDT and combined) in the 10GT population.
After the combined treatment, the reduction of expression levels was
greater in AKT1, mTOR and S6KB1. These results suggest that the
MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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combination of treatments favors the inhibition of this signaling
pathway. Finally, we analysed mRNA levels both AMPK a catalytic
subunits (PRKAA1, PRKAA2), which have been reported that can
inhibit mTOR pathway by metformin treatment. The results showed
that the expression of PRKAA1 increased after the three treatments in
the P population and after the combined one in the 10GT population
(Figure 7G). In addition, the expression of the PRKAA2 increased in
both populations after treatment with metformin and combined,
being significant after the latter (Figure 7H). In summary, the results
obtained indicated that in both populations of SCC13 the treatments,
especially the combination of metformin and PDT, reduced the levels
of AKT1, mTOR and S6KB1 mRNA; this inhibition could be dependent
on AMPK. Therefore, these results were then confirmed at the level of
protein expression using WB in both populations of sSCC cell lines
(SCC13 and A431) (Figure 7I).

4. DISCUSSION

PDT has a relapse rate of up to 30% 5 years after the treatment in
sSCC. The main objective of this study was to determine the role
played by metabolic reprogramming in the resistance process to MAL
PDT in sSCC. For this, we have used the human SCC cell lines: SCC13
[48] and A431 [49], which we have been called parental (P) and their
PDT-resistant cells (10GT) [57]. Even clinical PDT cases involve one or
two cycles of MAL-PDT, in our work we have used a model based on
repeated PDT in order to select highly resistant cells and with a stable
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 5: Metformin treatment in vitro and in vivo sSCC. (A) Effect metformin treatment (75 mM, 24 h) on cell cycle progression in P and 10GT populations of SCC13 and A431
cells. Cell cycle distribution was analysed by flow cytometry. (B) Ki67 expression in control and metformin treatment in P and 10GT SCC13 tumors evaluated by IHC. (C)
Bioenergetic index analysed by WB after metformin treatment in SCC13 and A431 cells; a-tubulin was used as loading control. (D) Bioenergetic index evaluated by IHC in control
and metformin treatment in P and 10GT SCC13 tumors. (E) PKM2 expression analysed by WB after metformin treatment in SCC13 and A431 cells; a-tubulin was used as loading
control. (F) PKM2 expression evaluated by IHC in control and metformin treatment in P and 10GT SCC13 tumors. Values were represented as mean � SD (*: p< 0.05; **: p<
0.01; ***: p< 0.001) (n ¼ 3).
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resistance phenotype [41,50,57]. By using this model, the present
study shows that the generation of sSCC cells resistant to PDT implies
a process of metabolic reprogramming towards aerobic glycolysis,
which favors resistance to treatment. Although, this resistance in
sSCC, maybe is not involved in PDT mediated by other exogenous
photosensitizers, since it was generated by the MAL compound.
Likewise, metformin, a drug used clinically for the treatment of type II
diabetes, is capable of modulating the glycolytic metabolism and
sensitize PDT resistant cells, both in vitro and in vivo.
10 MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. T
Glycolysis and OXPHOS are the main metabolic pathways of energy
production in cells. The metabolic reprogramming that tumor cells
undergo is related to a stimulation of aerobic glycolysis and partial
inhibition of OXPHOS. This metabolic change was first described by
Otto Warburg, being the basic principle underlying the PET- FDG
(positron emission tomography using 18-fluorodeoxyglucose) diag-
nostic technique [25,58e61]. The array CGH performed in the SCC13
cell line, allowed us to relate the generation of PDT resistance with
modifications in the chromosomal regions where the genes that
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Combined treatment effect on sSCC cell lines relating to PDT pathway. (A) PpIX production was evaluated by flow cytometry after incubation with metformin (24 h,
75 mM), MAL (5 h, 0.3 mM), and metformin plus MAL (24 h followed by 5 h, respectively). (B) ROS generation was evaluated by flow cytometry after incubation with metformin
(24 h, 75 mM), MAL (5 h, 0.3 mM), PDT (MAL following red light �23 J/cm2 in SCC13 and 7 J/cm2 in A431-) and combined treatment (metformin plus PDT).Values were
represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 3).
encode the electron transport chain complexes are found. These ge-
netic differences were generated by PDT and amplified in xenograft
(Supplemental Table 4). Some of these genes have been linked to
mitochondrial dysfunction in other types of cancer, such as dysregu-
lation of succinate dehydrogenase in ovarian cancer [62] and
decreased expression of genes that encode the complex I (NDUFA2
and NDUFS7) and complex III (UQCR11, UQCRQ) in triple negative lung
cancer [63]. OCR, OSR and bioenergetic index analysis were performed
to corroborate the loss of OXPHOS in 10GT populations [36,37]. The
bioenergetic index has been proposed as a prognostic marker in colon,
breast, lung and melanoma carcinoma [39,64,65] and in skin cancer
progression [66]. In this sense, our results support the value of this
index as indicative of a worse response to PDT. On the other hand, at
the glycolytic level, the expression of PKM2 in vitro and in vivo showed
a significant increase in 10GT populations with respect to its P. PKM2
is an isoform of PK that is overexpressed in many types of tumors and
is an important regulator of glycolytic activity. Its mechanism of action
is not completely defined, although numerous articles relate its over-
expression to an increase in glucose consumption and lactate pro-
duction [34,67]. The expression of PKM2 increased is being used as a
poor prognostic marker in other types of cancer, such as squamous
cell carcinoma of the cervix [68], intrahepatic cholangiocarcinoma [69],
squamous cell carcinoma of the esophagus, and breast cancer [70].
MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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We could observed a correlation between glycolytic flux and PKM2
expression in A431 cell, indicating a reprogramming of metabolism
towards aerobic glycolysis in its 10GT population. However, in 10GT
population of SCC13 cell, which showed higher expression of PKM2,
no changes in glycolytic flux were observed. This inconsistency could
be explained from the results of the array CGH, since the responsible
genes for the transformation of pyruvate into lactate were found in
deleted chromosomal regions. Therefore, it is likely that pyruvate is
transformed, instead of lactate, into oxaloacetate by the enzyme py-
ruvate carboxylase (found in a region with trisomy), forming interme-
diate metabolites used for tumor growth [71]. In summary, these
results, the evidence of the increase in aerobic glycolysis and the
decrease in OXPHOS and a worse response to the treatments, [28,29]
allow us to conclude that metabolic reprogramming is a key factor in
the lack of response to PDT in sSCC.
Given our findings related to metabolic reprogramming in PDT resistant
cells and that one of the main advantages of this therapy is it easy
application in combination with other therapies, we evaluated the ef-
ficacy of the combination of PDT with metformin. Metformin has been
shown to have antitumor properties in combination with other treat-
ments [44e47]. The results obtained showed that the pretreatment
with metformin improved the efficacy of PDT in P and 10GT pop-
ulations of both sSCC cell lines. The increased cytotoxicity was due to a
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Figure 7: PI3K/AKT/mTOR pathway after combined treatment. N mRNA expression of (A) PIK3CA, (B) AKT1, (C) mTOR, (D) S6KB1, (E) PDK1, (F) SLC2A1, (G) PRKAA1, (H)
PRKAA2 in both populations (P and 10GT) of SCC13 cell line by RT-PCR after incubation with metformin (24 h, 75 mM), PDT (0.3 mM MAL following 23 J/cm2 red light) and
combined treatment (metformin plus PDT). (I) Expression by western blot of AMP-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR) pathway components:
pAMPK, AMPK, pAKT, AKT, p-p70S6K and p-p70S6K after treatments (metformin, MAL-PDT, and metformin plus MAL-PDT). A representative experiment of each marker is shown,
and pAMPK/AMPK, pAKT/AKT, and p-p70S6K/p70S6K densitometry graphics of both P and resistant populations of SCC13 and A431 cells are shown. A-tubulin was used as
loading control. Values were represented as mean � SD (*: p< 0.05; **: p< 0.01; ***: p< 0.001) (n ¼ 3) M þ P: metformin þ PDT.
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synergistic effect between both treatments, metformin and PDT. The
efficacy of the combined treatment was also evaluated in a 3D model
(spheroids). Compared to 2D models, spheroids can more accurately
mimic some characteristics of solid tumors, such as their spatial ar-
chitecture, gene expression patterns, physiological responses, and
drug resistance mechanism [50,72,73]. Thus, at the 3D level, we were
able to verify the greater efficacy of the combined treatment in all cell
lines (SCC13 and A431) and in both cell populations (P and 10GT)
compared to individualized treatments. Considering in vitro results, we
12 MOLECULAR METABOLISM 60 (2022) 101496 � 2022 The Authors. Published by Elsevier GmbH. T
perform studies in xenotransplanted tumors. In the tumors formed by P
and 10GT populations, combined treatment significantly reduced the
tumor volume. There are several studies that link the efficacy of
combined metformin treatment together with chemotherapeutic drugs
with an increase in cell death and a reduction in tumor size [74e76]. In
our results, all tumors exposed to the combined treatment presented
an increase in cell death. However, this increase in cell death was not
accompanied by a significant reduction in tumor size in 10GT tumors.
The antitumor function of metformin is also related to cell cycle arrest,
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which leads to the stabilization of tumor growth [75,77,78]. Even so,
we can conclude that metformin improves the efficacy of PDT, both
in vitro and in vivo, in 10GT and P populations of sSCC.
Metformin has been reported to be effective as adjuvant in the treat-
ment of different types of cancer by interfering with metabolic
reprogramming mechanisms. Therefore, we proceeded to evaluate
whether metformin could modulate the metabolic reprogramming
observed in 10GT populations. In relation to OXPHOS (in vitro and
in vivo), both populations of sSCC showed a significant increase in all
evaluated OXPHOS markers (bioenergetic index, OCR and OSR). This
result is not related to that observed in other tumor lines, in which an
inhibition of OXPHOS has been described, although it is important to
note that in all these studies the metformin concentrations used were
higher than those used in our study [42,43,47]. Furthermore, a recent
studies revealed that doses higher than 75 mM of metformin caused a
decrease in OXPHOS, while lower concentrations increased it [79,80].
At glycolytic flux, both populations of sSCC reduced extracellular
lactate production after metformin treatment, indicating a reduction in
aerobic glycolysis. This decrease in glycolytic flux has been observed
in cancer cells from cervix and hepatoma, in which metformin de-
regulates GLUT and inhibits key enzymes of aerobic glycolysis such as
PK and LDH [81,82]. However, in colon and breast cancer, a decrease
in glycolytic enzymes has not been documented [83], as in our results,
PKM2 after metformin treatment was not modified, indicating that
antidiabetic treatment appears to exert different effects on glycolysis
depending on the type of cancer cells. In any case, metformin treat-
ment modulated the metabolic reprogramming observed in PDT
resistant of sSCC cells.
One of the main mechanisms of action of metformin is the inhibition
of the AKT/mTOR pathway [42,43], which is also one of the critical
points of positive control of the Warburg effect in tumor cells [32,75].
The activation of this pathway has been related to resistance to
different chemotherapeutics in several carcinomas [84e88]. Like-
wise, the inhibition of participants of this pathway is being evaluated
as chemosensitizers [89e92]. In this sense, the results obtained in
the 10GT population of SCC13 cells revealed an increase in mRNA
levels, compared to its P population, of PI3K (PI3KCA), AKT1, mTOR,
p70S6K (S6KB1), PDK1 and GLUT1 (SLC2A1), suggesting that these
molecules could be responsible for the reprogramming towards
aerobic glycolysis and, therefore, for its resistance to PDT. In this cell
line, after combined treatment, the mRNA levels of AKT, mTOR and
S6KB1 were reduced and the levels of the catalytic AMPK a subunits
(PRKAA1, PRKAA2) increased significantly, suggesting that the AKT/
mTOR pathway inhibition and the AMPK activation would be related to
the increase in the efficacy of the combined treatment. The results
were validated at the AMPK, AKT and p70S6K protein expression by
WB analysis in both sSCC cell lines. Other studies also associate the
efficacy of the combination of metformin with chemotherapeutic
agents with a suppression of the AKT/mTOR pathway through AMPK
activation [75,93,94].
Finally, there are numerous studies that link the PpIX production and
the ROS generation with a higher efficiency of PDT [13,16,18]. In our
case, the selected PDT dose only induced a LD20 in P cells but
allowed us to better observe the effect of the combined treatment.
This could be the reason why we did not see a high increase in PpIX
production and ROS generation after PDT alone. If we increased the
MAL concentration we can detect the expected effect, a hight PpIX
and ROS production (Fig. S6A). However, both populations of sSCC
cells showed an increase in PpIX generation and intracellular ROS
production after combined treatment, suggesting that metformin
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promotes the photo-reactivity to PDT and therefore increases its
efficacy in sSCC cells.

5. CONCLUSIONS

Increased aerobic glycolysis and OXPHOS dysregulation promote
resistance to MAL-PDT in sSCC, both in vitro in cell cultures and in vivo
in induced tumors in mice. In addition, increased PKM2 expression and
decreased bioenergetic signature (b-F1-ATPase/GAPDH ratio) are
markers of poor response to PDT in sSCC. On the other hand, met-
formin treatment modulates the glycolytic metabolism and it increases
OXPHOS in PDT resistant sSCC cells. Finally, the treatment with
metformin prior to PDT (combined treatment) improved the cytotoxic
effect on P and 10GT cells. The combined treatment is caused for an
increase in protoporphyrin IX production, reactive oxygen species
generation, AMPK expression and the inhibition of AKT/mTOR pathway.
The greater efficacy of combined treatments is also seen in vivo, in
induced tumors by SCC13 cells inoculation. Our results support the
possible adjuvant role of metformin and place the combined treatment
(metformin and PDT) as a potential therapy against sSCC.
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