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Cardiovascular diseases are the leading cause of death globally and more

than four out of five cases are due to ischemic events. Cardiac fibroblasts

(CF) contribute to normal heart development and function, and produce

the post-ischemic scar. Here, we characterize the biochemical and func-

tional aspects related to CF endurance to ischemia-like conditions. Expres-

sion data mining showed that cultured human CF (HCF) express more

BCL2 than pulmonary and dermal fibroblasts. In addition, gene set enrich-

ment analysis showed overrepresentation of genes involved in the response

to hypoxia and oxidative stress, respiration and Janus kinase (JAK)/Signal

transducer and Activator of Transcription (STAT) signaling pathways in

HCF. BCL2 sustained survival and proliferation of cultured rat CF, which

also had higher respiration capacity and reactive oxygen species (ROS)

production than pulmonary and dermal fibroblasts. This was associated

with higher expression of the electron transport chain (ETC) and antioxi-

dant enzymes. CF had high phosphorylation of JAK2 and its effectors

STAT3 and STAT5, and their inhibition reduced viability and respiration,

impaired ROS control and reduced the expression of BCL2, ETC com-

plexes and antioxidant enzymes. Together, our results identify molecular

and biochemical mechanisms conferring survival advantage to experimental

ischemia in CF and show their control by the JAK2/STAT signaling
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pathway. The presented data point to potential targets for the regulation

of cardiac fibrosis and also open the possibility of a general mechanism by

which somatic cells required to acutely respond to ischemia are constitu-

tively adapted to survive it.

Introduction

Cardiovascular diseases are the leading cause of death

globally with 17.9 million deaths each year, and most

of them are due to an ischemic insult (World Health

Organization). Cardiac fibroblasts (CF) are involved in

many aspects of heart biology including the synthesis,

secretion and remodeling of the extracellular matrix

(ECM) in normal conditions and after an ischemic

insult [1–3]. In addition, CF also influence cardiomyo-

cyte proliferation [4] and contribute to cardiac contrac-

tion by electrical coupling between them [5] and with

cardiomyocytes [6]. Activated CF, called myofibro-

blasts, contribute to the formation and remodeling of

the fibrotic scar as a response to ischemia and hyper-

trophy [7]. Despite the benefit of enhanced ECM depo-

sition after an injury, local or diffuse interstitial

scarring can lead to heart failure over time by hamper-

ing proper ventricular contraction [8] and inducing

arrhythmias [9]. Therefore, the control of the synthesis

and deposition of the fibrotic scar has been the focus

of intense analysis, as reviewed in Refs [10,11].

Cardiac fibroblasts have attracted interest as poten-

tial targets to treat different cardiovascular pathologies

[11]. Identification of the precise cell types originating

myofibroblasts after an injury, and the possible poten-

tial differences in the contribution to ECM secretion

has been challenging [11–14]. In recent years, the num-

ber of CF, their origin and diversity, and their

response to injury have been clarified by the use of

genetic lineage-tracing coupled with the detection of

specific gene expression, and single-cell transcrip-

tomics. Cardiac fibroblasts have mostly an epicardial

embryonic origin [15,16] and have been estimated to

be approximately 13% of the total cells in the adult

mouse heart [17], and 15% in the adult human ventri-

cle [18], although variability due to species and age

cannot be discarded [19]. This resident population of

CFs includes several subpopulations characterized by

the expression of genes related to metabolism and cell

migration in the mouse heart [20] and up to seven dif-

ferent CF populations have been identified by tran-

scriptomics in the human heart [18]. During an injury,

CF become activated to transform into myofibroblasts,

which proliferate and secrete the ECM [21,22]. The

precise types of CF activated during cardiac injury

remain to be fully resolved [20].

Cardiac fibroblast proliferation, migration, transfor-

mation into myofibroblasts and scar production after an

experimental infarct and in pressure-overload-induced

hypertrophy have been characterized using in vivo

experimental models [15,21,23]. In addition, the signal-

ing pathways involved in the response of cardiac cells to

myocardial cell damage has been studied in transgenic

mice permanently lacking key signaling effectors [23,24],

and in cell culture models in vitro, as reviewed by Burke

et al. [25]. Using these approaches, acute activation of

the transforming growth factor-b, phosphoinositide 3-

kinase, G-protein-coupled receptor signaling, calci-

neurin, the JAK/STAT pathways and inflammation

have been identified as important regulators of cardiac

cell survival and fibrosis after an injury [26,27]. How-

ever, the potential existence of biological characteristics

and signaling pathways making fibroblasts particularly

resistant to long periods of oxygen and trophic factor

deprivation has not been previously investigated.

Here, by comparing CF with pulmonary and dermal

fibroblasts, we identify biochemical and functional

aspects specific of CF contributing and associated with

their particularly high resistance to long-lasting

ischemia-like conditions and identify the JAK2/STAT

signaling pathway as a main regulator of these charac-

teristics. In addition to suggest potential molecular tar-

gets to treat heart remodeling, our results open the

possibility that other cell types required to respond

during ischemia are also constitutively endowed to sur-

vive in hypoxic conditions.

Results

Neonatal rat cardiac fibroblasts express high

levels of BCL2 that are required for survival in

normoxia and in experimental ischemia

Rat CFs are resistant to the induction of apoptosis

[28] and survive better than pulmonary fibroblasts

(LF) and dermal fibroblasts (DF) in experimental con-

ditions of 0.2% O2 in Tyrode’s solution, to be identi-

fied as experimental ischemia hereafter (Fig. 1A).
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Higher abundance of BCL2 in CF (Ref. [28] and

Fig. 1B) was involved in their resistance to cell stress-

induced cytochrome c translocation and caspase acti-

vation [28]. Here we show that in addition to high

BCL2 expression, CF also express high BCL2L1 levels

(Fig. 1B) and that BCL2 has a pro-survival role in

experimental ischemia and also sustains survival and

proliferation in CF during normoxia (Fig. 1C), sug-

gesting that high BCL2 expression does not only pro-

tect mitochondrial integrity in CF [28], but also could

be involved in other biological processes influencing

their capacity to proliferate.

Adult human and rat cardiac fibroblasts show a

specific expression program compared with

pulmonary and dermal fibroblasts

Comparison of gene expression sets in cultured adult

human cardiac (HCF), pulmonary (HPF) and dermal

(HDF) fibroblasts obtained from public databases con-

firmed higher expression of BCL2 and BCL2L1 in

HCF, compared with HPF and HDF, at the transcript

level (Fig. 1D; Fig. S1A). In addition, further analysis

revealed that HCF had specific enrichment in gene sets

related to myogenesis and epithelial–mesenchymal tran-

sition (EMT) (Fig. 1E), which mostly involve genes

related with cardiac development and with extra cellular

matrix (ECM) biology, respectively, as well as gene sets

related with angiogenesis, myogenesis, heart biology

and ECM components (Fig. S1B). These results con-

firmed the identity of human fibroblast types and vali-

dated the quality of gene set enrichment analysis

(GSEA). In addition, we also found differential expres-

sion in HCF of gene sets related to apoptosis, reactive

oxygen species (ROS) biology, genes induced during

ischemia and genes related to oxidative phosphorylation

(OxPhos) (Fig. 1E; Figs S1B and S2A). Analysis of pro-

tein expression in adult rat fibroblasts showed higher

expression of BCL2 and BCL2L1, relatively higher level

of the ROS detoxifying enzyme superoxide dismutase-2

(SOD2) and higher abundance of the electron transport

chain (ETC) complex members succinate dehydrogenase

subunit A (SDHA) and cytochrome oxidase (COX)

component COX4I1 in CF compared with PF and DF

(Fig. 1F; Figs S1C and S2B). GSEA showed statistically

significant changes in the OxPhos gene set with both up-

and down-regulated components in HCF at the tran-

script level (Fig. 1E; Fig. S2A). A closer analysis of the

OxPhos gene set showed high variability in the expres-

sion levels of key ETC complex subunits at the tran-

script level in human fibroblasts (Fig. S2C). Despite

inherent limitations, protein and transcript expression

results match with the relevant role of BCL2 in rat

neonatal CF survival and suggested potential differences

among the three types of fibroblasts at the functional

level in ROS detoxification and mitochondrial

respiration.

Rat cardiac fibroblasts express high levels of

both ROS and ROS detoxifying enzymes and

better control experimental ischemia-induced

ROS than other fibroblast types

Reactive oxygen species play relevant physiological

and pathological roles, contributing to the control of

proliferation, differentiation and death in the cardio-

vascular system [29–31]. In addition, ROS production

increases during hypoxia and ischemia/reperfusion (I/

R) [32,33]. Because we found enrichment in genes

involved in ROS biology in HCF compared with other

fibroblast types (Fig. 1E and Fig. S1B), we decided to

investigate the potential differences in ROS biology in

CF. Our data showed that neonatal rat CF have

higher expression of antioxidant enzymes SOD2, cata-

lase and glutathione peroxidase (Fig. 2A) and higher

basal concentration of mitochondrial ROS than PF

and DF (Fig. 2B), but keep ROS abundance more sta-

ble in experimental ischemia than the rest of fibroblast

types, in which ROS increased several folds (Fig. 2B).

In summary, rat CF show high ROS abundance and

better control of ROS levels during ischemia associ-

ated with higher concentration of reduced glutathione

(GSH) in normal conditions (Fig. 2C).

Rat cardiac fibroblasts have higher expression of

ETC complexes II to V and higher respiration rate

than other types of fibroblasts

Mitochondrial ETC activity is one of the most impor-

tant sources of cellular ROS [34]. In addition, we

found altered expression of genes related to oxidative

phosphorylation in HCF (Fig. 1E; Fig. S2A,C) and

adult rat CF (Fig. 1F; Fig. S2B). Therefore, we ana-

lyzed respiration and ETC expression in neonatal rat

CF compared with PF and DF. Analysis of respiration

showed that at a relative [O2] of 21%, CF had higher

oxygen consumption rate (OCR) than PF and DF

(Fig. 3A), with higher routine OCR, higher ATP-

linked respiration, higher reserve respiratory capacity

(RRC) and lower net routine control ratio, which is an

indicator of the efficiency in coupling respiration to

ATP synthesis, than PF and DF (Fig. 3B). Several

parameters were also higher at a relative [O2] of 3%

(Fig. S3A,B), which is closer to the actual tissue oxy-

gen pressure [35,36]. The RRC has been shown to be

due to ETC complex II activity and it is associated
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with improved resistance of cardiomyocytes to I/R

[37]. We found that addition of complex II inhibitor 3-

nitropropionic acid reduced the RRC confirming the

important contribution of complex II to RRC in fibro-

blasts (Fig. S3C,D). Our results also showed that neo-

natal CF express higher levels of ETC complex II, III,

IV and ATP synthase (complex V), yet they have simi-

lar expression of ETC complex I, Cytochrome c and

other mitochondrial membrane and mitochondrial

matrix proteins compared with PF and DF (Fig. 3C

and Fig. S3E). Ubiquinol/Coenzyme Q (CoQ) abun-

dance and redox state was similar in all the fibroblast

types, although there was a tendency of CF to have

more oxidized CoQ9, but not CoQ10 (Fig. 3D). Despite

the differences in the expression of the ETC complexes,

mitochondrial mass was similar in the three fibroblast

types (Fig. 3E). Because BCL2 is highly expressed in

CF and has been reported to regulate respiration under

some conditions [38,39], we sought to determine the

possible role of BCL2 in the regulation of RRC in neo-

natal CF by downregulating its expression. However, in

the conditions tested, reduced Bcl2 expression did not

affect basal OCR nor RRC in CF (Fig. S4A,B). Taken

together, these results showed that CF have higher

ROS abundance associated with higher oxygen con-

sumption, higher expression of ETC complexes-II–V in

a similar amount of mitochondria than other types of

fibroblasts, indicating that these cells have profound

Fig. 2. Rat neonatal CFs have high

expression of antioxidant enzymes and high

basal ROS production yet enhanced ROS

control in experimental ischemia. (A)

Expression of antioxidant enzymes in

cardiac (CF), pulmonary (PF) and dermal

fibroblasts (DF). Individual relative

expression values. N = 3 in duplicates per

fibroblast type. (B) ROS in normoxia and

after 24 h of experimental ischemia referred

to the mean of control CF in the same

experiment. N = 13 in duplicates. (C)

Reduced glutathione quantitation on

samples described in B. Graphs show

individual experimental values, interquartile

ranges, median and min/max. Kruskal–

Wallis test was performed followed by

Dunnett’s or Dunn’s test. Ns, not

significant; *P < 0.05; **P < 0.01;

***P < 0.001 and ****P < 0.0001.

Fig. 1. BCL2-dependent survival to experimental ischemia of CFs compared with pulmonary and dermal fibroblasts and differential expression of

genes related to relevant cellular functions in human and rat fibroblasts. (A) Survival to pO2 of 0.2% in Tyrode’s solution (experimental ischemia) in

neonatal rat cardiac, pulmonary and dermal fibroblasts (CF, PF, DF); mean � SEM, N = 15. (B) Expression of BCL2 and BCL2L1 in neonatal rat

fibroblasts (DLD: dihydrolipoyl dehydrogenase, mitochondrial marker; Vimentin: fibroblast enrichment and loading marker; NB: naphthol blue

membrane staining). (C) Effect of Bcl2 gene silencing in neonatal rat CF survival in normoxia and experimental ischemia. Individual

measurements, mean � SEM, N = 12. (D) Heat map of the expression of BCL2-related genes in cultured adult HCF (N = 4), pulmonary

fibroblasts (HPF; N = 5) and dermal fibroblasts (NHDF; N = 7). (E) GSEA plots from HCF compared with HPF and NHDF. The leading edge of each

gene set, FDR (false discovery rate) and NES (normalized enrichment score) values are displayed. (F) Expression of proteins related to apoptosis,

respiration and ROS control in adult rat cardiac (CF), pulmonary (PF) and dermal (DF) fibroblasts. N = 3. Inter, interaction; MW, molecular weight.

Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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Fig. 3. Rat neonatal CFs have high respiration rate and high expression of ETC complexes. (A) OCR of cultures of neonatal rat cardiac (CF),

pulmonary (PF) and dermal (DF) fibroblasts in basal conditions and in the presence of the complex V inhibitor oligomycin, the uncoupler FCCP and

the complex III inhibitor antimycin A, allowing to calculate the different components contributing to oxygen consumption. Mean � SEM, N = 13 in

duplicates. (B) Routine (basal), ATP-linked and reserve respiration rates as well as NetRoutine Ratio (NRCR), which expresses ADP

phosphorylation-related respiration as a fraction of the electron transfer capacity. (C) Expression of ETC proteins, mitochondrial markers and

vimentin: (fibroblast enrichment and loading marker). Representative blots of N = 5 independent with two independent plates per condition. MW,

molecular weight. Densitometry shown in Fig. S3E. (D) CoQ abundance and redox status; N = 6. (E) MitoSpy mitochondrial probe signal as an

indication of the total mitochondrial content; N = 7. Individual experimental data, means � SD. One-way ANOVA and Bonferroni’s test for multiple

comparisons between fibroblast types against CF was performed. Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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adaptations in terms of mitochondrial biology, respira-

tory capacity and ROS metabolism.

Rat cardiac fibroblasts display a more

fragmented mitochondrial network than

pulmonary or dermal fibroblasts

The expression of ETC complexes, the control of oxygen

consumption and the rate of ROS production is orches-

trated by genes governing mitochondrial dynamics, the

organized process of mitochondrial fusion and fission,

allowing cells to adapt to fluctuating energy demands/

availability and cell stress [40–42]. Therefore, we checked
the expression of several regulators of mitochondrial

dynamics. Optic Atrophy 1 (OPA1) and Dynamin-

related Protein 1 (DRP1) were expressed at similar

amounts in all types of fibroblasts (Fig. 4A). On the con-

trary, expression of Mitofusin 1 (MFN1), and specially,

Mitofusin 2 (MFN2), which are required for mitochon-

drial fusion, was lower in CF (Fig. 4A and Fig. S5). Low

MFN expression was associated with lower expression of

PPARG coactivator 1 alpha (PGC1A), a master regula-

tor of mitochondrial biogenesis [43], which controls

MFN expression [44] (Fig. 4A and Fig. S5). Confocal

microscopy of mitochondria-labeled fibroblasts showed

that rat CF have a more fragmented mitochondrial net-

work than pulmonary and dermal fibroblasts (Fig. 4B).

Mitochondrial network fragmentation has been

associated with several cellular contexts with reduced

ETC activity and low mitochondrial membrane poten-

tial (ΔΨm) [41], yet on the opposite, hormonal activa-

tion of mitochondrial fission in brown adipocytes is

required for enhanced respiration associated with ther-

mogenesis [45]. In CF, we found that in addition to

high ETC activity (Fig. 3A), they had higher ΔΨm

than PF and DF (Fig. 4C) and increased ROS produc-

tion in the presence of rotenone, which inhibits elec-

tron transport from complex I to CoQ (Fig. 4D). This

effect has been found when electrons exit directly from

complex I [42,46,47]. Therefore, our results showed

that improved survival of CF is associated with low

MFN expression and a more fragmented mitochon-

drial network than other fibroblast types. Nevertheless,

CF have higher expression of ETC complexes II–V,
higher respiration rate and RRC, high ΔΨm and high

ROS production and superior control of ROS under

ischemic conditions than other fibroblast types.

Status of the main pro-survival signal

transduction pathways in cardiac fibroblasts

Next, we wanted to identify the signal transduction

pathways involved in the regulation of the functional

and molecular differential characteristics of CF. The

activities of AKT/PKB, and the mitogen-activated pro-

tein kinases (MAPK) ERK1 and ERK2, are involved

in the reperfusion injury salvage kinase (RISK) path-

way [27]. However, our results did not support a rele-

vant role of the RISK pathway in the survival

advantage of CF, compared with PF and DF

(Fig. S6A–C). The potential implication of hypoxia

inducible Factor 1 subunit alpha (HIF1A), nuclear fac-

tor, erythroid 2 like 2 (NF2L2 /NRF2) and RELA/

p65 from the NFKB pathway, was also assessed due

to their pro-survival roles in response to changes in

the oxygen pressure, ROS abundance and ischemia

[48–52]. However, in the conditions tested, expression

and location of key members of these pathways were

not significantly different among the three fibroblast

types (Fig. S6D–G). Therefore, we set to analyze alter-

native signaling pathways differentially enhanced in

CF.

Constitutive activation of STAT3 and STAT5

regulates survival in cardiac fibroblasts and

maintain some of their molecular and functional

characteristics

The transcription factor STAT3 is a key component of

the Survivor Activating Factor Enhancement (SAFE)

pathway, which is involved in cardiomyocyte protec-

tion during ischemia-reperfusion injury [53]. In addi-

tion, STAT3 has been suggested to activate Bcl2

expression [54–59], to stimulate mitochondrial respira-

tion [60–62] and to limit ROS abundance by inducing

Sod2 expression [63,64]. The in silico analysis of gene

expression of human adult fibroblasts showed enrich-

ment in gene sets related to STATs signaling in CF

(Fig. S7). Neonatal CFs had higher p-Tyr705-STAT3

levels than PF and DF, indicating higher activation

(Fig. 5A). We also assessed the abundance of p-

Tyr705-STAT3 and vimentin in adult rat heart and

lung histologic samples. The results showed increased

phosphorylation of STAT3 related to vimentin expres-

sion in the heart compared with the lung (Fig. S8A).

Then, we assessed the effect of STAT3 inhibition in

CF survival in basal and ischemic conditions. We used

Silibinin (SBN), a flavonolignan, which has been

shown to inhibit STAT3 phosphorylation and to ham-

per its binding to DNA [65]. Addition of SBN to the

culture medium decreased p-Tyr705-STAT3 and

STAT3 total protein in a time and dose-dependent

manner in CF (Fig. S8B). The presence of SBN

reduced the survival of CF in normoxia and in experi-

mental ischemia (Fig. 5B), and induced a reduction in

the expression of BCL2L1 and SDHA, and a moderate
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reduction of catalase expression (Fig. 5C). Total

STAT3 protein was reduced after SBN treatment,

probably due to an autoregulation of transcription

that is blocked by SBN. No effects were observed nei-

ther on the control of ROS (Fig. 5D) nor on cellular

respiration at 24 h (Fig. 5E, Fig. S8C) and 48 h of

SBN treatment (Fig. S8D). Interestingly, SBN did not

affect survival/proliferation of PF and DF in normoxia

and only induced a slight decrease of survival in DF

during experimental ischemia in vitro (Fig. S8E). These

results suggested that STAT3 is highly activated in CF

and plays a relevant function in CF survival, but

showed that it is not important for the control of res-

piration and for the expression of BCL2 and SOD2 in

CF, contrary to what has been described in other

models [54,55,57,60,64].

We found enrichment of the STAT5-related gene set

in adult human CF (Fig. S7). In addition, CFs had

higher p-Tyr694-STAT5A levels than PF and DF

(Fig. 6A). Addition of the specific STAT5 inhibitor

Fig. 4. LowMitofusin expression and amore

fragmentedmitochondrial network associate

with higher mitochondrial membrane

potential and ROS production in CFs. (A)

Expression of mitochondrial proteins in

neonatal rat cardiac (CF), pulmonary (PF) and

dermal (DF) fibroblasts.N = 3. Arrow:MFN1-

specific band. Densitometry is shown in

Fig. S5. (B) Immunofluorescence of

mitochondria (DLD, in green), microtubules

(TUBA1A, in red), and nuclei (Hoechst

staining in blue). Scale bar = 20 µm.

Quantitation of individual mitochondria per

cell using IMAGEJ-MINA, mean � SD from 150

cells per fibroblast type,N = 3. (C)

Mitochondrial membrane potential (Dφm)

estimated byMitoProbeTM DilC(5)

fluorescence. Individual values, mean � SD

(N = 9). (D) ROS in control and rotenone

(Rot)-treated cultures.N = 4,Median,

interquartile ranges � min/max. Kruskal–

Wallis and Dunn’s test for pair-wise

comparisons. Ns, not significant; *P < 0.05;

**P < 0.01; ***P < 0.001 and ****P < 0.0001.

Fig. 5. High basal activation of STAT3 in rat CFs determines their survival advantage in experimental ischemia and expression of BCL2L1. (A)

Basal total and phosphorylated STAT3 in neonatal rat cardiac (CF), pulmonary (PF) and dermal (DF) fibroblasts. N = 4. Individual values,

interquartile ranges, median and min/max. Kruskal–Wallis and Dunn’s test against CF. (B) Survival of CF treated with the STAT3 inhibitor Silibinin

(SBN). Survival of pulmonary (PF) and dermal (DF) fibroblasts is included as a reference. Experimental values, mean � SD, N = 5. Two-way

ANOVA and Tukey’s test were performed. Identified are differences against vehicle (DMSO)-treated CF. (C) Protein expression in control (DMSO)

and SBN-treated CF for 24 h. N = 4. Individual values, median, interquartile ranges and min/max. Kruskal–Wallis and Dunnett’s test were

performed. (D) ROS in DMSO-treated cardiac, dermal and pulmonary fibroblasts (CF, PF, DF) and SBN-treated CF in normoxia and 24 h ischemia.

N = 5. Kruskal–Wallis and Dunn’s test. (E) OCR of CF cultures treated with DMSO or SBN 100 µmol�L�1 for 24 h. Components contributing to

OCR are shown in Fig. S8C. Mean � SEM, N = 7. Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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AC-4-130 reduced the survival of CF in normoxia and

in experimental ischemia, to levels of PF and DF

(Fig. 6B), yet did not affect the survival of PF and DF

in normoxia and only slightly affected the DF survival

during experimental ischemia in vitro (Fig. S9A).

STAT5 inhibition reduced the expression of BCL2,

without significantly affecting the expression of the rest

of the proteins assessed (Fig. 6C; Fig. S9B). Addition

of AC-4-130 did not affect respiration nor ROS pro-

duction in CF (Fig. S9C,D). Co-treatment with both

STAT3 and STAT5 inhibitors reduced the CF survival

at levels similar to those attained by the treatment

with a single inhibitor (Fig. 6D) and slightly affected

the viability of PF and DF without achieving statisti-

cal significance, except for ischemic DF (Fig. S9E).

The STATs inhibitor cocktail induced downregulation

of BCL2, and to a lesser extent, BCL2L1 (Fig. 6E;

Fig. S9F), without affecting respiration or ROS pro-

duction (Fig. S9G,H). Together, these results showed

that STAT3 and STAT5 were more active in CF and

were involved in the control of survival and the

expression of pro-survival proteins BCL2 and

BCL2L1. However, they were not relevant regulators

of respiration and ROS production.

JAK2 is constitutively activated and required for

the regulation of survival, ROS production and

respiration in cardiac fibroblasts

The kinase JAK2 is an upstream regulator of STAT3,

STAT5 [66] and other STAT proteins as previously

reviewed [67]. Therefore, we assessed the basal levels

of JAK2 Tyr-1007 phosphorylation in the three fibro-

blast types. Cardiac fibroblasts showed the highest

basal levels of p-JAK2 (Fig. 7A). Treatment with the

JAK2-specific inhibitor Tyrphostin AG490 [68]

induced a reduction in CF survival (Fig. 7B) similar to

that attained by treatments with SBN and AC-4-130,

yet affected only slightly the survival of PF and DF

(Fig. S10A). Interestingly, and contrary to the inhibi-

tion of STAT3 and STAT5, AG490 also reduced CF

respiration (Fig. 7C), specially affecting the reserve

respiration capacity (Fig. S10B). Furthermore, JAK2

inhibition induced an increase in ROS production in

CF (Fig. 7D). These events occurred with a decrease

in the expression of ETC complexes and antioxidant

enzymes, except catalase (Fig. 7E; Fig. S10C).

Together, these results showed that inhibition of

JAK2 nullified almost all the functional traits and

molecular characteristics associated with the survival

advantage of CF, while inhibition of STAT3, STAT5

or combined inhibition of both did so only partially,

suggesting that JAK2 uses additional mechanisms,

besides STAT3 and STAT5, to control most of the

characteristics endowing CF with their specific pro-

survival traits.

Discussion

The present study demonstrates that rat CF have a set

of biochemical and functional characteristics associ-

ated with improved survival during long-lasting

in vitro ischemia-like conditions (oxygen, nutrient and

growth factor deprivation in uncontrolled pH), which

are regulated by high constitutive activation of the

JAK2/STAT signaling pathway. We found that in

addition to high expression of anti-apoptotic BCL2,

CF also express high levels of BCL2L1, ROS detoxify-

ing enzymes and ETC complexes II–V, together with

high ROS production and a better ROS control during

long-term experimental ischemia, high respiration rates

and a more fragmented mitochondrial network than

other fibroblasts. Our results also show that human

CF exhibit a gene expression pattern suggesting that

they are endowed with the differential characteristics

found in rat CF.

Recent contributions have shed light on key aspects

of CF such as their actual abundance [17], functions

[15,69], genetic identity [13], as well as on myofibro-

blast origin and transformation [15], and the cell types

contributing to ECM deposition [21,23]. Together, this

new information highlights the essential role of resi-

dent CF during heart function and healing. The new

data have improved the understanding of the response

Fig. 6. High STAT5 activation in rat CFs contributes to their survival advantage during in vitro experimental ischemia and to high BCL2

expression. (A) Total and phosphorylated STAT5 in neonatal rat cardiac (CF), pulmonary (PF) and dermal (DF) fibroblasts. N = 3. Individual

values, interquartile ranges, median and min/max. Kruskal–Wallis test followed by Dunn’s test against CF. (B) Effect of STAT5 inhibition (AC-

4-130 at 10 µmol�L�1) in survival. PF and DF values are included as a reference (same than in Fig. 5B). Individual values, mean � SD.

N = 10. Two-way ANOVA and Tukey’s test were performed. Shown are differences against vehicle (DMSO)-treated CF. (C) Protein

expression in control CF (DMSO, vehicle) and AC-4-130-treated CF. N = 4. Kruskal–Wallis and Dunnett’s tests were performed.

Densitometry is shown in Fig. S9B. (D) CF survival after inhibition of STAT3 and STAT5 by SBN 100 µmol�L�1 and AC-4-130 10 µmol�L�1.

PF and DF values are same data than in Fig. 5B. N = 10. Individual values, mean � SD. Two-way ANOVA and Tukey’s tests were

performed. (E) Protein expression in control and (SBN+AC)-treated CF, N = 4. Kruskal–Wallis and Dunnett’s tests were performed.

Densitometry is shown in Fig. S9F. Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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of cardiac tissue to stress and could allow the design

of new therapies to control cardiac fibrosis for the

treatment of adverse remodeling. However, there is less

information available about the fundamental biological

characteristics of CF.

Cardiac fibroblasts display specific characteristics

related to mitochondrial organization and

function associated with their improved survival

to ischemia compared with other fibroblasts

We previously found that rat CF express higher levels

of BCL2 than other fibroblast types and that this is

associated with reduced ischemia-induced apoptosis

in vitro [28]. Here, we expand the knowledge about the

relevance of BCL2 in CF showing that its expression

regulates viability of CF in experimental ischemia and

in normal conditions. Then, we addressed the question

whether our findings in rat CF were also true for

human CF. The analysis of gene expression arrays

available in public databases confirmed a trend to

higher expression of BCL2 and BCL2L1 in cultured

human CF compared with other fibroblast types (PF

and DF). In addition, GSEA of the selected human

microarray expression data indicated changes in gene

sets related to EMT, angiogenesis, ROS biology, oxi-

dative phosphorylation and cell signaling in human

CF compared with PF and DF. We decided to assess

some of them in rat CF at the protein and functional

levels, as they had never been shown before and they

could have potential relevance for the understanding

of CF biology and their enhanced survival to ischemia.

Our data showed that CF produce higher basal

levels of mitochondrial ROS than other fibroblasts, yet

kept their concentration better controlled during long-

term ischemia in vitro. This was associated with higher

constitutive expression of the ROS detoxifying

enzymes SOD2, Catalase and GPX1/2. In the myocar-

dium, ROS are involved in the control of cardiomyo-

cyte proliferation [29] and hypertrophy [31,70]. High

but controlled production of ROS in CF could con-

tribute to their physiological and healing functions

rather than to their improved survival, as we show

here that STAT inhibition abrogated CF survival in

experimental ischemia without increasing the produc-

tion of ROS.

Our findings on respiration demonstrate that CF

have higher OCRs compared with other fibroblasts,

even at an oxygen pressure of 3%, which mimics the

one occurring in living tissues [35,36]. This trait had

never been described before in CF and again coincides

with the metabolic characteristics of some solid cancers

adapted to thrive under hypoxic conditions [71]. High

respiration rate and high phosphorylation efficiency in

CF could help them to survive and be metabolically

active at low oxygen pressure during chronic hypoxia/

ischemia and during scar formation after an infarct.

Our results show that ETC complex II function is

required for the reserve or spared respiration, as in

cardiomyocytes [37]. Our data also suggest that meta-

bolic adaptations in CF could foster their survival dur-

ing an acute blood flow shortage without the

requirement of activating any additional mechanisms.

Mitochondrial dynamics contribute to the adapta-

tion of cells to the fluctuation of ambient factors such

as nutrient and oxygen availability [40,41] and are

involved in processes influencing proliferation, differ-

entiation [72], mitophagy and cell death [41,73]. Our

results showed that the mitochondrial network of CF

is more fragmented than that of other fibroblast types,

with more individual mitochondria. This was accom-

panied by a higher respiration rate and Dφm.

Although fragmentation of the mitochondrial network

has been observed in pathological conditions associ-

ated with cell death [40] or accompanied by low oxy-

gen consumption and decreased Dφm [41], this has

been found in experimental models after genetic

manipulation of key genes involved in mitochondrial

dynamics [74] and, therefore, representing more chal-

lenging conditions. At the level found in CF, mito-

chondrial fragmentation is compatible with high

oxygen respiration rate, high Dφm and improved sur-

vival, compared with PF and DF. The fragmented

mitochondrial network was associated with lower

expression of MFNs, MFN1 and MFN2, which are

required for mitochondrial fusion [74], and the

Fig. 7. JAK2 inhibition reverts most of the traits related to survival, respiration and ROS production of CFs. (A) Expression of total and

phosphorylated JAK2 in cultures of neonatal rat cardiac (CF), pulmonary (PF) and dermal (DF) fibroblasts, N = 4. Individual values, interquartile

ranges, median and min/max. Kruskal–Wallis and Dunnett’s test. (B) Survival of CF after JAK2 inhibition by AG490 at 100 µmol�L�1 in

normoxia and experimental ischemia. PF and DF data of Fig. 5B. Mean � SD, N = 10. Two-way ANOVA and Tukey’s test were performed. (C)

OCR of CF cultures treated with DMSO or AG490 100 µmol�L�1 for 24 h. Components contributing to OCR are shown in Fig. S10B.

Mean � SEM, N = 7. (D) ROS in cells treated with AG490 100 µmol�L�1. Individual experimental values, interquartile ranges, median and min/

max, N = 14. Kruskal–Wallis and Dunn’s tests were performed. (E) Protein expression in control and AG460-treated CF. Kruskal–Wallis and

Dunnett’s test; N = 4. Densitometry is shown in Fig. S10C. Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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upstream regulator PGC1A [44], in CF compared with

PF and DF. Low MFN expression could participate in

maintaining the fragmentation of the mitochondrial

network, but also in conferring their increased resis-

tance to cell death, as it has been observed in Mfn2-

deficient MEFs during endoplasmic reticulum stress

[75] and in Mfn2-deficient cardiomyocytes [76,77].

The JAK/STAT signaling pathway is a key

regulator of survival, ROS metabolism and

respiration in cardiac fibroblasts

Our experimental data do not support a relevant role

of the RISK, HIF1A and NRF2 pathways in the main-

tenance of CF characteristics. Increased abundance of

RELA/p65 in the nuclear fraction of CF under basal

and ischemic conditions compared with PF and DF is

suggestive of sustained stimulation of the NFKB path-

way, which has been shown to be induced by ROS [51].

STAT signaling has been shown to be involved in

cardioprotection [53], in the control of NFKB activity

[78], in the induction of Bcl2 expression [54–59], in the

stimulation of mitochondrial respiration [60–62] and in

the inhibition of ROS production by inducing SOD2

expression [63,64]. We found enrichment in the STATs

gene sets in human fibroblasts and high constitutive

activation of JAK2, STAT3 and STAT5 in rat CF.

Treatment of rat CF with inhibitors of the JAK2/

STAT pathway abrogated most of the biochemical

and functional characteristics associated with improved

survival. These findings pinpoint the JAK/STAT path-

way as a potential target for intervening the process of

fibrosis in the heart. In addition, our data show that

STAT3 controls BCL2L1 expression but not BCL2,

and STAT5 controls BCL2 expression but not that of

BCL2L1 in CF and that both STAT proteins contrib-

ute to maintain survival advantage of CF under con-

trol and ischemia-like conditions. Our data also

indicate that high basal ROS production, improved

ROS control during in vitro experimental ischemia and

high respiration are associated with survival advantage

but they are independent events. Finally, we found

that only JAK2-specific inhibition abrogated ROS con-

trol and reduced the respiration. These results suggest

that JAK2 interacts with additional downstream regu-

lators and/or that it directly functions in the nucleus.

In this regard, there are debated evidences of the direct

role of JAK2 in the nucleus [79,80], and also reports

of the interaction of JAK2 with other members of the

STAT family or different adaptor proteins [67]. Com-

pleting the knowledge about the JAK2-dependent sig-

naling in CF could be useful to design improved

treatments against adverse fibrosis in the heart.

Limitations of the present study include that func-

tional analysis have been performed in neonatal rat cells

in vitro, which can differ from adult cells. However, in

an attempt to validate some of the results, we confirmed

the expression changes in adult rat cells, which are

more difficult to obtain and maintain at the required

number to perform functional assays. In addition, our

analysis of STAT3 phosphorylation in adult rat samples

suggested that STAT3 is more activated in the heart

than in the lung when normalized against vimentin sig-

nal. Although rat cells could be significantly different

from human cells, we found changes at the transcrip-

tional level in cultured human adult CFs suggesting that

they are also different from other fibroblast types

regarding the characteristics and the signaling studied

here. In addition, the in vitro nature of the study did

not take into account factors that can influence the out-

come of in vivo by the interaction of CF with additional

cell types and factors, among other differences.

Taken together, the results presented here contribute

relevant information on functions involved in key aspects

of CF biology, such as endurance to experimental ische-

mia, ROS production and respiration, and help to under-

stand the signaling involved in their regulation. We show

that CF have enhanced the expression of anti-apoptotic

proteins BCL2 and BCL2L1, antioxidant enzymes and

ETC complex II–V, higher ROS production and

increased respiration compared with PF and DF, and

demonstrate their regulation through the JAK2/STAT

signal transduction pathway. These data have potential

translational implications for the management of cardiac

remodeling in pathological processes involving fibrosis. In

addition, our results show how a cell type required to

respond to acute ischemia is constitutively adapted to low

oxygen pressure conditions, broadening the potential

impact of the presented findings.

Materials and methods

Cell cultures and treatments

The investigation with experimental animals was approved

by the Experimental Animal Ethic Committee of the Uni-

versity of Lleida and conforms to the Guide for the Care

and Use of Laboratory Animals, 8th Edition, published in

2011 by the US National Institutes of Health and EU-

directive 2021/63/EU and are in compliance with the

ARRIVE guidelines. Rat (Rattus norvegicus) neonatal

fibroblasts were obtained from 3 to 4-day-old Sprague-

Dawley pups (euthanasia was performed by decapitation)

and cultured as previously described [28]. Adult rat fibro-

blasts were obtained from 3- to 4-month-old Sprague-

Dawley rats. Animals were deeply anesthetized in a CO2
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chamber and their hearts quickly removed. Fibroblasts

were maintained in Dulbecco’s Modified Eagle Medium

(DMEM; Gibco; 41965-039) containing 10% FBS (Gibco,

Waltham, MA, USA; 10270098), penicillin/streptomycin

(Gibco; 15140-122), 0.1 mmol�L�1 MEM non-essential

amino acids (Gibco; 11140-035) and 1 mmol�L�1 sodium

pyruvate (Gibco; 11360-39) at 37 °C and 5% CO2 atmo-

sphere. Experimental ischemia-like conditions were

achieved by culturing cells in Tyrode’s solution (NaCl

137 mmol�L�1, KCl 2.7 mmol�L�1, Na2HPO4 8 mmol�L�1,

KH2PO4 1.5 mmol�L�1, CaCl2 0.9 mmol�L�1 and MgCl2
0.5 mmol�L�1) inside a hypoxic chamber (H35 Hypoxysta-

tion; Don Whitley Scientific, Bingley, UK) continuously

monitored for achieving 0.2% O2 and 5% CO2, and incu-

bated at 37 °C for the time periods indicated in the figures.

Silibinin (Sigma, St. Louis, MO, USA; S0417), AC-4-130

(Quimigen, Madrid, Spain; AOB36422-5), and Tyrphostin

AG490 (Sigma; T3434) stock solutions were prepared in

DMSO. Adult fibroblasts were isolated similarly to neona-

tal rats and cultured. Cell survival was quantified using the

Trypan Blue exclusion assay at the end of treatments [81].

In silico gene expression analysis in human

cultured fibroblasts

mRNA relative expression levels of BCL2 family members

in cultured healthy human CFs (HCF; n = 4), pulmonary

fibroblasts (HPF; n = 5) and normal dermal fibroblasts

(NHDF; n = 7) was compared according to GEP public

databases (GSE136039, GSE129164, GSE89715, GSE104618

and GSE108511). These selected data were all generated

with [HTA-2_0] Affymetrix Human Transcriptome Array

2.0. Raw data were normalized to RMA using EXPRESSION

CONSOLE software v1.4.1.46 (Affymetrix, Thermo Fisher Sci-

entific, Waltham, MA, USA). To take into consideration the

batch effect, joined data were normalized using the Limma

package included in Transcriptome Analysis console

(Applied Biosystems, Waltham, MA, USA).

Gene signatures were determined with GSEA version

4.1.0 (Broad Institute, Cambridge, MA, USA) using the

hallmark gene sets, the C2 curated gene sets, the C5 gene

ontology gene sets, the C6 oncogenic signatures (Molecular

Signature Database v7.4). A two-class analysis with 1000

permutations of gene sets and a weighted metric were used.

Expression heatmaps of BCL2 family, myogenesis, EMT,

apoptosis, ROS, ischemia and oxidative phosphorylation

genes were created using MORPHEUS software (https://

software.broadinstitute.org/morpheus/, Broad Institute).

shRNA-induced gene silencing by lentiviral

transduction

Lentiviral-based vectors for RNA interference-mediated

gene silencing were pLKO.1-puro from Sigma-Aldrich, St.

Louis, MO, USA: shRNAs scrambled (SHC001), a cocktail

of shRNAs of Bcl2 [TRCN0000004679 (1),

TRCN0000004680 (2), TRCN0000006261 (3)], of Nfe2l2

[TRCN0000012132 (1), TRCN0000012128 (2),

TRCN0000012129 (3), TRCN0000054659 (4),

TRCN0000054662 (5)]. Lentiviral particles were produced

in Human Embryonic Kidney 293 cells (HEK293T) as pre-

viously described [82,83]. Fibroblasts were transduced with

lentiviral particles for 18 h and then, medium was replaced

to allow the knockdown for 3 days. Silencing efficiency was

checked by western blot in each experiment.

Detection of reactive oxygen species

Reactive oxygen species production was determined by

using the fluorescent probe MitoSOXTM Red (Thermo

Fisher Scientific; M36008), as previously described [31]. Rat

neonatal fibroblasts were washed twice in PBS, trypsinized

and counted using a Neubauer cell chamber. Equal amount

of cells from each population were incubated in PBS con-

taining 2.5 µmol�L�1 MitoSOXTM Red for 10 min in the

dark prior to ROS measurement. The fluorescence of the

cell population is proportional to the levels of intracellular

ROS generated and measured with a BD FACSCanto II

cytometer (Becton Dickinson, Mountain View, CA, USA)

using 488 nm laser excitation and detection with BP 530/30

filter. Fluorescence values varied between days, and there-

fore, before statistical comparisons, the full set of data for

each experiment was normalized to the mean value

obtained the same day for CFs under normoxic conditions

when indicated, Rotenone (Sigma; R8875) was added at

1 lmol�L�1 15 min before the analysis of ROS.

Quantification of GSH levels

GSH levels were determined by using the fluorescent probe

ThiolTrackerTM (ThermoFisher; T10095) following the man-

ufacturer’s instructions. The ThiolTrackerTM signal was nor-

malized to the total protein concentration in the plate (µg).

Determination of mitochondrial abundance and

mitochondrial membrane potential

Abundance of mitochondria was estimated by using the

fluorescent probe MitoSpyTM Green FM (BioLegend, San

Diego, CA, USA; 424805) and the mitochondrial mem-

brane potential was determined using MitoProbeTM DilC1

(5) (ThermoFisher; M34151) following the manufacturer’s

instructions. Briefly, fibroblasts were washed twice in PBS,

trypsinized and counted using Neubauer cell chamber.

Equal amounts of cells from each population were incu-

bated in PBS containing 250 nmol�L�1 MitoSpyTM or

50 nmol�L�1 MitoProbeTM for 30 min in the dark. Next,

cells were washed with PBS and analyzed through flow
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cytometry with BD FACSCanto II cytometer (Becton

Dickinson, Mountain View, CA, USA) using 488 nm laser

excitation and detection with BP 530/30 filter for MitoS-

pyTM, or 633 nm laser excitation and detection with BP

660/20 filter for MitoProbeTM. Fluorescence values varied

between days; therefore, before statistical comparisons, the

full set of data for each experiment was normalized to the

mean value obtained the same day for CFs in normoxic

conditions.

High-resolution respirometry

Mitochondrial respiration of neonatal fibroblasts was deter-

mined by high-resolution respirometry with Oxygraph-2k

(Oroboros Instruments, Innsbruck, Austria) at 37 °C and

pO2 of 21% and 3%. First, calibration of oxygen concen-

tration in the medium at air saturation was performed.

During the calibration, fibroblasts were trypsinized and

counted using Neubauer cell chamber to add equal amount

of cells from each population. Once calibrated, the medium

was aspirated and fibroblasts were transferred to the oxy-

graph chambers at a final density of 400 000 cells/chamber.

When the oxygen flux signal was stable (routine respira-

tion), Oligomycin (2 µg�mL�1) (complex V inhibitor) was

injected until a stable steady-state signal of oxygen flux was

achieved (leak respiration). Afterwards, titration with

FCCP (uncoupler) was injected stepwise (0.5 µmol�L�1 per

injection) until oxygen signal reached a maximal level and

started declining. Then, antimycin A (2.5 µmol�L�1) (com-

plex III inhibitor) was injected to assess the non-

mitochondrial respiration rate, and was subtracted from all

results. All data were recorded using DATLAB software 5.2

(Oroboros Instruments). ATP-linked respiration was calcu-

lated by subtracting the leak respiration from routine respi-

ration. RRC was calculated by subtracting routine

respiration from maximal respiratory capacity. NetRoutine

Ratio (Routine respiration/Leak respiration – Maximal

Capacity) expresses ADP phosphorylation-related respira-

tion as a fraction of the electron transfer capacity. 3-

nitropropionic acid (Sigma-Aldrich; N5636) was added to

the culture medium 1 h before mitochondrial respiration

determination.

Coenzyme-Q quantification

Total CoQ determination was performed in primary fibro-

blasts as previously described [84,85] by adding sodium

dodecyl sulfate (1%) in PBS to cell pellets. One hundred

pmol of CoQ6 was added as internal control to check the

extraction procedure. Ethanol : isopropanol (95 : 5) in a

proportion 2 : 1 was added and mixed again during 1 min.

Organic extraction was performed with hexane. After cen-

trifugation, the upper organic phase was removed, dried,

dissolved in ethanol and injected in duplicate in a Beckman

166-126 HPLC system (Beckman Coulter, Brea, CA, USA)

equipped with a 20 lL loop and a 15-cm Kromasil C-18

column (Sigma-Aldrich). Total levels of CoQ were detected

by an electrochemical detector. For redox ratio between

CoQ reduced/oxidized, cells were homogenized in potas-

sium phosphate buffer. To 91.5 µL of sample, 3.5 µL mer-

captoethanol and 5 µL internal standard were added to

avoid oxidation and control extraction. Determination of

the CoQH2/CoQ was performed using the electrochemical

detector. Data are from seven independent samples of each

fibroblast type.

Protein extraction and western blotting

Protein expression was analyzed in total protein extracts

from cell cultures and subcellular fractions diluted in Tris-

buffered 2% SDS solution at pH 6.8, SDS/PAGE and

western blots were performed as reported [82,83,86]. Pri-

mary antibodies used in this work were: Caspase 3

(#9662S, 1 : 2000), p-Tyr705-STAT3 (#9145, 1 : 2000), p-

Ser473-AKT (#4060, 1 : 1000), p-Ser21/9-GSK3A/B

(#9331, 1 : 1000) from Cell Signaling Technology, Danvers,

MA, USA; Catalase (sc-271803, 1 : 1000), SOD2 (sc-

133134, 1 : 1000), glutathione peroxidase 1/2 (GPX,

sc-133160, 1 : 1000), RELA/p65 (sc-372, 1 : 1000), AKT

(sc-1618, 1 : 1000) from Santa Cruz Biotechnology, Dallas,

TX, USA; Cytochrome c (CYCS, ab110325, 1 : 2000),

dihydrolipoamide dehydrogenase (DLD, ab133551, 1 :

5000), GSK3B (ab18893; 1 : 1000), mitochondrial tran-

scription factor A (TFAM, ab131607, 1 : 1000), Mitofusin-

1 (MFN1, ab126575), Porin (VDAC1, ab15895, 1 : 5000),

STAT3 (ab68153, 1 : 2000), hypoxia-inducible factor 1 sub-

unit alpha (HIF1A, ab179483, 1 : 1000), Vimentin

(ab45939, 1 : 1000), nuclear factor, erythroid 2 like 2

(NF2L2/NRF2, ab137550, 1 : 1000) from Abcam, Cam-

bridge, UK; succinate dehydrogenase subunit alpha

(SDHA, A11142, 1 : 2000), ubiquinol-cytochrome c reduc-

tase core protein 2 (UQCRC2, A11143, 1 : 1000), Cyto-

chrome c oxidase subunit 4 isoform 1 (COX4I1, A21348,

1 : 1000), ATP synthase subunit A (ATP5F1A, A21350,

1 : 1000) from Molecular Probes, Eugene, OR, USA;

BCL2 (610538, 1 : 500), OPA1 (612606, 1 : 1000), DRP1

(611112, 1 : 1000), mitogen-activated protein kinase 1/3

(p41 MAPK ERK2/p44 MAPK, ERK1, 610123, 1 : 1000)

from BD Biosciences, Franklin Lakes, NJ, USA; NADH:

ubiquinone oxidoreductase core subunit S3 (NDUFS3,

459130, 1 : 1000), NADH:ubiquinone oxidoreductase subu-

nit A9 (NDUFA9, 459100, 1 : 1000), mitochondrially

encoded cytochrome c oxidase I (MTCO1/COX1, 459600,

1 : 1000), STAT5A (#13-3600, 1 : 1000), p-Tyr694-

STAT5A (71-6900, 1 : 1000) from Invitrogen, Waltham,

MA, USA; histone H3 (SAB4500352, 1 : 2000), Mitofusin

2 (MFN2, M6319, 1 : 1000) from Sigma-Aldrich; PPARG

coactivator 1 alpha (PGC1A, NBP1-04676, 1 : 1000) from

Novus Biologicals, Littleton, CO, USA; BCL2-like protein

1 (BCLXL/BCL2L1, PA5-21676, 1 : 1000) from Thermo
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Fisher Scientific and p-Thr202/Tyr204-ERK1/2 (675505,

1 : 1000) from BioLegend. Vimentin (fibroblast-specific

protein) was used as loading control. In addition, naphthol

blue (NB) membrane staining was performed to verify

equal loading. Band densities were quantified with IMAGEJ

software (Wayne Rasband, NIH, Kensington, MD, USA).

Subcellular fractionation

Nuclear fraction was obtained with the Nuclei EZ Prep

Nuclei Isolation kit (Sigma-Aldrich; NUC101) following

supplier’s instructions. Loading control for nuclear extracts

was assessed by western blot detection of Histone H3.

RNA extraction, reverse transcription and

quantitative PCR

Total RNA was obtained with the RNeasy Mini Kit (Qia-

gen, Hilden, Germany) following the manufacturer’s

instructions. RNA concentration measurements, reverse

transcription and quantitative real-time PCR were done as

described [82,86]. The following ThermoFisher probes were

used: Bcl2 (Rn99999125_m1) and Nfe2l2 (Nrf2,

Rn00582415_m1). Gapdh (Rn01775763_g1) was used as a

loading control. The number of independent samples and

replicates is specified in the figure legends.

Cell culture immunofluorescence

Cells were cultured on glass coverslips and fixed with 4%

paraformaldehyde (Sigma; P1213) for 20 min at room tem-

perature, washed with PBS, blocked and permeabilized in

PBS containing 5% FBS, 5% Horse serum (Gibco;

26050088) and 0.1% Triton X-100 (Sigma; T8787) before

incubation with primary antibodies overnight at 4 °C and

secondary antibodies for 1 h at RT. Antibodies used were:

dihydrolipoamide dehydrogenase (DLD, ab133551, 1 : 250

from Abcam) and tubulin alpha 1a (TUBA1A, T5168,

1 : 1000 from Sigma-Aldrich). Secondary antibodies were

coupled to Alexa Fluor 488 (Life Technologies, Carlsbad,

CA, USA; A11034) or Alexa Fluor 594 (Life Technologies

A11005). Hoechst 33342 (5 µg�mL�1) (Sigma; B2261) was

included with the secondary antibodies mix to stain nuclei.

Coverslips were mounted on Mowiol (Merck, Kenilworth,

NJ, USA; 475904) and visualized using confocal microscopy

(model FV1000; Olympus, Tokyo, Japan) with oil-immersion

960 magnification objectives. Images were obtained with

Fluoview FV1000 software (Olympus) and mitochondrial dis-

tribution was analyzed using IMAGEJ software.

Tissue immunofluorescence

Freshly dissected hearts and lungs of adult male rats

(n = 2, 10 months) were embedded in O.C.T. cryostat

medium and frozen in isopentane/liquid N2, as previously

mentioned [87] (https://doi.org/10.1113/jphysiol.2009.

186577). Four slices of 7 µm (for myocardial tissue) and

14 µm (for lung tissue) thick sections were cut with a cryo-

stat (Leica CM 3050 S, Wetzlar, USA) and mounted in the

same slide (one slice for each tissue). Samples were fixed

during 10 min in formaldehyde 4% at RT, permeabilized

(10 min incubation with 0.2% Tween 20/PBS at RT) and

exposed to blocking buffer (BB, 5% FBS_0.1% Tween 20/

PBS) for 1 h at RT. Primary immunolabeling was per-

formed overnight at 4 °C with rabbit anti-pSTAT3

(Tyr705; 1 : 100, #9145 Cell Signaling) and anti-vimentin

(1 : 500 in BB, #ab45939; Abcam) antibodies. Secondary

labeling was performed by 1 h incubation at RT with goat

anti-rabbit IgG (H+L, Alexa Fluor 488, #A11008; Invitro-

gen) for p-STAT3 and direct conjugation with Alexa 594

using the ApexTM Antibody labeling kit (#A10474; Invi-

trogen) for vimentin. Cell nuclei were stained with

5 µg�mL�1 Hoescht-33342 (#B2261 Sigma). Single z-planes

(409 objective) were acquired with a spectral confocal

microscope (Zeiss, Jena, Germany; LSM980 Airyscan) and

fluorescence was quantified as mean gray value in

background-subtracted 16-bit images (IMAGEJ).

Statistical analysis

Statistics were performed with GRAPHPAD PRISM (GraphPad

Software, San Diego, CA, USA), unless indicated other-

wise. Two-way analysis of variance (ANOVA) was per-

formed to compare differences in the experimental value

means split in two independent variables (e.g., drug and

ischemia) and for possible interaction, followed by Sidak’s

test to compare means between groups. One-way ANOVA

was used to determine whether experimental value means

were different when comparing three or more groups (e.g.,

between the three fibroblast types), provided that we had a

high number of experimental replicates and/or that Brown–
Forsythe test indicated no differences between standard

deviations (SD). For multiple comparisons in experiments

with low number of replicates in each category due to

experimental constraints, or when experimental values were

very sparse or with different SD, non-parametric Kruskal–
Wallis test was selected, followed by post-hoc Dunn’s test

for pair-wise comparisons between groups or Dunnett’s test

for comparisons versus the control group (e.g., CF). Stu-

dent’s t test and non-parametric Mann–Whitney U test

were performed when comparing means/medians in assays

performed with two experimental groups. The exact statisti-

cal test performed in each experiment is indicated in the

corresponding figure legend. The exact number of experi-

ments, performed in duplicates, is specified in each figure

legend. The P < 0.05 level was selected as the point of

minimal statistical significance in every comparison. Ns,

not significant; *P < 0.05; **P < 0.01; ***P < 0.001 and

****P < 0.0001.
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