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Abstract
Wound healing is a sequester program that involves diverse cell signalling cascades.

Notwithstanding, complete signal transduction pathways underpinning acidic milieu

derived from cancer cells is not clear, yet. MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assay, fluorescein diacetate/propidium iodide

staining, and cell cycle flow cytometry revealed that acidic media decreased cell via-

bility and cell number along with enhanced dead cells and S-phase arrest in normal

fibroblasts. Notably, the trends of intracellular reactive oxygen species production

and lactate dehydrogenase release significantly increased with time. It seems the

downregulation of Klf4 is in part due to acidosis-induced DNA damage. It promoted

cells towards S-phase arrest and diminished cell proliferation. Klf4 downregulation

had a direct correlation with the P53 level while acidic microenvironment promotes

cells towards cell death mechanisms including apoptosis and autophagy. Notewor-

thily, the unchanged levels of Rb and Mlh1 indicated in those genes had no domi-

nant role in the repairing of DNA damage in fibroblasts treated with the acidic

microenvironment. Therefore, cells owing to not entering to mitosis and accumula-

tion of DNA damage were undergone cell death to preserve cell homeostasis. Since

acidic media decreased the level of tumour suppressor and DNA repair genes and

altered the normal survival pathways in fibroblasts, caution should be exercised to

not lead to cancer rather than wound healing.
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1 | INTRODUCTION

Wound healing is a sequester program that involves different
cells and cell signalling cascades. Scientists divide it into
several phases including haemostasis, inflammatory, prolif-
eration, remodelling, granulation, and maturation phases,

while others merge haemostasis phase and inflammatory
phase and nominate proliferation as a granulation phase and
remodelling as a maturation phase. It is worth noting that
keratinocyte, melanocyte, fibroblast, and epithelial cells are
the major cells in skin structure. Notwithstanding, wound
healing is not limited to skin repair,1 and other types of
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wound healing can be seen in other tissues such as corneal
epithelial,2 oral mucosal,3 and musculofacial tissues.4 In the
present report, among different cells involved in wound
repair, we focus on fibroblasts.

Fibroblasts are located in the dermis layer of skin and are
responsible for wound contraction, producing extracellular
matrix and collagen as well as biodegradation of fibrin clot.
There are some reports indicating the positive role of acidic
media on wound repair, and in this regard some commercial
acidic wound dressings have been prepared to improve
wound healing.5,6 Unlike acute wounds, chronic wounds
have alkaline pH milieu while the pH (5.5) gradually
increases in re-epithelisation phase of healing.7 Notewor-
thily, Sharpe et al disclosed that there is a direct relationship
between the acidic media and healing process, in which burn
wounds with pH 7.32 show significantly accelerated healing
profile compared with pH 7.73.8 It appears that acidic media
through altering protease activity, enhancing fibroblast and
macrophage activities, epithelialisation, angiogenesis, releas-
ing oxygen, destroying abnormal collagen, and antibacterial
potential improve wound healing.5,6 It is worth mentioning
that there is no significant difference between the surface
skin pH of men and women while pH increases in elderly,9

and it seems that the level of pH has a good correlation with
ageing.

Besides, acidic medium is one of the most mysterious
by-product of cancer cells that acts as a Trojan horse, and it
seems that through epigenetic and genetic alterations and
failed reprogramming in normal cells adjacent cancer cells
they convert into cancer cells.10 Tavakol and colleagues dis-
closed that acidic pH decreases necrosis and cell prolifera-
tion of cancer cells along with enhancement of autophagy.11

White et al denoted some part of acidic media in tumour
cells to function and structure of pH sensors resident in cell
plasma membrane and believed that the prominent behaviour
of cancer cells will be attenuated with decreasing intracellu-
lar pH.12 Therefore, in the present study, the main question
was that whether acidic pH of cancer cells changes the bio-
logical behaviour of their adjacent normal fibroblasts or not.

The important question is whether external acidic pH in
the surrounding area of fibroblasts beside the wound healing
effects changes the biological behaviour of fibroblasts or
not. In other words, it is critical to be sure that the acidic
microenvironment inducing an inverse pH (acidic extracellu-
lar pH; normal cells has the relatively acidic intracellular
pH 7.2 than extracellular pH 7.412) does not have any
adverse effect on fibroblasts.

To the best of our knowledge, there were no reports to
collaterally investigate the effect of cancer pH on cell death
mechanisms including autophagy and apoptosis of normal
fibroblasts. Furthermore, the present study investigated the
level of genes involved in DNA repair and tumour

suppression in fibroblasts treated with acidic media. This
study provides hints for the pH modulation of wound micro-
environment by the focus on cell death mechanisms.
Another important finding was with regard to this fact that
wound healing is diminished in cancer tissues; therefore, the
effect of extracellular cancer pH in normal cells was
investigated.

2 | MATERIALS AND METHODS

2.1 | Cell treatment

Mouse subcutaneous connective tissue cell line, L929, was
purchased from the Pasteur Institute of Iran. The cells was
incubated in Dulbecco's modified Eagle's medium high glu-
cose supplementation and then supplemented with 10% fetal
bovine serum (GIBCO) and 1% penicillin/streptomycin
(BioIDEA, Tehran, Iran) at 37�C in 5% CO2 and 95% mois-
ture. Fibroblasts (passage 3) were used for further investiga-
tions. To evaluate the effect of pH on cell behaviour, the pH

Key Messages
• wound healing is diminished in cancer tissues
• the survival signalling cascades and potency of

genes involved in DNA repair underpinning
acidic milieu derived from cancer cells are not
clear, yet

• fibroblasts were treated with acidic media (the
extracellular pH of cancer cells), and then cell
survival, cell cycle, autophagy and the level of
reactive oxygen species (ROS) production, lac-
tate dehydrogenase (LDH) release, and genes and
proteins involved in apoptosis and DNA repair
were analysed

• acidic media arrested the S phase of cell cycle
and enhanced DNA damage, ROS production,
and LDH release in fibroblasts while decreased
cell viability, cell number, and the levels of P53
and Klf4 as two critical tumour suppressors and
DNA repair genes. Besides, the level of two other
DNA repair genes of Rb and Mlh1 remain
unchanged

• caution should be exercised in wound healing
therapy with acidic media for fibroblasts located
inside the body due to the fact that acidic media
decreased the level of tumour suppressors and
DNA repair genes and altered the normal survival
pathways in fibroblasts
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of culture medium was adjusted to 7.4 and 6.7 and nomi-
nated L929 (N) and L929 (A), respectively.

2.2 | Live-dead staining by fluorescein
diacetate/propidium iodide

Live-dead analysis was performed using fluorescein dia-
cetate/propidium iodide (FDA-PI) staining, in which PI mea-
sures both late apoptotic and necrotic dead cells while FDA
measures vital cells. In brief, fibroblasts (3 × 104 cells/well)
at the three passages were seeded into a 24-well plate and
treated with normal and acidic pH media at 37�C in 5% CO2

and 95% moisture for 48 hours. To FDA-PI staining, 5 mL
staining solution containing 50 μL PI solution (1 mg/mL)
and 8 μL FDA (5 mg/mL acetone) solution was prepared
and added to the wells. Following, the cells were imaged
under an inverted fluorescent microscope (Olympus AXE-
800, Shinjuku, Tokyo, Japan) coupled to a digital camera
(Leica, DC200, Wetzlar, Germany). The assay was per-
formed in triplicate, and the values provided are the
normalised to mean ± SD of three independent experiments.

2.3 | Cell viability assay using MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay is considered as a valuable analysis for cell
viability measurement. L929 cells (1 × 104 cells/well) were
seeded in triplicate in a 96-well culture plate containing
basal media for 24 hours. Then, the medium was completely
exchanged with adjusted fresh medium to pHs 6.7 and 7.4
for 48 hours. When the time was over, media were
completely removed and exchanged with 100 μL of MTT
(Sigma, St. Louis, Michigan; 0.5 mg/mL) for 4 hours. Equal
volume of dimethyl sulfoxide (Sigma) was then added to
dissolve hydrazine crystal, and the absorbance was read at
570 nm using a microplate reader (BioTek, Winooski, Ver-
mont) up to 20 minutes. The assay was performed in tripli-
cate, and the values provided are the normalised mean ± SD
of at least three independent experiments.

2.4 | Cell membrane damage using lactate
dehydrogenase release assay

To study the effect of pH on fibroblast cell membrane dam-
age, released lactate dehydrogenase (LDH) into the sur-
rounding environment is investigated. Fibroblasts in three
passages were seeded into a 96-well plate for 24 hours, and
then the medium was completely refreshed with media at
pHs 7.4 and 6.8 for 24 hours. LDH release was monitored
using the LDH Elisa kit based on its protocol (Roche, Berlin,
Germany). Briefly, 100 μL/well cell supernatant was trans-
ferred into the parallel well plates and mixed with equal

volume of the reaction mixture for 30 minutes at 22�C.
Absorbance was read at 490 nm using an Elisa Reader
(BioTek). Analysis of LDH release was performed in tripli-
cate and repeated three times in independent experiments,
and the data were normalised with cell number and mean
± SD was reported.

2.4.1 | Cell cycle by PI flow cytometry

Cell cycle analysis of fibroblasts treated with normal and
acidic pH was performed using a PI flow cytometer. After
incubation for 48 hours, fibroblasts were trypsinised, washed
with phosphate buffer saline (PBS), and fixed with 70% ice-
cold ethanol at −20�C overnight. Then, fibroblast cells were
washed with PBS and stained with 1 mg/mL PI solution
(Sigma) and 50 μg/ mL RNase A (Roche) for 30 minutes in
the dark at room temperature. To track the cell cycle, a
FACScan cytometer (Becton Dickinson, Franklin Lakes,
New Jersey) was used and then data were analysed using the
FlowJo software (v7.6.1; FlowJo). The experiment was
repeated three times and mean ± SD was calculated.

2.5 | Intracellular reactive oxygen species
analysis using 20,70-dichlorofluorescein
diacetate flow cytometry and microplate reader
in kinetic mode

Fibroblasts (30 × 103 cells/well, passage 3) were seeded in
the 24-well culture plates for 24 hours. Then cells were
treated by the fresh media adjusted to pH 7.4 and 6.8 for
24 and 48 hours. Fluorescent dye of 20,70-dichlorofluorescein
diacetate (DCFH-DA; 10 μM) was added to the treated cells,
and the kinetics of intracellular reactive oxygen species
(ROS) in cells was evaluated using a fluorescence microplate
reader for 45 minutes. The assay was performed in triplicate,
and the values provided were normalised to cell number and
mean ± SD of three independent experiments were reported.
Furthermore, to track intracellular ROS production in fibro-
blast cells by 48 hours, treated cells in normal and acidic pH
media were tracked using an inverted fluorescent microscope
(Olympus AXE-800) coupled to a digital camera (Leica,
DC200) and flow cytometry.

2.6 | Gene analysis using quantitative reverse
transcription polymerase chain reaction

Rb, Klf4, Mlh1, and TP53 genes were tracked using quanti-
tative reverse transcription polymerase chain reaction
(qRT-PCR) at the level of mRNA. Briefly, fibroblast cells
(passage 3) were treated by acidic and normal media for
48 hours. Then, total RNA was extracted using RNX-Plus
kit (Sinaclon, Iran), and then DNAse 1 treatment was
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applied and random hexamer and oligo dt-primed cDNA
synthesis was carried out using a cDNA synthesis kit
(Takara, Japan). cDNA was used for 45-cycle RT-PCR in
Rotor-Gene Q real-time analyzer (Corbett, Australia) using
the EvaGreen master mix. Each reaction was repeated three
times, and relative fold change gene expression was quanti-
fied using the DDCt method. β-Actin gene was selected as
an internal gene. The duplicate experiments were repeated
three times and mean ± SD was calculated. The primer
sequences of genes were as follows:

Rb:
F: 50-AAGTGTACCGTCTAGCATATCTCC-3
R: 50-TAGAGCACATCATAATCTGGTCCAA-30

Klf4:
F: 50-AGAACAGCCACCCACACTTG-30

R: 50-GTGGTAAGGTTTCTCGCCTGT-30

Mlh1:
F: 50-GGAAGTTGTTGGCAGGTATTCAATA-30

R: 50-CGAATGTTGTCCACGGTTGT-3
Trp53:
F: 50- TGGAGGAGTCACAGTCGGATA-30

R: 50-CAGTGAGGTGATGGCAGGAT-3

2.7 | Western blotting of apoptotic proteins

Fibroblasts (passage 3) were subcultured and were treated
with acidic and normal media for 48 hours. Briefly, proteins
were extracted using radioimmunoprecipitation assay buffer,
and then 60 μg of the proteins was separated in SDS-PAGE
and electrotransferred onto a PVDF membrane. β-Actin pro-
tein was selected as the internal control. Protein expression
was evaluated using Bax (Cell Signaling, CAT N 2774S;
1:1000) and Bcl2 (Cell Signaling, CAT N 4223S; 1:1000)
antibodies. Their protein levels were normalised to ß-actin
antibody (Padtan Zist Pajooh, Iran, 1:1000). The duplicate
experiments were analysed and mean ± SD was calculated.

2.8 | Autophagy measurement using acridine
orange staining

Thomé et al reported that the red-to-green fluorescence
intensity ratio (R/GFIR) of acridine orange (AO) is in agree-
ment with the LC3-I into LC3-II conversion, late autophagy,
and P62 decrement level.13 Fibroblasts (3 × 104 cells/well)
were seeded in triplicate in a 24-well plate for 24 hours, and
then the medium was completely exchanged with fresh
medium adjusted to pHs 7.4 and 6.7 for 24 and 48 hours.
Then the fibroblast cells were stained with 1 μg/mL of AO
(2.7 μM), and R/GFIR was analysed using a fluorometer
(BioTek) at a fluorescence excitation wavelength of 488 nm
and emission wavelengths of 530 (green) and 620 (red)
nm. The assay was performed in triplicate and the values

provided are the normalised mean ± SD of three indepen-
dent experiments. However, images were acquired using an
inverted fluorescent microscope (Olympus AXE-800)
coupled to a digital camera (Leica, DC200) for 48 hours.

2.8.1 | Statistical analysis

The GraphPad software (GSL Biotech LLC) was applied to
calculate and analyse LDH release, MTT assay, FDA-PI,
cell cycle, intracellular ROS kinetics, relative fold change
gene, and protein expression in the cells treated with acidic
and normal pH media. All triplicate experiments were
repeated three times. Experiments were performed as mean
± SD. Unpaired and two-tailed Student's t test was used for
statistical analysis of two groups. A P value of <.05 was
considered statistically significant.

3 | RESULTS

3.1 | Live-dead staining by FDA-PI

Live-dead staining was performed to evaluate the percentage
of live and dead cells treated with normal and acidic pH
microenvironments in fibroblasts. Florescence microscopy
images showed that acidic pH microenvironment induced
higher dead fibroblast cells than the cells treated in normal
media by 48 hours. Furthermore, quantitative data derived
from the fluorometer revealed that cells treated with acidic
media were significantly more than cells treated with normal
media experienced cell death (Figure 1A). Another findings
derived from FDA staining was related to cell proliferation,
in which results disclosed that the cell proliferation potential
of fibroblasts treated with acidic media was approximately
33.83% less than the cells treated with normal media.

3.2 | Cell viability assay using MTT assay

Formazan reduction in MTT assay is a marker of live cells.
The assay was performed to investigate the cell viability of
fibroblast cells treated with acidic and normal media. Results
disclosed that acidic pH significantly decreased the cell via-
bility of fibroblasts compared with normal media by
48 hours (P < .001) (Figure 1B).

3.3 | Cell membrane damage using LDH
release assay

LDH release as a released enzyme derived from necrotic and
cell membrane-damaged cells was investigated. Results
showed that fibroblasts treated with acidic media release sig-
nificantly less LDH than those treated with normal media by
2 hours. The two-tailed P value was <.0001 and was
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considered extremely significant. Furthermore, following
24-hour treatment, normalised LDH release data derived
from fibroblast cells treated with acidic media revealed sig-
nificantly less LDH release than those treated with normal
media (P < .0001). However, normalised intracellular LDH
data derived from fibroblast cells disclosed that acidic media
significantly enhanced LDH production than normal media
in fibroblast cells by 48 hours. The two-tailed P value is
.0043, which was considered very significant (Figure 2A-C).

3.4 | Intracellular ROS analysis using DCFH-
DA flow cytometry and ELISA in kinetic mode

H2DCFDA is a non-fluorescent dye that gets irradiated upon
cleavage by oxidation and intracellular esterase. It was used as a
marker of intracellular ROS production in fibroblast cells treated
by normal and acidic media and tracked for 45 minutes using a

fluorescence ELISA reader. Normalised data derived from the
cells 24-hour posttreatment disclosed that there was no significant
difference between intracellular ROS production of cells treated
with acidic media compared with the normal media (P = .6433;
Figure 3A). However, flow cytometry and fluorescence micros-
copy results derived from the cells treated by normal and acidic
media revealed that cell incubation with acidic media significantly
increased intracellular ROS production compared with the normal
media by 48 hours (P < .001; Figure 3B).

3.5 | Cell cycle by PI flow cytometry

Results derived from cell cycle analysis evaluated by flow
cytometry showed that acidic media induced S-phase arrest
compared with the normal media in fibroblast cells
(Figure 4A-C). In other words, acidic media induced

FIGURE 1 A, FDA-PI staining of fibroblasts in face to acidic media. It was shown that the numbers of live cells was significantly less in
fibroblasts treated with acidic media compared with the normal cells while the number of dead cells was higher in acidic media. B, MTT assay
related to fibroblasts in face to acidic media by 48 hours. Results showed less percentage of cell viability in fibroblasts treated with acidic media
compared with the normal cells. L929 (A) means fibroblasts in acidic media, L929 (N) means fibroblasts in normal pH media, (*** means
P < .001). FDA-PI, fluorescein diacetate/propidium iodide
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significantly higher levels of S phase in fibroblast cells than
normal media (P < .001).

3.6 | Gene analysis using qRT-PCR

To investigate the Klf4 and Trp53 genes, qRT-PCR was per-
formed. qRT-PCR data revealed that acidic media induced

significant KLF4 gene expression than normal media in
fibroblast cells (P = .006914682). Furthermore, acidic media
induced significant Trp53 gene expression than normal
media in fibroblast cells (P = .01343602). There was no sig-
nificant difference between Rb and Mlh1 gene expressions
in fibroblasts treated with acidic and normal media (P > .05;
Figure 4D).

3.7 | Autophagy measurement using AO
staining

Autophagy may be studied using the evaluation of the
R/GFIR in fibroblasts stained with AO. R/GFIR data
obtained using a fluorescence microplate reader revealed that
acidic pH microenvironment induced significantly late
autophagosomes compared with normal media by 24 hours
(P < .05). Furthermore, acidic media retained enhanced late
autophagy in fibroblasts by 48 hours. In other words, acidic
media improved the formation of late autophagosomes
higher than 25% and 54% in fibroblasts during 24 and
48 hours, accordingly. Moreover, fibroblasts treated by
acidic pH media were imaged by fluorescence microscopy
after 24 and 48 hours and were compared with the cells
treated with normal media. The figures disclosed that acidic
media induced more late autophagy vacuoles in the red col-
our in fibroblast cells under the fluorescent microscope
(Figure 5A,B).

3.8 | Western blotting of apoptotic proteins

The relative fold change Bcl2 protein as a survival protein in
fibroblasts showed that acidic media significantly decreased
the level of Bcl2 protein in fibroblasts treated with acidic
media compared with normal media. Furthermore, evalua-
tion of Bax protein as a marker of apoptosis disclosed that
acidic media enhanced the Bax protein level in fibroblasts
compared with normal media. Therefore, the level of
Bax/Bcl2 ratio as a marker of apoptosis showed that the
Bax/Bcl2 ratio was significantly higher in cells treated with
acidic media compared with normal media (Figure 5C).

4 | DISCUSSION

Fibroblasts are one of the major cells that play the critical
role in wound healing through the wound contraction, pro-
ducing extracellular matrix and collagen, and biodegrading
fibrin clot. Noteworthily, the acidic microenvironment of
cancer cells may affect normal fibroblasts. Our results dem-
onstrated the acidic microenvironment derived from cancer
cells, acidosis, and other metabolic disturbances leads to
diminishing of cell viability and cell number, S-phase arrest,
and enhancement of dead cells along with increasing

FIGURE 2 LDH release and production in fibroblasts treated with
acidic media. A, LDH release derived from fibroblasts treated with
acidic media for 2 hours. Acidic media induced significantly less LDH
release in fibroblasts than normal pH media. B, LDH release derived
from fibroblasts treated with acidic media for 24 hours. Acidic media
induced significantly less LDH release in fibroblasts than normal pH
media. C, LDH production in fibroblasts treated with acidic media by
48 hours. Acidic media induced significantly higher LDH production in
fibroblasts than normal pH media. L929 (A) means fibroblasts in acidic
media, L929 (N) means fibroblasts in normal pH media (** means
P < .01, *** means P < .001). LDH, lactate dehydrogenase
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apoptosis and autophagy. Although acidic microenviron-
ment did not damage the cell membranes of fibroblasts at
the first place, it gradually damaged the cell membranes by
48 hours. These events were in accordance with intracellular
ROS production and downregulation of P53 and Klf4,
as well.

As mentioned earlier, fibroblasts treated with acidic
media were produced and the LDH level in the cells was
increased by 48 hours. These data were in good agreement
with earlier studies indicating wound healing and are in con-
comitant with acidosis in the microenvironment due to the
increase of lactic acid, organic acid, pCO2, O2, and so on.14

It seems that during the healing process, collagen synthesis
forces cells to undergo greater glycolysis resulting in gradu-
ally enhancement in LDH production in cells.15 However,
increase in the level of available O2 in the margin of wound
in face to acidic microenvironment is due to Bohr's effect.16

As seen in Figure 3A,B, the level of intracellular ROS pro-
duction gradually increased and was higher than the cells
treated with pH 7.4 by 48 hours. Gupta et al demonstrated
that acidic induced- ROS production is resulting from nico-
tinamide adenine dinucleotide phosphate oxidase activation
and has the potential to oxidase some catalytic domain in
some tumour suppressors such as PTEN.17 Furthermore, it
has been shown that intracellular ROS production promotes
transdifferentiation of fibroblast to myofibroblast through
angiotensin II, JNK, and P38 signalling cascades.18

Several signalling pathways are involved in cell survival
derived from acidic milieu in normal fibroblasts. The opti-
mum pH for the proper functioning of fibroblasts—cell
migration and DNA synthesis—is 7.2-7.519 while our data
showed that acidic media induced S-phase arrest. This find-
ing was in good agreement with the cell number and viabil-
ity data derived from MTT assay as well as FDA staining,

FIGURE 3 Intracellular ROS production in fibroblasts treated with acidic media. A, Kinetics of intracellular ROS production in fibroblasts
treated with acidic media for 24 hours. There was no significant difference between the production of ROS in fibroblasts treated with acidic and
normal media. B, Flow cytometry of intracellular ROS production in fibroblasts treated with acidic media for 48 hours. There was significant
difference between the production of ROS in fibroblasts treated with acidic and normal media. C, Fluorescent inverted microscopy related to
intracellular ROS production in fibroblasts treated with acidic media. There was significant difference between the production of ROS in fibroblasts
treated with acidic and normal media. L929 (A) means fibroblasts in acidic media, L929 (N) means fibroblasts in normal pH media (*** means
P < .001). ROS, reactive oxygen species
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respectively. In other words, MTT assay and FDA-PI
staining data revealed diminishing of cell viability and cell
number along with the increase of dead cells in face to the
acidic media. However, Liu et al disclosed that cell prolifera-
tion assessed by MTT assay gradually increases from 7.4 to
5 pH.20 Furthermore, Lengheden et al reported that DNA
synthesis in fibroblasts gradually decreased from 7.2 to 8.4
pH.19 Notably, Tavakol and colleagues reported that acidic
media decrease cell viability of cancer cells.11 It was demon-
strated that chronic wound decreases cell proliferation along
with the alteration in phenotype and cytosin and decreased
MMP and increased TIMP activity.21 Besides, Liu et al
reported that cell proliferation significantly deceased in null
Klf4 cells.22 These findings were in good agreement with
our data, showing the decreased level of cell proliferation
and Klf4 gene level in face to acidic milieu.

Besides, it seems that DNA damage by acidic media
(data not shown) results in S-phase arrest. However, Zhu
et al demonstrated that the increase of S-phase cycle in the
cells had good correlation with the increase of apoptosis.23

Our data also showed that acidic media increase S-phase
cycle and cell lethality. A critical checkpoint regulator of
S-phase cycle is retinoblastoma (Rb).24 Our data showed
that in spite of the S-phase arrest, there was no significant
difference in the level of Rb. However, eventually other
markers such as ribosomal proteins and Mdm2-p53 axis are
responsible for25 another important gene involved in DNA
mismatch repair is Mlh1.26 Noteworthily, the unchanged
level of Rb and Mlh1 and the increase of S phase revealed
that Rb has no significant role in DNA repair under acidic
conditions and did not try to hinder cells to enter into the
S-phase cycle in spite of DNA damage. Therefore, some S

FIGURE 4 PI cell cycle flow-cytometry. A, Cell cycle of fibroblasts treated with acidic media for 48 hours. B, S-phase cell cycle showed
arrested S phase in fibroblasts treated with acidic media for 48 hours compared with the normal media. C, The level of different phases of cell cycle
in fibroblasts treated with acidic and normal media. The less percent of G1-phase and higher percent of S-phase cell cycle has been shown in
fibroblasts treated with acidic media compared with normal media. D, The level of tumour suppressive and DNA repair genes in fibroblasts treated
with acidic media. The level of Rb and Mlh1 unchanged while the levels of P53 and Klf4 significantly decreased. L929 (A) means fibroblasts in
acidic media, L929 (N) means fibroblasts in normal pH media (* means P < .05, *** means P < .001). PI, propidium iodide
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phase checkpoints are involved in inhibiting the entering of cells
towards G2 and mitotic phases eventually due to DNA breakage.

It seems that DNA synthesis under the non-permissive
process leads to DNA damage and thereby triggers DNA-
damage response (DDR) and death.27 However, Trp53 plays
a critical role in DDR as well. Entering S phase without a
mitogenic signal leads to apoptosis (Bax/Bcl2 ratio)27 as
seen in our study. Bcl2 and Bax are two genes involved in
cell survival and death, respectively. Our data showed that
acidic medium not only led to a decrease of cell survival
through Bcl2 downregulation but also led to cell death
through the enhancement of Bax upregulation.

Interestingly, DNA damage, S-phase arrest, and
decreased cell viability were in concomitant with P53 and
Klf4 downregulation. These findings were controversy

because of the fact that both of these genes must increase in
face to DNA damage to diminish cell cycle progression.
Notably, P53 and Klf4 collaterally work together to control
G1/S checkpoint progression,28 and in our study both genes
collaterally decreased. Zhou et al revealed that the level of
apoptosis induced by DNA damage has an inverse correla-
tion with the level of Klf4, and in the case of cytostatic
DNA damage, it changes the function of P53 from cell repair
towards cell death. They believed that the decrease in the
level of Klf4 is due to the increase in the mRNA turnover
caused by the dissociation from Hur as a stabilising agent.29

We also showed that the level of Klf4 had an inverse rela-
tionship with DNA damage in cells treated with acidic media
and also had a direct correlation with the level of P53, and
these processes promote cells towards cell death.

FIGURE 5 A, Acridine orange staining of fibroblasts treated with acidic media by 24 and 48 hours. B, The quantitative analysis of red-to-
green fluorescence intensity ratio in fibroblasts treated with acidic media. C, Western blotting of Bax and Bcl2 proteins in fibroblasts treated with
acidic media. L929 (A) means fibroblasts in acidic media; L929 (N) means fibroblasts in normal pH media
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It seems that cell mortality derived from acidic media is
in part due to apoptosis. To sum up, it might be said that
acidic medium induces DNA damage, excessive intracellular
ROS production in fibroblasts, and is the reason for the
S-phase cell cycle arrest and apoptosis. An important point
derived from our investigations is related to the dual role of
acidic media in normal and cancer cells. On the other hand,
acidic milieu decreased apoptosis in cancer cells and was
increased in normal fibroblasts.

Besides apoptosis, another cell death mechanism that has
a dual role in survival and mortality is autophagy. Reports
indicated that autophagy is necessary for skin pigmentation
and melanin synthesis. In other words, in the autophagy
disturbance in skin cells, cells undergo ageing, P53
upregulation, and ichthyosis.30 These findings were in good
agreement with our data that showed acidic media enhanced
autophagy and P53 downregulation in fibroblasts. An impor-
tant controversial finding is related to the level of P53 and
apoptosis. It was disclosed that acidic media induced
autophagy in fibroblasts. In correlation with our data,
Tavakol and colleagues showed that acidic media increase
autophagy in cancer cells treated with acidic media.11 They
believed that intracellular ROS production is responsible for
it. The level of autophagy drastically decreases with age that
may lead to diminishing of lifespan.31 Notably, it was indi-
cated that the level of Klf4 has a direct correlation with
autophagy and inverse with ageing.31 Klf4 modulates
autophagy through binding the promoter of SQSTM1.32,33

Therefore, it seems that increase of intracellular ROS pro-
duction, DNA damage, and some other markers more stron-
ger than Klf4 are involved in autophagy in fibroblasts
treated by acidic media.

Noteworthily, it was disclosed that acidic extracellular
pH destabilises focal adhesions34 from one side, helps to
promote wound healing and fibroblast migration, and from
the other side, if the acidic media turn normal cells into
failed reprogramming cells, the altered cells may initiate and
progress cancer. Therefore, if the cells do not turn into can-
cer cells, this process will help them to enhance wound
healing.

The acidic media increase MMP9 as a well-known MMP
for cell migration and invasion.35 The signal transduction
pathway that leads to acidic extracellular-induced MMP9
overexpression is through the activation of phospholipase D
and phosphorylation of p38 and MAPK1/2. Park et al
showed that cell treatment at pHs 6.04-6.48 and 7.64-7.99
leads to MMP-1 and p38 gene expressions and ROS produc-
tion.36 Our data also showed an enhancement of ROS pro-
duction in face to acidic media. The MMP activity gradually
decreases from the non-healing state to the healing state
while its tissue inhibitor, TIMP-1, increases.37,38

Interestingly, the promoter of MMP9 is located into the
NFκB binding site and the acidic pH affects NFκB as well.35

5 | CONCLUSIONS

To sum up, it might be said that acidic medium induces
ROS production and eventually results in NFκB gene over-
expression that is a prominent marker in aging.39,40 More-
over, we previously reported that acidic media can trigger
failed reprogramming in cells and turn cells into cancer cells.
Unpleasant finding was that acidic media decreased Klf4
and TP53 genes: two important genes involved in tumour
suppressor and DNA repair. In other words, cells look like
cancer cells and were prone to tumorigenesis with DNA
damage, S phase arrest, excessive ROS production, and
downregulation of Klf4 and P53. It seems that down-
regulation of Klf4 eventually derived from acidosis-induced
DNA damage leads to induce the cells towards S-phase
arrest and diminish cell proliferation. However, cell owing
to not entering to mitosis undergo cell death including apo-
ptosis and autophagy. These findings can be an important
alarm for scientists who encourage acidic bandage for
wound healing and also describe one of the mechanism
involved in diminishing wound healing in cancer cells.
However, it seems that acidic medium has a positive role in
skin wound healing, our data showed that acidic media
induce abnormal genotype with diminished cell survival in
fibroblasts. Caution should be exercised in wound healing
therapy with acidic media for fibroblasts located inside the
body due to this fact that acidic media decreased the level of
tumour suppressor and DNA repair genes and alter the nor-
mal survival pathways in fibroblasts.
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