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Abstract
Background: Mitochondrial oxidative phosphorylation (OxPhos) accounts for more than 90% of the cellular ATP 

production, plays the role in reactive oxygen species (ROS) generation and programmed cell death. In addition, it contributes to 
such cellular processes as proliferation, differentiation and cell aging. Currently, several signaling systems are known to participate 
in regulation of OxPhos and activity of cytochrome c-oxidase (CcO), the terminal enzyme of the mitochondrial electron transport 
chain. However, data on mechanisms and key units involved in the signal transduction are still being supplemented. 

Methods: Peritoneal fibroblasts were isolated from the omentum of Wistar rats by fragmenting the dissected tissue and 
disaggregating the fragments in collagenase solution (200 U/ml). The primary culture of fibroblasts was cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 10% Fetal Bovine Serum (FBS), 1% antibiotic/antimycotic at 37°C, 80% RH and 
5% СО2 in Biostation CT, Nikon. To obtain a culture, the fibroblasts were subcultured every 7 days. After the third passage the 
culture was treated with SB203580 at the concentration of 10 μM or with SB203580 in combination with bFGF at the dose of 133 
pg/ml. Cells for immunofluorescent studies were fixed with 70% ethanol and stained with antibodies to CcO subunit I.

Results: When exposed to SB203580 or the combination of SB203580 and bFGF, marked changes were observed in 
the fibroblast culture: in both cases there was intensive collagen destruction; attached fibroblasts rounded and detached from 
the substrate. When exposed to SB203580, non-rounded cells started to vacuolate actively while vacuoles occupied the entire 
cytoplasm. Introduction of the p38 inhibitor into the culture of activated fibroblasts caused a more intensive cell detachment and 
collagen destruction. Moreover, the formation of large conglomerates containing several dozens of cells connected with collagen 
fibers was observed in the areas characterized by the highest cell density. Immunofluorescent staining made it possible to reveal a 
certain increase in the cell area occupied by CcO after fibroblasts exposure to SB203580 and a significant increase in the area of 
the enzyme distribution in the studied cells (more than 5-fold in comparison with the control group) when simultaneously adding  
SB203580 and bFGF. In addition, one-way ANOVA test demonstrated a statistically significant increase in the CcO fluorescent 
staining intensity in both cases. 

Conclusion: The analysis of the results indicates that SB203580, a p38 MAPK inhibitor, influences both peritoneal fibroblast 
morphology and the energy status of the cells under study increasing the amount of CcO, the terminal enzyme of the mitochondrial 
electron transport chain, in the cells, although no cell change to active proliferation or apoptosis was observed. Fibroblast culture 
stimulation by bFGF significantly enhances the effect of SB203580, which implies a greater OxPhos complex expression in case 
of impaired p38 MAPK signaling pathway activation. (International Journal of Biomedicine. 2019;9(4):350-355.)
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Introduction
Under normal physiological conditions mitochondrial 

OxPhos accounts for more than 90% of the cellular ATP 
production in most cells and tissues. Mitochondria are also 
involved in the maintenance of calcium homeostasis, carry 
out critical reaction steps of steroid hormone metabolism, 
pyrimidine synthesis and elimination of ammonia through the 
urea cycle. Moreover, they are considered one of the major 
programmed cell death modulators and the source of reactive 
oxygen species.(1-3) 

That is why mitochondrial dysfunctions caused by 
defective electron transport complexes or by dysfunction of 
separate chain elements are linked to a variety of diseases and 
pathological conditions of the humans, including so-called 
mitochondrial diseases (Alzheimer’s disease and Parkinson’s 
disease), cancer, diabetes, cardiovascular diseases, as well 
as myocardial ischemia/reperfusion.(2) Normally, OxPhos 
regulation also has a great impact on such key processes as cell 
differentiation and cell aging. So, it was shown that formation 
of myofibroblasts is closely linked to metabolism switching 
from OxPhos to glycolysis.(4) Studies conducted on skin-
derived fibroblasts revealed age-related decline in efficiency 
of OxPhos.(5) The role of OxPhos in cell proliferation still 
remains a subject of debate. Along with the data saying that 
OxPhos in actively proliferating cells, both tumor cells and 
non-oncogenic actively proliferating cells (non-transformed 
fibroblasts, lymphocytes, macrophages, thymocytes, endo-
thelial cells and embryonic stem cells)(6,7) is inhibited and 
energy metabolism is carried out by means of glycolysis and 
pentose phosphate pathway even in the presence of oxygen 
(the Warburg effect),(2,8) there are studies demonstrating 
an increase in OxPhos in the cells of certain cancer types 
(including leukaemias, lymphomas, pancreatic ductal adeno-
carcinoma, melanoma and endometrial carcinoma),(9) as 
well as an increase in OxPhos during active proliferation of 
fibroblasts.(7)

Mitochondrial complex IV or CcO is the terminal 
enzyme of the electron transport chain. It catalyzes the 
electron and proton transfer across the membrane to molecular 
oxygen to make H2O. CcO is also one of the three H+ pumps 
(along with complexes I and III) that generate the proton 
gradient across the inner mitochondrial membrane, which 
powers the ATP synthesis.(2, 3) Besides energy function, CcO 
also contributes to ROS generation during oxidative stress, 
although the data about the potential role of this enzyme in 
the process are contradictory. On the one hand, it is known 
that CcO dysfunction or enzyme deficit increases reactive 
oxygen species generation (for example, an increased ROS 
production was observed in the cells with enzyme knock-out 
mRNA). This is explained by the fact that even though CcO 
does not participate directly in ROS generation it can affect 
their generation by consuming the electrons that could have 
been involved in oxygen activation.(10, 11) On the other hand, 
there was a certain volume of evidence published suggesting 
that CcO subunit I can exhibit pro-oxidant properties and 
the hydrogen peroxide sensitivity of cells increases with 
overexpression of CcO subunit I.(12) In addition, under hypoxic 

conditions complex IV can participate in NO production thus 
mediating the impact on NO-dependent signaling pathways.(13)

It is known that both under normal and pathological 
conditions several signaling pathways are involved in 
OxPhos regulation and CcO activity. However, the data 
about the mechanisms and various molecules participating 
in the signal transduction are still being supplemented. The 
molecules affecting CcO activity are the thyroid hormone, 
5-diiodothyronine (T2) that activates the enzyme even in the 
presence of an allosteric ATP inhibitor;(2,3) glucagon that has 
a suppressive effect;(14,15) EGFR, which is, when activated, 
translocated to cytoplasm and localized in the mitochondrial 
membrane where it phosphorylates CcO subunit II, which leads 
to a partial inhibition of its activity and cell transition from 
the aerobic to glycolytic and pentose phosphate pathways;(16) 
Smad4, a negative regulation mediator in TGF-β signaling 
that binds with CcO during apoptosis.(17) CcO is competitively 
inhibited by nitrogen oxide (NO), carbon monoxide (CO), non-
competitively inhibited by hydrogen sulphide (H2S), hydrogen 
cyanide (HCN) and sodium azide (NaN3).

(2,3) Mitochondrial 
complex IV is also a target for cAMP-dependent regulation, 
in addition, increasing cAMP levels in CHO cells led to 
inhibition of CcO activity under hypoxic conditions and in 
case of ischemia/reperfusion;(2,14,15) the enzyme activity is 
also inhibited by TNFα, a pro-inflammatory cytokine, and 
cytochrome P450.(3,18)

The goal of this study was to investigate the impact 
of the p38 MAPK signaling pathway on OxPhos activity of 
peritoneal fibroblasts in culture. 

Materials and Methods
Primary fibroblast culture isolation from the rat omentum 

The experiment for isolation of primary fibroblast 
culture from the omentum of mature Wistar rats (200 g) 
was carried out. Animals were housed in accordance with 
the Good Laboratory Practice (GLP) rules. The experiments 
were performed in accordance with the norms for the humane 
treatment of animals regulated by the International Guidelines 
of the Association for the Assessment and Accreditation of 
Laboratory Animal Care in accordance with the protocol 
approved by the Institutional Animal Care and Use Committee 
of the Irkutsk Scientific Center of Surgery and Traumatology. 
All the operative interventions were conducted aseptically. 
Animals were anesthetized with an intramuscular injection of 
2% rometar at the dose of 0.2 mL/kg. 

The primary culture was obtained by fragmenting the 
dissected omentum and disaggregating the tissue fragments at 
37°C in the solution containing 200 U/ml of collagenase, 2% 
antibiotic/antimycotic (10, 000 U/ml of penicillin, 10,000 µg/
ml of streptomycin and 25 µg/ml of amphotericin B, Gibco) in 
DMEM. Collagenase activity in the suspension was inhibited 
by equal amount of DMEM containing 15% FBS (Sigma-
Aldrich) and 1% antibiotic/antimycotic. Then the cells were 
twice washed in DMEM spiked with 10% FBS, 1% antibiotic/
antimycotic by centrifuging the suspension at 500 G for 5 
minutes. Isolated fibroblasts were cultured in DMEM containing 
10% FBS, 1% antibiotic/antimycotic at 37°C, 80% RH and 5% 
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СО2 in the Biostation CT, Nikon. To obtain a culture, fibroblasts 
were subcultured every 7 days. 

After the third passage the culture was treated with 
SB203580 (4-[5-(4-fluorophenyl)-2-[4-(methylsulfonyl)phenyl]-
1H-imidazol-4-yl]pyridine) at the concentration of 10 μM, bFGF 
at the dose of 133 pg/ml or their combination. The cells that 
were not exposed to the active substances served as controls (an 
appropriate amount of DMEM was added to the culture). 
Immunofluorescence staining

Cells for immunofluorescence studies were fixed with 
70% ethanol and stained with antibodies to CcO (anti-OxPhos 
Complex IV subunit I monoclonal antibody, Invitrogen, Cat. 
ND 0589, Lot 459600) in a dilution of 1:200. Alexa fluor 568 
goat anti-mouse IgG (H+L) (Invitrogen, Cat. NA-11031, Lot 
822389) in a dilution of 1:300 was used as secondary antibody. 
Nuclei were stained with Hoechst (Invitrogen, Cat. NН-3570, 
Lot822389), 1:300.(19,20)

Results
Morphological changes in peritoneal fibroblast culture 

At the first stage of the study, we derived primary 
fibroblast culture from the rat omentum. After 7 days, the 
cells were subcultured to obtain a pure culture, and after three 
passages, the fibroblasts were introduced in the experiment. 

To activate the cells, bFGF at the dose of 133 pg/ml 
was added. 30 minutes after exposure of fibroblast culture 
to bFGF, marked changes were observed (intensive collagen 
destruction, collagen fibers started to grow thinner).  At the 
same time, some rounding of the attached fibroblasts was 
observed, some of them detached from the matrix and moved 
freely in the culture medium. A formation of conglomerates 
containing several dozens of fibroblasts was observed in the 
areas characterized by the highest cell density (Fig. 1 А, 
1B). During the next day, the cell conglomerates thickened, 
producing more compact formations, which, however, 
disintegrated upon mechanical action (when moving the 
culture bottle or adding the medium). 

To block the signaling of the p38 MAPK pathway, cells 
were exposed to SB203580, the mitogen-activated protein 
kinase inhibitor, at the concentration of 10 μM. Both the intact 
culture and the one activated by fibroblast growth factor (133 
pg/ml) were subjected to the exposure. 30 minutes later, marked 
changes were observed in the fibroblast culture: in both cases 
there was intensive collagen destruction, collagen fibers started 
to grow thinner; attached fibroblasts rounded, detached from 
the substrate and moved freely in the culture medium. When 
exposed to SB203580, 2 hours after the substance adding, 
non- rounded cells started to vacuolate actively with vacuoles 
occupying the entire cytoplasm (Figure 1C). Introduction of 
two active substances into the fibroblast culture caused more 
intensive cell detachment and collagen destruction. Moreover, 
the formation of large conglomerates containing several 
dozens of cells connected with collagen fibers was observed 
in the areas characterized by the highest cell density (Figure 
1D). During the next day, the cell conglomerates thickened, 
producing more compact formations, which disintegrated 
upon mechanical action (when moving the culture bottle or 

adding the medium) and broke up into separate cells or smaller 
cell clusters. 

Immunofluorescence studies 
To study the OxPhos activity, cultured cells were fixed 

and stained with antibodies to mitochondrial CcO subunit I on 
Day 3 after exposure to active substances. Nuclei were stained 
with Hoechst. 

Specific color staining of distinctly structured oval-
shaped nuclei was observed in the controls. Mitochondrial 
complex IV was localized pointwise in the cells in direct 
proximity to the nuclei (Figure 2A).

After immunofluorescence staining of fibroblasts 
cultured with bFGF, irregular-shaped nucleus content with 
different Hoechst staining intensity was visualized. At the 
same time, the color of the mitochondrial complex IV in 
fibroblasts was uneven and was absent in most of the cells 
under study (Figure 2B).

After fibroblast cultivation with р38 МАРК inhibitor 
SB203580, the color of the mitochondrial complex IV in 
certain cells became more intense, being localized in the 
entire cell and represented by numerous pointwise formations. 
Nucleus content was characterized by irregular shape and 
indistinct contours and the Hoechst staining intensity was 
different (Figure 2C). 

Fibroblasts exposed to р38 МАРК inhibitor in combi-
nation with bFGF were characterized by even more intense 
CcO staining. In this case, OxPhos fluorescence occupied a 
larger part of the cell volume, partially overlapping the color of 
the nuclei. At the same time, the cell nuclei were characterized 
by a more pale color and less structured content as well as by 
indistinct contours (Figure 2D). 

Fig. 1. Fibroblasts with dense intercellular junction and 
high content of collagen fibers before exposure to bFGF 
(A); Fibroblast conglomerate 30 minutes after exposure to 
bFGF(B); Fibroblast conglomerates 30 minutes after exposure 
to SB203580 (C) and SB203580 in combination with bFGF (D).
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Statistical analysis of the data obtained also confirmed 
a significant increase (more than 5-fold) in the area of the cell 
stained with antibodies to mitochondrial complex IV when 
fibroblasts were exposed to the combination of SB203580 
and bFGF, whereas introducing only the р38 МАРК inhibitor 
into the culture did not significantly increase the area of the 
fluorescently stained enzyme in the cultured cells (Figure 
3). Uneven staining observed in the cells under study and, 
accordingly, a wide interquartile range in the analyzed cell 
groups are associated with heterogeneity of the resulting 
culture (cultured fibroblasts are at different stages of the cell 
cycle).

At the same time one-way analysis of variance showed 
that total fluorescence staining intensity of complex IV is 
significantly greater through exposure to SB203580, both in 
intact cells and in bFGF-activated fibroblasts: 6 and 4 times 
more, respectively. This may suggest that the concentration 
of CcO in mitochondria increases in р38 МАРК inhibitor-
incubated fibroblasts. However, the intracellular distribution 
of these organelles in the cell is quite tight, whereas after 
incubation of bFGF-activated fibroblasts with SB203580, 
there is less increase in the  concentration of the OxPhos 
complex in mitochondria but its intracellular localization 
becomes far more distributed.

Discussion 
MAPKs constitute a protein family relaying signal 

transduction, amplification and integration and thus providing for 
appropriate physiological responses of mammalian cells, such as 
proliferation, differentiation, inflammation and apoptosis.(21-24) 
One of the MAP kinase subfamilies, p38 MAPK, is known to be 
activated under stress conditions caused by ultraviolet radiation, 
heat shock, osmotic stress, lipopolysaccharide, protein synthesis 
inhibitors, pro-inflammatory cytokines (IL-1, TNF-α, etc.), and 
also by certain mitogens realizing the effect through tyrosine 
kinase receptors in particular. In response to the stimulus, p38 
MAPK system can interrupt the cell cycle in the G1/S phase 
during mitotic spindle formation, thus launching one of the 
physiological response scenarios.(25) For example, p38 MAPK 
is known to be involved in the differentiation of adipocytes, 
cardiomyocytes, chondroblasts, erythroblasts, myoblasts and 
neurons.(26)

The association of p38 MAPK with OxPhos level and 
CcO activity in particular, is underexplored, however, there 
is some evidence that genetic knockout of p38 in Purkinje 
neurons suppressed the mitochondrial respiration in male 
mice while increasing CcO expression in female mice.(27) 
Ronda et al. (2010) report on p38 MAPK-mediated effects of 
estradiol on the muscle cells treated with hydrogen peroxide 
indicating that MAPK inhibition leads to inability of the 
hormone to prevent cell damage exerted by oxidative stress, 
while mitochondrial membrane disintegration was determined 
by measuring CcO activity in the cytosol.(28) In addition, the 
study conducted on hepatocarcinoma cells demonstrated a 
positive dependence of CcO subunit IV expression from p38 
MAPK activity.(29)

Our results demonstrate an increase in CcO levels 
during p38 MAPK inhibition, which may indicate that p38 
MAPK negatively regulates the CcO expression in peritoneal 
fibroblasts of adult animals (Figure 2C).

bFGF performs numerous functions in the body, it 
participates in wound repair, stimulates angiogenesis both 
under normal and pathological conditions (carcinogenesis), 
influences vascular tone and blood pressure, participates 
in inflammatory responses, is essential to normal fetal 
development (since it induces embryonic and extra-germ cell 
division and is of great importance for limbs development), 
plays a role in the brain cortex development as well. In addition, 
FGF is one of the cell proliferation and cell death suppression 

Fig. 2. OxPhos fluorescence staining (red color). 
Fibroblast, control group (A), Fibroblasts with bFGF (B), 
SB203580 effect on fibroblasts (C), SB203580 and bFGF 
effect on fibroblasts (D). Hoechst (blue color).
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Fig. 3. One-way analysis of variance (Kruskal-Wallis test) 
of the changes in the area of the cell occupied by CcO in 
the controls and the samples treated with SB203580 as well 
as with the combination of SB203580 and bFGF. A pairwise 
comparison was made using the Wilcoxon test. Median 
values, the 1st and the 3d quartiles are presented. Differences 
are considered statistically significant at P<0.05.
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mediators during carcinogenesis.(30,31) At the cellular level, 
FGF stimulates fibroblast and endothelial cells proliferation, 
promotes migration of endotheliocytes regulating proteolysis 
and adhesion molecule expression.(31,32)

FGF and p38 MAPK interaction has not been well-defined, 
but there is some evidence of these molecules interaction in the 
regulation of the processes associated with cell proliferation and 
differentiation. Thus, Matsumoto et al.(33) investigated the role 
of p38 activation in FGF-2-stimulated angiogenesis: in collagen 
gel cultures, bovine capillary endothelial cells formed tubular 
growth-arrested structures in response to FGF-2, while FGF 
induced more potent MAPK activation. Treatment with the p38 
inhibitor, however, enhanced cell morphogenesis and increased 
cell proliferation.(33) There is also data indicating that fibroblast 
growth factor (at the concentration of 100 ng/ml) affects 
chondrocyte proliferation and differentiation inhibiting cell 
multiplication both in vitro and in vivo, whereas regulation was 
mediated by ERK1/2 and p38 MAPK signaling pathways. In 
this case, the use of MAPK inhibitors prevented FGF-induced 
growth of chondrocytes.(34) In addition, p38 MAPK is essential 
to FGF-induced proliferation of fibroblast-like 3T3 mouse cells.
(35) At the same time, the sustained p38 MAPK activation is 
crucial to FGF-induced cell death in cells of Ewing’s sarcoma 
as compared to transient p38 MAPK activation, which mediates 
FGF-induced cell proliferation.(36)

In the study under discussion, SB203580, a p38 MAPK 
inhibitor, enhanced the effect of the fibroblast growth factor by 
increasing the area occupied by CcO in the cultured fibroblasts. 

In addition to participating in the transduction of signals 
that cause cell proliferation and differentiation, p38 MAPK 
is also a modulator of metalloproteinase synthesis regulation, 
which provide for remodeling of collagen extracellular matrix. 
For example, synthesis and secretion of collagenase-1 (MMP-
1) expressed by several cell types including fibroblasts, 
MMP-3, expressed in lamellar epithelial cells and MMP-9 of 
sarcoma cells depend on the p38 MAPK activity.(37)

In our paper, p38 MAPK inhibition in combination 
with fibroblast growth factor introduction could have caused 
impaired elimination of extracellular collagen, which resulted 
in incomplete collagen utilization by enzymes during cell 
rounding and detachment and the remaining fibrils contributed 
to cell conglomerate formation. 

Thus, the analysis result indicates that p38 MAPK 
activity inhibition influences both fibroblast morphology 
and the energy status of the cells under study increasing the 
amount of CcO, the terminal enzyme of the mitochondrial 
electron transport chain, in the cells, although no cell change 
to active proliferation or apoptosis was observed.
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