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L E T T E R

Similarities between fibroblasts and cardiomyocytes in the 
study of the permeability transition pore

1   |   INTRODUCTION

The investigation of biological processes involved in car-
diovascular diseases and the study of new cardioprotective 
strategies and therapeutic targets in human specimens are 
challenging to date. This is partly due to the almost absent 
availability of control cardiac samples caused by stringent 
ethical guidelines of the interested country and the con-
tinual development of semi-invasive percutaneous proce-
dures, which make it difficult to perform and process the 
cardiac biopsy for experiments on viable myocytes.

Real and attractive alternatives may exist, such as the 
creation of pathological models with immortalised ven-
tricular human myocytes and the direct reprogramming 
of human endogenous cells into cardiomyocytes using in-
duced pluripotent stem cell technology, but these methods 
also include limitations.1

The obstacles to developing an appropriate cell model 
to study a given pathology are not limited to the cardio-
vascular field. Several studies, including mitochondrial 
disorders and neurodegenerative diseases,2-4 have adopted 
alternative and more feasible experimental models, such 
as skin-biopsy-derived fibroblasts, to perform functional 
analyses on a pathological phenotype.

In our previous publication5 to which this short let-
ter refers, we showed a strong and positive correlation 
between the mitochondrial permeability transition pore 
(mPTP) opening measured in fibroblasts from ST-segment 
elevation myocardial infarction (STEMI) patients and 
reperfusion injury (RI) evaluated by cardiac magnetic res-
onance imaging of the same patients. Moreover, we found 
significant intersubject variability in mPTP opening, and 
the patients with hyperresponsive mPTP opening also had 
greater reperfusion damage.5 This was an interesting find-
ing considering the fact that, to the best of our knowledge, 
no data on mPTP and RI in humans are available to date. 
However, the question of how mPTP measured in fibro-
blasts reflects the reperfusion damage of a given patient, 

as well as how mPTP function (or other biological read-
outs) can be assessed directly in patients affected by car-
diac ischaemia–reperfusion (I/R), remains unanswered.

mPTP is a multiprotein complex with channel func-
tion.6-11 It is of great interest in the cardiovascular field 
because it is a key step in cell death during I/R episodes 
(i.e., in MI) in its “open state” and is considered one of 
the main culprits of RI. For these reasons, it constitutes an 
important target for cardioprotection, as already shown in 
cells and animal models.8,12,13

Here, in an effort to explain our findings mentioned 
above, we provide an update on the differences that may 
occur between cardiomyocytes and fibroblasts in the 
analysis of mPTP activity in ischaemic patients. Indeed, 
with this pilot study, we detected negligible differences in 
mPTP function between both cell lines. This study is part 
of a larger project aimed to provide genetic and functional 
information on the mPTP in the RI directly in humans 
and refers to our previous publication.

2   |   PATIENTS AND METHODS

2.1  |  Study population

Simultaneous evaluation of the mPTP in CaRdiOmyocytes 
and FibroblasTs in patients undergoing cardiac surgery 
(CROFT) was a single-centre, investigator-driven, pro-
spective study conducted at the cardiac surgery unit 
of Maria Cecilia Hospital of Cotignola, Ravenna, Italy. 
The trial was performed according to the Declaration 
of Helsinki and approved by the local ethics committee 
(Comitato Etico Area Vasta Emilia Romagna). Patients 
with a surgical indication for cardiac revascularisation or 
heart valve surgery, >18 years old, and with documented 
coronary artery disease upon coronary artery angiog-
raphy were enrolled. The exclusion criteria were as fol-
lows: refused informed consent, contraindication to statin 
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therapy, known haemorrhagic disease, known disease of 
the mitochondria, neoplasia treated <5 years ago, chemo-
therapy <5 years ago, life expectancy <1 year, suspected 
neoplasia, use of oral contraceptives, pregnancy or breast 
feeding. All enrolled patients underwent a skin biopsy to 
obtain a fibroblast culture and myocardial biopsy to ob-
tain atrial cardiomyocyte cultures. As a basic research 
pilot study, sample size calculation was not feasible.14 
Considering similar studies, we enrolled 20 patients in 
whom the twofold biopsy (skin fibroblasts and atrial car-
diomyocytes) was performed.

2.2  |  Skin biopsy and fibroblast 
extraction protocol

Patients undergoing coronary artery bypass graft needed 
the packaging of one or more saphenous or autologous 
mammary bypasses. Thus, a skin biopsy was performed at 
the site of the autologous saphenous bypass or at the level 
of the thoracic skin incision. The skin tissue was collected 
with a clamp and introduced into a sterile container pre-
filled with an adequate quantity of preservative solution. 
Fibroblasts were isolated from the epidermis, dermis and 
hypodermis. After the surgical intervention, the cutane-
ous biopsy tissue was stored overnight in HBSS containing 
3% penicillin–streptomycin (PS) and 1% amphotericin B. 
After being washed and minced into smaller pieces, the 
tissues were arranged in 25-cm2 flasks covered by a thin 
layer of FBS. Then, for the following 10 days, every day, 
500 µl of DMEM with 50% FBS was added to the culture. 
After approximately 15  days, fibroblasts were removed 
from the biopsy samples and trypsinised and amplified for 
experiments.

2.3  |  Myocardial biopsy and 
cardiomyocyte extraction protocol

A single tissue sample was collected at the level of the 
auricula where the tobacco pouch was made for venous 
cannulation. The tissue was collected with a clamp and 
introduced into a sterile container prefilled with an ad-
equate quantity of preservative solution. Cardiomyocytes 
were isolated from the myocardium. The procedure was 
performed in accordance with standard procedures widely 
described in the literature.15 Briefly, within 20 min after 
myocardial biopsy, atrial appendages were digested using 
a two-step protocol involving first 30  min of protease 
XXIV followed by 60 min of collagenase II digestion in a 
buffer with low calcium at 37°C and continuously oxygen-
ated. The digestion product was filtered with a 300-μm 

nylon mesh and carefully centrifuged at 100 g for 5 min. 
Cells were counted and seeded on 24-mm glass coverslips, 
and a laminin coating was applied on these coverslips to 
promote cell attachment. All experiments, from sample 
collection to cell attachment on the coverslips, were per-
formed within 6 h.

2.4  |  Evaluation of mPTP opening

As mPTP opening leads to the loss of the proton gradi-
ent across mitochondrial membranes, it can be meas-
ured with tetramethylrhodamine methyl ester (TMRM), 
a chemical, cationic and cell-permeable dye that accu-
mulates in the mitochondrial matrix. The opening of the 
mPTP triggers the efflux of TMRM from the organelle in a 
short time, resulting in a progressive decrease in fluores-
cence intensity (Figure 1A). This change in fluorescence, 
in addition to the basal TMRM intensity loaded by the 
cell at resting conditions, can be monitored and recorded 
with confocal microscopy to obtain kinetics (Figure 1A). 
These data were analysed considering the slope (excel 
function) of the kinetics from the time of the stimulus 
administration until the end of the live imaging. In de-
tail, cells were loaded with 20 nM TMRM for 30 min at 
37°C; once on the microscope, TMRM basal intensity was 
first acquired at resting conditions for 30 s. Then, mPTP 
opening was stimulated by Ca2+ (10 nM ionomycin)- and 
oxidative stress (500  μM H2O2)-dependent conditions 
in living cardiomyocytes and fibroblasts (Figure  1A). 
TMRM assay was sensitive to mPTP-dependent stimuli 
as its fluorescence decreased after their addition, but also 
to Cyclosporin A (CsA), as the cells pretreated with the 
mPTP inhibitor and then stimulated with Ca2+ overload 
and pro-oxidants did not experience TMRM fluorescence 
decrease in the same extend of the first case (Figure 1A). 
Imaging was performed with a Nikon Eclipse Ti confo-
cal microscope with a 40 ×/0.60 SPlanFluor objective. On 
average, 15 cardiomyocytes and 40 fibroblasts per patient 
were evaluated.

2.5  |  Statistical analysis

The Shapiro–Wilk test was used to check data for normal-
ity. The results are shown as the median ± range. Statistical 
significance was investigated by the Mann–Whitney test 
for two-group comparisons and by the Kruskal–Wallis 
test for comparisons of more than two groups. A Bland–
Altman plot was used to analyse the agreement between 
two different measures. A correlation analysis was per-
formed by applying the Spearman rank test.
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3   |   RESULTS

3.1  |  mPTP opening varies among 
patients

The CROFT study initially involved 20 patients under-
going cardiac surgery. In these samples, we performed 
mPTP functional analysis by analysing the mitochondrial 
membrane potential under Ca2+-  and oxidative stress-
dependent conditions, as previously described and shown 
in Figure  1A. Indeed, it was impossible to perform the 
more direct calcein–cobalt assay in myocytes due to the 
toxicity of the CoCl2 reagent needed for the test or longer 
protocols due to the short viability of cells after extraction. 
Samples from 4 out of 20 enrolled patients were used to set 
experimental conditions; thus, they were excluded from 

the study. In the remaining 16 patients (Table 1), by meas-
uring mPTP opening in both fibroblasts and myocytes, we 
reported a significant intersubject variability of the chan-
nel (p < 0.0001 for myocytes and p < 0.0001 for fibroblasts) 
(Figure 1B). This finding confirmed the results obtained 
in5 and supported the hypothesis that this functional dif-
ference may have a pathological implication.

3.2  |  mPTP opening in fibroblasts 
correlates with myocytes

Although the values obtained from patient ID11 dif-
fer significantly between myocytes and fibroblasts and 
considering that different cellular types can have dif-
ferent sensitivities to either Ca2+-  or ROS-dependent 

F I G U R E  1   Main findings from the CROFT clinical study. (A) Set-up of the experiments in which TMRM probe is shown to be sensitive 
to mPTP stimuli and CsA pretreatment in the evaluation of mPTP opening. In the upper panel, images and kinetics of mPTP opening in 
cardiomyocytes with (w/) and without (w/o) CsA; in the bottom panel, images and kinetics of mPTP opening in fibroblasts in the same 
conditions. (B) mPTP activity measured with the TMRM probe in both myocytes (red) and fibroblasts (blue) from the same patient. (C) 
Bland–Altman test: bias =0.15; 95% limits of agreement =dotted lines; Y axis =difference between measures; X axis =average of mPTP 
measures. (D) Graph showing the correlation (Spearman's r index) between mPTP measured in both myocytes (X axis) and fibroblasts 
(Y axis) for each patient in the CROFT study. (E) Stratification of mPTP function measured in myocytes (Y axis) according to the median 
fibroblast mPTP value
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stimuli, overall, the analysis of the agreement between 
both measures confirms that they are interchangeable. 
Indeed, the Bland–Altman test (Figure  1C) yielded a 
bias = 0.15 and a narrow range of 95% limits of agree-
ment (dotted lines), and all values fell within that limit, 
suggesting that the differences between mPTP open-
ing in myocytes and fibroblasts are close to 0. In addi-
tion, the recorded values showed a positive correlation 
(Spearman's r = 0.61, p = 0.01) (Figure 1D). Overall, as 
shown in Figure 1E, patients with lower mPTP activity 
recorded in fibroblasts (mPTP of fibroblasts below the 
median value) also had lower mPTP activity in myocytes 
than other patients. Taken together, these data high-
lighted fibroblasts from skin biopsies as a feasible model 
for obtaining crucial information on mPTP function in 
cardiovascular diseases where cardiac biopsies cannot 
be collected (i.e., MI).

4   |   DISCUSSION

Obtaining and processing heart samples for experimental 
research are challenging, even considering the continual 
development of semi-invasive percutaneous procedures 
in the treatment of I/R-based pathologies. In vitro models 
to study the molecular mechanisms of human cardiac dis-
eases exist, but they include several limitations. Moreover, 
clinical studies involving both basic and translational 
research lines are still scarce.16  Thus, it is necessary 
to explore additional routes to investigate the molecu-
lar pathways behind the phenotype, as was done in the 
past by several research groups in other fields. The most 
widespread, already used for mitochondrial disorders or 
neurodegenerative pathologies where human specimens 
are rare or impossible to be taken, is skin biopsy-derived 
fibroblasts.2-4

T A B L E  1   Table containing statistics and information on the 16 patients enrolled in the CROFT study

(A) Variable Summary statistics Patient population N = 16

Age (years) Mean ± SD; Median (min-max) 64.8 ± 13.1; 67(33–83)

Male sex N (%) 12 (75%)

Body mass index (kg/m2) Mean ± SD; Median (min-max) 27.8 ± 5.6; 26.2 (19.6–39.5)

Extracardiac arteriopathy N (%) 1 (6%)

Sinus rhythm N (%) 15 (88%)

Urgent indication N (%) 5 (29%)

Aetiology:

Mitral/Aortic valve disease N (%) 9 (53%)

Coronary artery disease N (%) 5 (29%)

Valvular and ascending aorta N (%) 2 (12%)

Valvular and coronary disease N (%) 1 (6%)

Family history of cardiovascular disease N (%) 6 (35%)

Hypertension N (%) 12 (71%)

Diabetes mellitus N (%) 4 (23%)

Smoker N (%) 3 (18%)

COPD N (%) 1 (6%)

Renal failure N (%) 2 (12%)

Cerebrovascular accident N (%) 2 (12%)

Leukocyte Mean ± SD; Median (min-max) 6.3 × 109 ± 2; 6.3 × 109 (3.1–10.4)

Creatinine (mg/dl) Mean ± SD; Median (min-max) 1.01 ± 0.33; 0.89 (0.65–1.77)

C-Reactive protein (mg/dl) Mean ± SD; Median (min-max) 0.3 ± 0.2; 0.3 (0–0.7)

Hemoglobin (g/dl) Mean ± SD; Median (min-max) 13.4 ± 1.9; 13.3 (10.5–16.5)

NYHA III - IV N (%) 2 (12%)

Ejection fraction (%) Mean ± SD; Median (min-max) 56.8 ± 10.4; 60 (35–75)

euro SCORE I Mean ± SD; Median (min-max) 4.8 ± 3.5; 5 (0–11)

euro SCORE II Mean ± SD; Median (min-max) 6.2 ± 7.1; 3.98 (0.88–24.9)

Logistic EuroSCORE Mean ± SD; Median (min-max) 3.1 ± 3.9; 1.98 (0.56–15.81)

 13652362, 2022, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eci.13764 by C

ochraneItalia, W
iley O

nline L
ibrary on [13/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  5 of 6MORCIANO et al.

In line with this previous literature and in under-
standing how the function of mPTP activity measured in 
fibroblasts from STEMI patients correlates with RI, we 
analysed the activity of mPTP both in fibroblasts and my-
ocytes in ischaemic patients undergoing cardiac surgery. 
We believe this addendum may provide at least one more 
explanation in support of those findings.

Overall, in the CROFT study, we first confirmed our 
previous results about the significant intersubject vari-
ability of mPTP opening, which further supports the 
hypothesis that this functional difference may have a 
pathological implication in the clinical outcome of those 
patients (such as RI). Second, we detected negligible dif-
ferences in terms of mPTP activity between fibroblasts 
and cardiomyocytes recorded in patients undergoing 
cardiac surgery. Indeed, the trend of variation in mPTP 
activity between fibroblasts and cardiomyocytes among 
patients was positively and significantly correlated. The 
fact that ID11 assumes statistically significant values be-
tween cell lines may on the one hand confirm the fact 
that different cell types sense stimuli in different ways; 
on the other hand, it further validates our data output; 
indeed, although the cohort is small, only one sample 
differed from the overall trend.

Nevertheless, the comparative analyses represented 
by the Bland–Altman test and the correlation analysis 
provide a link between fibroblasts and cardiomyocytes 
in terms of mPTP opening under certain pathological 
conditions.

5   |   LIMITATIONS OF THE STUDY

We are aware that our study contains some limitations. 
The small population size is affected by restrictions due to 
ethical guidelines. Further studies should be conducted to 
broaden the findings of this pilot study. Another limitation 
is the evaluation of mPTP activity using only one assay. 
Unfortunately, the cardiac tissues allowed were small, and 
explanted myocytes were viable only for a few hours after 
cardiac surgery, in agreement with the literature in the 
field. Thus, longer experimental protocols were not appli-
cable, and the more direct assay (calcein–cobalt technique) 
for analysing mPTP was excluded due to the toxicity of the 
CoCl2 reagent.
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