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MCJ: A mitochondrial target for cardiac intervention in 
pulmonary hypertension
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Luis Leiva1,2, Aránzazu Pintor Chocano1, Inés García Lunar1,7,10, Ana García- Álvarez1,7,11,  
Pablo Hernansanz- Agustín12, Víctor I. Peinado13,14,15, Joan Albert Barberá14,15,  
Borja Ibañez1,7,16, Jesús Vázquez7,8, Jessica B. Spinelli6,17, Andreas Daiber4,18,  
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Pulmonary hypertension (PH) can affect both pulmonary arterial tree and cardiac function, often leading to right 
heart failure and death. Despite the urgency, the lack of understanding has limited the development of effective 
cardiac therapeutic strategies. Our research reveals that MCJ modulates mitochondrial response to chronic hy-
poxia. MCJ levels elevate under hypoxic conditions, as in lungs of patients affected by COPD, mice exposed to hy-
poxia, and myocardium from pigs subjected to right ventricular (RV) overload. The absence of MCJ preserves RV 
function, safeguarding against both cardiac and lung remodeling induced by chronic hypoxia. Cardiac- specific 
silencing is enough to protect against cardiac dysfunction despite the adverse pulmonary remodeling. Mechanis-
tically, the absence of MCJ triggers a protective preconditioning state mediated by the ROS/mTOR/HIF- 1α axis. As 
a result, it preserves RV systolic function following hypoxia exposure. These discoveries provide a potential ave-
nue to alleviate chronic hypoxia- induced PH, highlighting MCJ as a promising target against this condition.

INTRODUCTION
Pulmonary hypertension (PH), characterized by elevated blood pres-
sure within the pulmonary arteries (PAs), emerges as an important 
concern for patients with chronic lung conditions such as idiopathic 
pulmonary fibrosis, chronic obstructive pulmonary disease (COPD), 
and individuals residing at high altitudes. This association under-
scores a notable risk, as the chronic hypoxic exposure inherent to 
these groups accentuates the likelihood of PH development, as sup-
ported by multiple studies (1–3). These patients exhibit distinct char-
acteristics, including extensive remodeling of the pulmonary vascular 
network and elevated PA pressure, which leads to right ventricular 

(RV) pressure overload (4). While substantial progress has been made 
in understanding and treating PA remodeling and vasoconstriction, 
existing treatments mainly focus on targeting the pulmonary vascular 
tone. However, these therapies only mitigate some symptoms as this 
disease remains without cure, and many patients still succumb to 
heart failure (5, 6). Consequently, it is essential to gain a deeper un-
derstanding of the cardiac molecular mechanisms involved in PH.

Notably, the main cause of morbidity and mortality in patients 
with PH is RV remodeling followed by heart failure. Some evidence 
shows that PH outcome is more faithfully predicted by the capacity of 
the RV to adapt to the pressure overload, shifting the focus of research 
efforts to therapeutic strategies targeting the heart (7). It remains un-
clear whether cardiac tissue senses decreases in O2 availability and 
how this might affect the cardiac outcome in PH (8, 9). Recent studies 
reported a reduction in RV O2 supply during PH, suggesting that car-
diac hypoxic adaptation might be a crucial determinant of PH pro-
gression (10, 11).

Hypoxia triggers molecular adaptive responses within cardiac mi-
tochondria (12). These adaptations aim to optimize energy produc-
tion under limited oxygen conditions to ensure an uninterrupted 
contractile function of the heart. Thus, understanding the interplay 
between mitochondrial function and hypoxic challenges is essential 
to elucidate the mechanistic framework responsible for cardiac resil-
ience and vulnerability.

Methylation- controlled J protein (MCJ; encoded by the nuclear 
gene DNAJC15) is a small, 150–amino acid protein in the inner mito-
chondrial membrane that modulates mitochondrial metabolism by 
regulating complex I (CI) activity and oxidative stress (13–16). MCJ 
expression is primarily regulated through CpG island methylation 
within its promoter (17). In the liver, is suggested to have evolved as a 
regulator of CI function, acting as a brake under challenging meta-
bolic conditions that substantially affect mitochondrial function, 
such as nutrient excess or depletion (15, 16). While MCJ function in 
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regulating these processes is well established (13, 14, 16, 18–21), its 
potential role in modulating mitochondrial responses to low oxygen 
levels, a critical challenge for cardiomyocyte mitochondria, remains 
unexplored.

Our investigation unveils the important role of MCJ in cardio-
myocyte responses to chronic hypoxia. MCJ levels rise under hypoxic 
conditions, such as in human lungs afflicted with COPD, lungs and 
myocardium from mice exposed to hypoxia, and pigs subjected to RV 
pressure overload. Without MCJ, the RV function is preserved, safe-
guarding against both cardiac and lung remodeling caused by chronic 
hypoxia. By exclusively depleting MCJ in cardiomyocytes, we success-
fully dissociate the pulmonary state from the cardiac outcome. Mech-
anistically, the absence of MCJ is associated with increased baseline 
reactive oxygen species (ROS), which triggers the mammalian target 
of rapamycin (mTOR)/hypoxia- inducible factor–1α (HIF- 1α) axis. 
This pathway acts like a protective preconditioning state that con-
serves the RV systolic function after hypoxia exposure. These findings 
provide a potential therapeutic target against the RV systolic dysfunc-
tion derived from PH, suggesting that cellular adaptation to hypoxia 
may protect against the deathly consequences of PH.

RESULTS
MCJ expression in lungs of patients with COPD and 
myocardium of pigs is enhanced after RV pressure overload
To investigate the potential implication of MCJ in hypoxia- related 
diseases, we measured its expression in lung tissue from patients with 
COPD, a condition characterized by alveolar hypoxia (22). We ob-
served a trend for MCJ expression to be positively correlated with 
higher values on the BODE index (body mass index, airflow obstruc-
tion, dyspnea, and exercise capacity), a predictor of the number and 
severity of acute COPD exacerbations (Fig. 1A) (23). Moreover, MCJ 
expression was associated with a low diffusing capacity of the lung for 
carbon monoxide (DLCO) (Fig. 1A). A reduced DLCO is commonly 
indicative of pulmonary vascular disease (24), denoting impaired 
ability of the lungs to transfer gas from inspired air to the blood-
stream. Patients with COPD are at risk of developing PH with RV 
heart failure, which is associated with increased mortality risk (25, 
26). Induction of RV pressure overload in pigs upon surgical restric-
tive banding of the main PA increased MCJ RNA and protein expres-
sion in the RV myocardium (Fig. 1B). Consistent with this finding, 
chronic hypoxia in mice induced an up- regulation of MCJ expression 
in the heart and lung tissues (Fig. 1C). These results support a role of 
MCJ both in the pulmonary bed during PH and in secondary RV in-
volvement after pressure overload.

MCJ depletion confers protection against PH induced by 
chronic hypoxia
To investigate the implication of MCJ in the development of PH and 
associated RV dysfunction induced by chronic hypoxia, we took ad-
vantage of MCJ whole- body knockout (MCJKO) mice (Fig. 1D). Echo-
cardiography detected RV hypertrophy and decreased RV function in 
wild- type (WT) mice in these hypoxic conditions, whereas MCJKO 
mice showed no signs of hypertrophy and preserved their RV func-
tion (Fig.  1, E and F). These findings were further corroborated 
through quantification of RV cross- sectional area and the Fulton in-
dex (fig. S1, A and B). MCJKO mice presented no signs of RV dilation 
or altered left ventricle (LV) geometry under hypoxic conditions 
(fig. S1, C and D). This contrasted with WT mice, where a reduction 

in LV cavity volume was observed, possibly caused by displacement of 
the interventricular septum by the enlarged RV (27). However, as ex-
pected, hypoxia had no impact on LV function in none of the models 
(fig. S1E). These data indicated that MCJKO mice were protected from 
the morphological and functional effects induced by chronic hypoxia.

RV systolic pressure (RVSP), a surrogate of pulmonary arterial pres-
sure, indicated that only WT mice developed PH after chronic hypoxia 
(Fig. 1G). Alveolar hypoxia triggers lung vasculature remodeling, vaso-
constriction, and lung inflammation, which progress to PH (28–32). 
WT mice subjected to chronic hypoxia displayed an augmented density 
of muscularized vessels, characterized by extensive structural alterations 
in the vascular wall and infiltration of macrophages and neutrophils 
within the lungs. Remodeling was absent in MCJKO mice, which also 
showed less inflammation (Fig. 1, H and I). It is important to highlight 
that the baseline infiltration and M1/M2 polarization markers exhibited 
almost no differences between WT and MCJKO lungs (figs. S2, A and B, 
and S3). Moreover, the distinct infiltration patterns between the two 
genotypes might be attributed to slight variations in secretory cytokine 
profiles (fig. S4). In addition, a bone marrow transplantation experiment 
ruled out immune cell involvement in the cardiac phenotype (fig. S5). In 
addition, we found that hypoxia- exposed MCJKO mice had less PA vaso-
constriction than similarly treated WT mice, suggesting a cell- type–spe-
cific role of MCJ in pulmonary vessels (fig.  S6A). MCJ expression is 
higher in endothelial cells (EC) than in vascular smooth muscle cells 
(VSMCs) (fig. S6, B and C), a finding consistent with myography analy-
sis showing that MCJ contributed to the sustained, EC- dependent phase 
of PH (phase II), but not to the acute, VSMC- dependent phase (phase I) 
(fig. S6A) (33, 34). These results indicate that MCJ deficiency specifically 
affects the endothelium, leaving the vascular component unaltered. The 
EC- restricted effect also accounts for the persistence of residual PA vaso-
constriction despite the lack of MCJ reducing the amplitude of the sus-
tained phase of acute hypoxic pulmonary vasoconstriction. Together, 
these results show that lack of MCJ protects against pulmonary and RV 
damage induced by chronic hypoxia.

To extend our findings into a more severe PH context, we com-
bined Sugen 5416 treatment with hypoxia exposure (35). MCJKO mice 
demonstrated preserved RV function, despite developing RV hyper-
trophy and lung vessel remodeling, providing further support for 
MCJ modulation as a promising therapeutic avenue (fig. S7). In sum-
mary, the lack of MCJ protects against pulmonary and RV systolic 
dysfunction induced by chronic hypoxia.

Cardiac- specific modulation of MCJ expression determines 
cardiac function in hypoxia independently of 
lung remodeling
Current treatment strategies for PH target the pulmonary arterial va-
soconstriction yet with limited success. Right heart failure stands as 
the primary cause of death in PH (36), although the lack of under-
standing regarding the mechanisms driving the cardiac malfunction 
has impeded the development of cardiac targeted interventions (36). 
While chronic hypoxia is recognized to trigger metabolic and mito-
chondrial adaptations in cardiac tissue (36–38), translating this knowl-
edge into effective therapies has been hindered. Our data indicate that 
MCJKO mice do not develop PH following hypoxia exposure, display-
ing no pulmonary vascular remodeling and maintaining RV function. 
In consequence, the absence of lung remodeling could account for the 
preservation of cardiac performance. To gain a deeper insight of the 
specific role of MCJ in cardiomyocytes during hypoxia, we carried out 
two targeted experiments.

D
ow

nloaded from
 https://w

w
w

.science.org at C
entro N

acional de Investigaciones C
ardiovasculares on M

arch 11, 2024



Santamans et al., Sci. Adv. 10, eadk6524 (2024)     19 January 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

3 of 17

Vinculin

MCJ

Sham Banding PA
Heart

14
120

C

MCJ mRNA

R
el

at
iv

e 
am

ou
nt

 

MCJ/vinculin

0
0

10

20

30

M
C

J 
ex

pr
es

si
on

r = −0.553
P = 0.0776

0 2 4 6 8 10
0

10

20

30

BODE

M
C

J 
ex

pr
es

si
on

r = 0.588
P = 0.0567

A B

Patients with COPD

Lungs MCJ

20 40 60 80

DLCO_%

BODE 10BODE 5Blank

Pig model 

14

G

W
T 

M
C

JK
O

 

Lungs α-SMA

0

1

2

3

Ve
ss

el
s/

m
m

2

*

WT MCJKO 

Lungs CD68 MRP14 DAPI

MCJ

Nx Hx
WT Heart

GAPDH
14

30

MCJ
120 Vinculin

WT MCJKO

Heart

MCJ

Nx Hx
WT Lungs

b-actin
14
41

Lung

MCJ14
120 Vinculin

WT MCJKO

Right ventricle 
thickness

TAPSE

Density of muscularized 
vessels

RVSP

H
yp

ox
ia

F

WT

MCJKO

D

RVSP
sac

Echos
sac

2 4 0 Weeks

10% O2

WT
MCJKO

Echos

Mouse 
model 

R
el

at
iv

e 
am

ou
nt

 

Sha
m

Ban
din

g P
A

0.0

0.5

1.0

1.5

2.0

MCJ/β-actin

***

0.0

0.5

1.0

1.5

R
el

at
iv

e 
am

ou
nt

P = 0.05

MCJ/GAPDH

E

0.0

0.1

0.2

0.3

0.4

0.5
***

m
m

0.0

0.5

1.0

1.5 *
*

Nx

20

25

30

35

40 *
*

100 um

H

WT
MCJKO

WT
MCJKO

0

500

1000

1500

2000 *

0.0

0.5

1.0

1.5

2.0 *

Sha
m

Ban
din

g P
A

R
el

at
iv

e 
am

ou
nt

Hx
Nx Hx

Nx Hx Nx Hx Nx Hx Nx Hx Nx Hx Nx Hx

m
m

m
m

 H
g

I

Nx Hx Nx Hx

Hypoxia

WT
MCJKO

Heart Lung

Fig. 1. MCJ deficiency protects against hypoxia- induced pulmonary hypertension. (A) Relation between McJ lung expression in patients with cOPd and the BOde index 
(body mass index, airflow obstruction, dyspnea, and exercise capacity) and the diffusing capacity of the lung for carbon monoxide (dlcO) (n = 11). Representative McJ immunos-
taining in lung samples from patients with cOPd with 5 and 10 points on the BOde index. Blank section incubated only with secondary antibody. Scale bars, 250 μm. (B) Swine 
model of chronic Rv overload. McJ protein and RnA levels were assayed by immunoblot and reverse transcription quantitative polymerase chain reaction in cardiac lysates from 
Yucatan pigs with surgical restrictive banding of the main PA (n = 4). (C) Representative immunoblot of cardiac and lung McJ expression in wild- type (Wt) mice maintained in 
normoxia (nx; 21% O2) or exposed to chronic hypoxia (hx; 28 days at 10% O2) (n = 3 to 8). GAPdh, glyceraldehyde- 3- phosphate dehydrogenase. (D) experimental scheme for (e) 
to (i): protocol for the analysis of lung and cardiac function in Wt and McJKO mice exposed to nx or hx. McJ deletion in cardiac and lung lysates from McJKO mice. (E and F) echo-
cardiography of Rv hypertrophy (Rv thickness) and function [tricuspid annular plane systolic excursion (tAPSe)] (n = 18 to 20, N = 3). (G) Right ventricular systolic pressure (RvSP) 
in Wt and McJKO mice (n = 5 to 10, N = 2). (H) Muscularized vessel density in Wt and McJKO lungs (n = 4 to 9, N = 2). Representative images show α–smooth muscle actin (α- SMA) 
immunostaining, amplification of a remodeled vessel in hypoxia. Scale bars, 250 μm, 100 μm (vessel). (I) Macrophages (cd68) and neutrophils (MRP14) infiltration in hypoxic 
mouse lungs. nuclei stained with 4′,6- diamidino- 2- phenylindole (dAPi). Scale bar, 100 μm. n, number of biological samples; N, number of times that the experiment was repeated. 
All data are presented as means ± SeM. Statistical comparison by Pearson correlation analysis (A), two- tailed Student’s t test [(B) and (c)], or two- way analysis of variance (AnOvA) 
with tukey posttest [(e) to (h)]: nonsignificant (nS), *P < 0.05 and ***P < 0.001. Panels (A) to (d) prepared using modified figures from Servier Medical Art (https://smart.servier.
com/), licensed under a creative commons Attribution 3.0 unported license.

D
ow

nloaded from
 https://w

w
w

.science.org at C
entro N

acional de Investigaciones C
ardiovasculares on M

arch 11, 2024

https://smart.servier.com/
https://smart.servier.com/


Santamans et al., Sci. Adv. 10, eadk6524 (2024)     19 January 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

4 of 17

In this context, we explored the potential role of silencing MCJ in 
cardiomyocytes by using an adeno- associated virus (AAV) carrying an 
MCJ- targeting short hairpin RNA (shRNA) under the cardiac troponin 
T (TNT) promoter (AAV- TNT- shMCJ) (Fig. 2, A and B, and fig. S8). 
Silencing MCJ specifically in cardiomyocytes effectively counteracted 
hypoxia- induced RV hypertrophy and dysfunction, despite sustained 
elevation of RVSP and associated pulmonary vascular remodeling 
(Fig. 2, C to E).

Next, we further evaluate the importance of cardiomyocytes in 
shaping cardiac outcome. To achieve cardiomyocyte- specific MCJ ex-
pression in MCJKO mice, we used AAV- overexpressing MCJ under 
the cardiac TNT promoter (MCJKO +  TNT- MCJ) (Fig.  2, F to H). 
Notably, the reintroduction of MCJ specifically in MCJKO cardiomyo-
cytes resulted in RV hypertrophy and impaired cardiac function un-
der hypoxia in contrast to MCJKO + TNT–enhanced green fluorescent 
protein (EGFP), despite the absence of pulmonary vascular remodel-
ing (Fig. 2, I and J).

Together, our results identify a cardiac- specific role of MCJ and 
emphasize that manipulating cardiac MCJ expression could offer a 
relevant approach to rescue RV systolic dysfunction, decoupled from 
pulmonary vessel remodeling, in various PH scenarios.

MCJ deficiency enhances ROS production, promoting 
mTOR activation
Under certain stimuli and in a cell- type–specific manner, MCJ might 
affect ROS production (14, 15, 20, 21). Then, we investigated whether 
the observed cardiac protective effects in the MCJKO animals could be 
attributed to MCJ- mediated modulation of ROS production. Contrary 
to what we expected, MCJKO cardiac mitochondria presented increased 
basal superoxide generation assessed by mitoSOX high- performance 
liquid chromatography (HPLC). Furthermore, despite the heightened 
baseline ROS levels in the heart, these mice did not exhibit the expected 
increase in ROS in response to hypoxia, unlike the WT animals (Fig. 3A 
and fig. S9). Consistently, MitoP/MitoB ratios and quantitative redox 
proteomics corroborated higher ROS production in baseline MCJKO 
hearts (Fig. 3, B and C). Because MCJKO hearts exhibit blunted ROS 
responses to hypoxia, we wondered whether this may contribute to the 
protective phenotype. To this end, we administered the antioxidant, N- 
acetylcysteine (NAC), during 2 weeks before hypoxic exposure, to re-
duce the basal elevation of ROS in MCJKO hearts. The NAC treatment 
was deliberately stopped just before the onset of hypoxic exposure to 
replicate the ROS changes seen in WT animals in MCJKO hearts 
(Fig. 3D). MCJKO mice now displayed the development of RV hypertro-
phy and dysfunction under hypoxia (Fig. 3, E and F, and fig. S10, A to 
C). These results indicated that the increased baseline ROS levels and 
the impaired increase in ROS following hypoxia exposure play a role in 
preserving RV function in MCJKO, despite the pulmonary vascular re-
modeling (Fig. 3, E to H).

To comprehend the molecular mechanism underlying the preser-
vation of the RV function in the MCJKO, we examined ROS- activated 
signaling pathways potentially implicated in cardiac protection. Anal-
ysis of cardiac lysates showed higher baseline activation of the mTOR 
pathway in MCJKO hearts, evident through the phosphorylation of S6, 
p70, and Akt (Fig. 4A). This activation was abrogated by NAC treat-
ment, evidencing the role of ROS in driving mTOR activation (Fig. 4B 
and fig. S10D). We showed that blocking mTOR with rapamycin in-
duced RV dysfunction in MCJKO mice, highlighting the crucial role of 
mTOR in cardiac protection (39). Although, RV hypertrophy and the 
density of muscularized vessels remained unaffected (Fig. 4, C to F).

These findings highlight the importance of ROS as a modulator of 
the mTOR pathway in the MCJKO mice and reveals a potential mech-
anism through which MCJ depletion leads to preservation of the RV 
function under hypoxia- induced stress.

mTOR activation increases HIF- 1α preserving cardiac 
function in MCJKO under chronic hypoxia
mTOR pathway activation in normoxic conditions can stimulate the ex-
pression of HIF- 1α (40, 41), a pivotal transcription factor involved in 
hypoxic stress adaptation (42). Analysis of MCJKO hearts showed that 
HIF- 1α levels and two of its downstream targets, transforming growth 
factor–β (TGF- β) and carbonic anhydrase IX, were already abnormally 
elevated in normoxia (Fig. 5, A and B), while, as expected, HIF- 1α is only 
stabilized under hypoxia in WT hearts (Fig. 5A). Accordingly, cardiac 
metabolomic and its integration with proteomic data showed enrich-
ment of metabolites associated with hypoxia- induced metabolic changes 
in MCJKO hearts, mainly related to altered glucose, nucleotide, and ami-
no acid metabolism (figs. S11 and S12 and tables S1 and S2). Subsequent 
rapamycin treatment reinforced that this effect was mediated by the ac-
tivation of the mTOR pathway under normoxia (Fig. 5C).

HIF- 1α stabilization has been identified as a crucial mediator of 
cardioprotection through ischemic preconditioning (43, 44). This 
prompts us to examine whether high HIF- 1α expression contributes 
to the protection against hypoxia- induced PH in MCJKO mice. We 
used PX- 478 to inhibit the HIF- 1α pathway (45). We observed a no-
table reversal of the phenotype in the MCJKO (Fig. 5, D and E). This 
reversal is characterized by increased RV hypertrophy and dimin-
ished systolic function (Fig.  5, F and G). HIF- 1α inhibition also 
showed a trend to elevate the RVSP, reduced the muscularized vessel 
density, and increased pulmonary inflammation, now showing the 
development of PH in the MCJKO (Fig. 5, H to J).

MCJKO mice exhibit activation of a pseudo- hypoxic baseline signal-
ing, prompting us to explore its implications on the basal cardiac phe-
notype. MCJKO mice displayed an enlarged cross- sectional area of RV 
cardiomyocytes, potentially reflecting heightened mTOR pathway acti-
vation (46–48), while RV thickness and cardiac function remained nor-
mal (fig.  S13, A and B). Further analysis of red blood cells (RBCs) 
indicated elevated mean corpuscular volume, mean corpuscular hemo-
globin, and red cell distribution width in MCJKO mice (fig.  S13C). 
Meanwhile, no inter- genotype disparities were observed in RBC count 
or total hemoglobin. These findings suggest that MCJKO mice have en-
larged erythrocytes with an augmented capacity for hemoglobin and 
oxygen carriage. This observation supports the notion of a baseline 
pseudo- hypoxic state, potentially contributing to enhanced adaptability 
and improved tissue oxygen delivery in hypoxic conditions.

High ROS levels and blockade of HIF- 1α degradation induce heart 
failure and premature death (37, 49–51). We therefore investigated the 
long- term consequences of this signaling in aged MCJKO mice. At 94 
weeks of age, MCJKO mice maintained superior RV function, and sur-
vival did not differ from WT animals, excluding an unfavorable effect 
of sustained elevated ROS or HIF- 1α expression (fig. S13, D and E).

In conclusion, MCJ deficiency leads to a ROS increase, triggering 
the activation of the mTOR/HIF- 1α axis. This sequence of events estab-
lishes a baseline pseudo- hypoxic state, improving adaptability to hy-
poxic challenges and providing protection against hypoxia- induced 
PH. The critical role of HIF- 1α is evident, as inhibiting it effectively re-
verses this protective phenotype. These findings offer valuable insights 
into potential therapeutic strategies for addressing cardiovascular com-
plications associated with chronic hypoxia.
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DISCUSSION
PH stands as a compelling clinical challenge, with detrimental effects 
on both the pulmonary vascular tree and the heart. The pressing need 
to address the cardiovascular consequences of this disease underscores 
the urgency of developing innovative therapeutic strategies. Under-
standing and modulating the response to hypoxia in this context has 

become a crucial focus, as oxygen deprivation not only leads to acute 
events, like stroke and infarction, but also contributes to the progression 
of chronic diseases.

In this study, we discovered that the absence of MCJ leads to preser-
vation of cardiac function and a decrease in pulmonary remodeling 
under conditions of chronic hypoxia, implying a robust defense against 
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PH. Assessment of cardiac molecular cues (HIF- 1α and metabolomic 
profile) and systemic parameters (such as the altered hemogram) sug-
gest that MCJKO mice seem to be in a basal pseudo- hypoxic state. In line 
with this, recent studies showed that chronic hypoxia induces organ- 
level rewiring, with glucose metabolism being mainly affected in car-
diac tissue (52). Our metabolomic and proteomic data in normoxic 
MCJKO mice confirmed this observation. Although, MCJKO mice man-
age to maintain normal cardiac function, indicative of an adaptive phe-
notype. The bone marrow transplant experiment allowed us to rule out 
the immune cell involvement in the observed protection.

MCJ depletion might drive genetic adaptation to chronic hypoxia 
by increasing HIF- 1α expression, thereby triggering defense mecha-
nisms to deal with O2 shortage and initiating cardioprotective pro-
grams (53). HIF- 1α has been shown to be essential for preconditioning 
in ischemia/reperfusion models. While its activation leads to cardio-
protection, HIF- 1α repression, deletion, or inhibition abolished it (44, 
54, 55). However, HIF- 1α accumulation due to impaired degradation 
has been linked to the progression of PH, resulting in heart failure and 
premature death (37). Our results showed no short-  or long- term 
functional consequences of increased cardiac HIF- 1α expression. Un-
like in previous studies, HIF- 1α up- regulation in our system is driven 
by activation of the mTOR pathway, which increases the transcription 
and translation of HIF- 1α without affecting its stability or degradation 
(41, 56, 57). This divergence suggests that the effects of elevated HIF- 
1α content depend on the specific molecular mechanism underlying 
its up- regulation.

Our findings have shed light on an important function of MCJ in 
regulating the ROS/mTOR/HIF- 1α signaling axis. We proposed that 
this signaling cascade plays a pivotal role in MCJKO mice protection 
against hypoxia. Our study used various inhibitors (NAC, rapamycin, 
and PX- 478) to effectively demonstrate the involvement of the ROS/
mTOR and HIF- 1α signaling axis in the protection conferred against 
hypoxia in MCJKO mice.

ROS were historically known for causing extensive oxidative dam-
age, being implicated in aging and in the pathogenesis of several hu-
man diseases. Nowadays, it is clear that, depending on the specific 
threshold levels, their production site, and the cell context, they might 
have a homeostatic role due to their signaling capacity (58, 59). In our 
model, the absence of MCJ results in elevated ROS levels that do not 
further increase under hypoxia, indicating a potential association be-
tween the oxidative burst and the pathogenesis of PH. This concept 
gained further support from the results of NAC treatment. Our results 
revealed that ROS functioned as signaling molecules, triggering the 
mTOR pathway, a phenomenon that has been observed in diverse 
contexts (60–62). Despite the observed cardiac reversal in the RV 
thickness and tricuspid annular plane systolic excursion (TAPSE) 
upon the NAC treatment, the pulmonary vascular remodeling shows 
no change. These results seem to indicate that modulation of ROS lev-
els have the potential to determine the cardiac fate in an independent 
manner of their role in the pulmonary remodeling. These data 
strengthen our findings indicating that modulation of ROS, in this 
case by regulation of MCJ expression, allows separating the cardiac 
from the pulmonary outcomes in hypoxia- induced PH.

While MCJKO mice were resistant to develop PH, PX- 478 resulted in 
PH similar to that in WT mice. Besides, rapamycin or NAC treatments 
only resulted in partial effects, probably due to the wide range of homeo-
static signaling and cellular functions that both ROS and mTOR have. 
These findings highlight the importance of HIF- 1α as the mediator of 
preserved cardiac function in the MCJKO. This “preconditioning effect” 

aligns with epidemiological studies showing lower mortality rates for 
coronary heart disease and stroke among human populations living at 
high altitudes (63, 64). In addition, it is consistent with the capacity of 
chronic hypoxia to enhance myocardial tolerance to ischemia and sub-
sequent episodes of acute severe hypoxia (65, 66).

Last, our study shows that specifically targeting MCJ in cardiomyo-
cytes could potentially be a tool against hypoxia- induced RV systolic 
dysfunction despite the associated pulmonary vascular remodeling 
(Fig. 6). Furthermore, whereas current therapies for PH rely on vasodi-
lators, our findings provide a candidate target against PH to rescue the 
cardiac consequences of hypoxia exposure.

MATERIALS AND METHODS
Experimental design
Human COPD samples
Human lung tissue samples were obtained from lung transplant re-
cipients with COPD and with or without PH (67). Control samples 
were obtained from donors undergoing surgical lung resection for 
lung cancer as part of a study of histology in smokers (68). Studies 
were approved by the Ethics Committee of Hospital Clinic, Barcelona, 
Spain, and all patients provided a written informed consent.

Lung tissue samples were collected prospectively and processed af-
ter surgery. Briefly, immediately after resection, fresh 3-  to 4- mm- thick 
lung tissue slices were washed three times (10 min each) in cold 
phosphate- buffered saline (PBS) to distend collapsed areas of paren-
chyma and clean off embedded blood. Paraffin- embedded lung tissue 
blocks were cut into 5- μm sections and processed for immunohisto-
chemistry.
Pig model of chronic RV pressure overload
Chronic RV pressure overload was modeled in castrated male Yucat-
an pigs. The study was approved by the Institutional Animal Research 
Committee and carried out in compliance with the Guide for the Care 
and Use of Laboratory Animals. Before the procedure, animals were 
anesthetized by intramuscular injection of ketamine (20 mg/kg), xyla-
zine (2 mg/kg), and midazolam (0.5 mg/kg), with buprenorphine (0.3 
mg/kg) for analgesia, and the animals were intubated. Briefly, four 
animals weighing 10 to 15 kg (between 3 and 4 months old) under-
went surgical restrictive banding of the main PA using a fabric tape 
tailored at two- thirds of the vessel perimeter and secured with a 2- 0 
silk suture via a small left thoracotomy. For control experiments, a 
sham procedure was performed in four animals via left thoracotomy 
to expose and dissect the PA but omitting banding. Animals were as-
sessed at 1, 5, and 8 months after surgery by right heart catheteriza-
tion and cardiac magnetic resonance to confirm RV pressure overload 
and secondary cardiac adaptation (Table 1) (69, 70). At the comple-
tion of the study (after surgery month 8), animals were euthanized by 
lethal injection of sodium pentobarbital, and hearts were excised for 
further studies.
Mice
Experiments were performed in WT and MCJKO (15) adult male mice 
of 8 to 14 weeks old on the C57BL/6J background. For chronic hy-
poxia experiments, control mice were left in normoxia (21% O2), 
whereas hypoxia- treated mice were located in hypoxic chambers at 
10% O2. Analyzing the RVSP and the cardiac phenotype at the same 
time is unfeasible, so a time point study of the RVSP and echocardiog-
raphy parameters were performed to optimize the hypoxia protocols. 
RVSP is normally studied at 15 days of hypoxia exposure (28 days be-
ing the time point where it reaches a plateau), while echocardiography 
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measurements shown alteration in both the RV thickness and diame-
ter, with a reduction in the function only at 28 days. Thus, all experi-
ments were performed after 28 days of hypoxic exposure except for 
RVSP measurements, which were performed after 15 days. Metabolo-
mic, MitoB/P detection and mitoSOX- HPLC analysis were performed 
in cardiac tissue after 7 days of hypoxic exposure.

NAC administration NAC (Sigma- Aldrich, A9165) was intraperi-
toneally injected (500 mg/kg) to normoxic MCJKO mice for four con-
secutive days and euthanized at day 5. To study the effects of ROS in 
the cardiovascular outcome after the hypoxic treatment, MCJKO mice 
received a daily dose of NAC (500 mg/kg) in drinking water for 2 
weeks, and, after withdrawal of the treatment, they were exposed to 
the chronic hypoxia protocol.

Rapamycin administration For hypoxia experiments including 
rapamycin administration, WT and MCJKO mice were fed a standard 
chow control diet [Mod LabDiet 5LG6 with 421–parts per million 
(PPM) Eudragit] or a chow diet with encapsulated rapamycin. The diet 
was begun 1 week before the hypoxia treatment and was maintained 
throughout the experiment. Two independent experiments were per-
formed, each with n = 5 mice per group.

PX- 478 2HCl administration For experiments with the HIF- 1α in-
hibitor PX- 478 2HCl (Tianpharm, China), the drug was administered 
at 30 mg/kg in drinking water. To achieve HIF- 1α inhibition before the 

beginning of the experiment, administration started 1 week before the 
start of hypoxia exposure and was maintained throughout the exper-
iment until euthanasia.

MitoB administration For MitoB experiments, retro- orbital injec-
tions of 75 nmol of MitoB per mouse were performed. After 30 min, 
mice were euthanized, and cardiac tissue were harvested, flash- frozen 
in liquid nitrogen, and stored at −80°C until samples were ready for 
processing.

Cardiac- specific deletion of MCJ To achieve cardiac- specific 
deletion of MCJ, WT mice at postnatal day 1 received an intra-
venous injection of 2 × 1011 viral particles of pAAV[miR30]- 
cTnT>EGFP:{mDnajc15[shRNA]}:WPRE, against the target sequence 
CAAGCGAGAGGCTAGTCTTATTTAGTGAAGCCACAGATG-
TAAATAAGACTAGCCTCTCGCTTA.

Cardiac- specific overexpression of MCJ To achieve cardiac- specific 
overexpression of MCJ, 4- week MCJKO mice were intravenously in-
jected with 2 × 1011 viral particles with p- AAV- cTNT- mDnajc15- Flag- 
mCherry. For both MCJ deletion and overexpression experiments, 
control mice were injected with virus encoding TNT- GFP luciferase.

Bone marrow transplant For the generation of chimeric mice, re-
cipient mice carrying the differential Ptprca pan leukocyte marker 
(CD45.1) were irradiated with two doses of ionizing radiation (625 
Gray) and then reconstitute the bone marrow using 5 × 106 donor 
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Fig. 6. Cardiac- specific modulation of MCJ is enough to rescue the cardiac function in mice with substantial lung remodeling. lack of McJ results in cardiac activa-
tion of the ROS/mtOR/hiF- 1α pathway acting as a preconditioning for posterior hypoxic insults preventing the development of Ph. in addition, specific silencing of McJ 
in cardiomyocytes is enough to protect from Rv dysfunction. Figure prepared using modified figures from Servier Medical Art (https://smart.servier.com/), licensed under 
a creative commons Attribution 3.0 unported license.

Table 1. Estimated median values for RV systolic pressure and RV hypertrophy for Yucatan pigs subjected to sham or PA banding surgery 
(interquartile range). 

RV systolic pressure  
(mm Hg)

RV hypertrophy  
(g/m2)

Sham 31.5 (9) 14 (5)

PA banding 54.5 (9) 19.9 (3)
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cells from WT or MCJ- KO mice. Mice were treated with an antibiotic 
cocktail containing neomycin (0.15 mg/ml; Sigma- Aldrich, catalog 
no. N1876- 25G), kanamycin (0.15 mg/ml; Sigma- Aldrich, catalog 
no. K4000- 5G), and gentamycin (2 mg/liter; Invitrogen, catalog no. 
157110- 049) in drinking water during the first 4 weeks after irradiation 
and waited other 4 weeks for complete bone marrow reconstitution 
prior experiment.

Sugen 5416 administration Semaxinib/Sugen (SU5416; MedChem 
Express, no. HY- 10374) was prepared fresh at 5 mg/ml in the following 
vehicle: 0.5% (w/v) carboxyl methylcellulose sodium (Sigma- Aldrich, 
C5678; 500 g, low viscosity), 0.4% (v/v) polysorbate 80 (Tween 80; 
Sigma- Aldrich, 59924; 100 gf), and 0.9% (v/v) benzyl alcohol (Sigma- 
Aldrich, 402834; 100 ml). Stir the vehicle components on a warming 
plate until there is a clear viscous solution and then add the Sugen and 
sonicate in waterbath for 15 min. Three subcutaneous injections 
(20 mg/kg each) were administered in total to each animal: the first one 
before the mice entered the hypoxic chamber, and the second and third 
injections were given during the first and second weeks of hypoxia 
exposure. Mice were euthanized after 4 weeks of hypoxia.

RV hypertrophy was assessed by sectioning the heart into RV and 
LV + septum, and the Fulton index was estimated as RV/ (LV + sep-
tum). In all cases, echocardiography was performed before and after 
the hypoxia exposure, and mice were euthanized by cervical disloca-
tion. The survival experiment was performed according to the ethical 
permits, echocardiography was performed at 94 weeks, and mice 
were monitored daily for signs of moribundity and mortality.

All mice were housed under pathogen- free conditions in the ani-
mal care facility at the Centro Nacional de Investigaciones Cardiovas-
culares (CNIC). Sample size was determined using the replacement, 
reduction and refinement (3R) rule to ensure statistical validity and 
significance, diseased or harmed animals were excluded, cages were 
randomly allocated in our animal facility, and animals were randomly 
assigned to different treatment groups. Animals were killed by cervi-
cal dislocation. All animal procedures were approved by the Animal 
Care and Use Committee at CNIC conformed to EU Directive 86/609/
EEC and Recommendation 2007/526/EC regarding the protection of 
animals used for experimental and other scientific purposes, enacted 
under Spanish law 1201/2005. The protocol code is PROEX 215/18.
Hemodynamic measurements
For the measurement of RVSP, mice were anesthetized with medeto-
midine (1 mg/kg) and ketamine (75 mg/kg). RVSP was measured by 
closed- chest insertion of a Venofix A catheter (27 gauge) coupled to a 
pressure transducer (Transpac IV) directly into the right ventricle 
(RV). Hemodynamic data were recorded with a Biopac MP36R Sys-
tem linked to Biopac Aqcknowledge 4.1.0 software. For each mouse, 
mean RVSP was obtained from at least 30 s of continuous and stable 
heartbeat cycles without noise.
Immunoblot
Tissue or mitochondrial extracts were prepared in Triton lysis buffer: 20 
mM tris (pH 7.4), 1% Triton X- 100, 10% glycerol, 137 mM NaCl, 2 mM 
EDTA, 25 mM β- glycerophosphate, 1 mM sodium orthovanadate, 
1 mM phenylmethylsulfonyl fluoride, and aprotinin and leupeptin 
(10 μg/ml). Extracts (12 to 20 μg of protein) were examined by SDS–
polyacrylamide gel electrophoresis. Antibodies against the following 
targets were obtained as indicated: vinculin (Sigma- Aldrich, no. V9131, 
RRID:AB_477629), β- actin (Santa Cruz Biotechnology, no. sc- 47778, 
RRID:AB_626632), glyceraldehyde- 3- phosphate dehydrogenase (Santa 
Cruz Biotechnology, no. sc- 25778, RRID:AB_10167668), HIF- 1α C- 
Term (1:200 to 1:300; Cayman Chemical Company, no. 10006421, 

RRID:AB_409037), carbonic anhydrase IX/CA9 (1:1000; Novus Bio-
logicals, no. NB100- 417, RRID:AB_10003398), and Glut1 (1:500; Mil-
liporeSigma, no. 07- 1401, RRID:AB_1587074). Antibodies against the 
following targets were obtained from Cell Signaling Technologies: 
phospho- Akt S473 (no. 9271, RRID:AB_329825), phospho- Akt T308 
(no. 2965S, RRID:AB_2255933), Akt (no. 9272S, RRID:AB_329827), 
TGF- β (no. 3711S, RRID:AB_2063354), phospho- p70S6 kinase 
Thr389 (no. 9234S, RRID:AB_2269803), p70S6 kinase (no. 9202S, 
RRID:AB_331676), phospho- S6 ribosomal protein Ser240/244 (no. 
5364 s, RRID:AB_10694233), and S6 ribosomal protein (no. 2217S, 
RRID:AB_10694233). The anti- mouse MCJ rabbit polyclonal anti-
body was as previously described (15). All antibodies were used at 
1:1000 dilution unless otherwise specified. After washes, mem-
branes were incubated with an appropriate horseradish peroxidase 
(HRP)–conjugated secondary antibody (GE Healthcare), and sig-
nals were detected using an enhanced chemiluminescent substrate 
(GE Healthcare, RPN2109).
Mouse echocardiography
Transthoracic echocardiography was performed by a blinded expert 
operator using a high- frequency ultrasound system (Vevo 2100, Visu-
alsonics Inc., Canada) with a 30- MHz linear probe. Two- dimensional 
(2D) and M- mode (MM) echography were performed at a frame rate 
above 230 frames/s, and pulse- wave Doppler was acquired with a 
pulse repetition frequency of 40 kHz. Mice were lightly anesthetized 
with 0.5 to 2% isoflurane in 100% oxygen, with the isoflurane delivery 
adjusted to maintain the heart rate at 450 ± 50 beats per minute (bpm) 
and a positive podal reflex. Mice were placed in a supine position on 
a heated platform, and normothermia was maintained with a heat 
lamp and warmed ultrasound gel. Mice were continuously monitored 
with a base apex electrocardiogram. RV systolic function was esti-
mated indirectly from the TAPSE, estimated from maximum lateral 
tricuspid annulus movement obtained from a MM four- chamber api-
cal view. RV thickness was assessed from a rotated short axis view 
optimized to visualize the free RV wall. Short- axis, long- axis, B- mode, 
and 2D MM views were obtained as described (71). These images 
were used to calculate the LV wall thickness (as an average of the 
interventricular septum and the left ventricular posterior wall thick-
nesses) and the left ventricular volume. Cardiac function was estimat-
ed from ejection fraction (EF) values that were obtained from MM 
views by a blinded echocardiography expert. For EF measurements, a 
long-  or short- axis view of the heart was selected to obtain an MM 
registration in a line perpendicular to the left ventricular septum and 
the posterior wall at the level of the mitral chordae tendineae. The 
isovolumetric relaxation time was measured as an indicator of dia-
stolic dysfunction. Images were transferred to a computer and were 
analyzed offline with the Vevo 2100 Workstation software.
Immunostaining
Human lung sections were stained with anti- MCJ antibody (EPR12823) 
(1:50; Abcam, no. ab179820) followed by a biotinylated goat anti- 
rabbit secondary antibody (1:500; Jackson ImmunoResearch Labora-
tories), streptavidin- conjugated avidin–biotin complex (ABC), and 
3,3′- diaminobenzidene conjugated to HRP (Vector Laboratories, cata-
log no. PK- 6100). Immunostained sections were briefly counterstained 
with Nuclear Fast Red hematoxylin (Sigma- Aldrich).

The left lung lobule was inflated with 4% paraformaldehyde (PFA) 
and then further fixed in 4% PFA overnight at 4°C. For inflammation 
analysis, frozen mouse lungs were stained with rat anti- mouse CD68 
purified monoclonal antibody (clone FA- 11; 1:100; Bio- Rad, no. 
MCA1957GA, RRID:AB_324217), anti- S100A9 antibody (MRP14) 
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(2B10) (1/100; Abcam, no. ab105472, RRID:AB_10862594), and 
4′,6- diamidino- 2- phenylindole (DAPI) (Invitrogen).

Lung vasculature remodeling was assessed in paraffin- embedded 
sections by staining with monoclonal HRP- conjugated anti–α–smooth 
muscle actin (SMA) (mouse IgG2a isotype) (1:1000; Sigma- Aldrich, 
no. SAB4200679), which, for commercial reasons, was replaced with 
rabbit monoclonal (SP171) anti–α- SMA antibody (1:200; Abcam, no. 
ab150301) together with EnVision anti- rabbit HRP (Agilent, no. K4003, 
RRID:AB_2630375). Pulmonary vascular remodeling was assessed us-
ing Fiji software to quantify the density (frequency/lung area) of fully 
muscularized vessels (SMA+ and with diameter of <50 μm).

RV and LV cardiomyocyte cross- sectional areas were estimated by 
wheat germ agglutinin (WGA) immunofluorescence, and 8- μm heart 
sections were prepared, washed in PBS, incubated for 2 hours in 
WGA–Alexa Fluor 488 lectin (no. W11261, Invitrogen, Carlsbad, 
California), washed, and mounted in anti- fade reagent. Four images 
(20×) were taken from each heart, and the diameters and areas of 100 
to 200 cross- sectionally oriented myocytes were measured and ana-
lyzed with ImageJ.
Assessment of vascular function by wire myography
Vascular function was assessed as previously reported (72–74). Brief-
ly, animals were euthanized, and lungs were excised, washed, and pre-
served in Krebs- Henseleit solution (KHS) (115 mM NaCl, 2.5 mM 
CaCl2, 4.6 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaH-
CO3, 11.1 mM glucose, and 0.01 mM EDTA). PAs were gently cleaned 
of surrounding tissue and cut into ~2- mm- long segments. Artery 
rings were then mounted on two tungsten wires (25- μm diameter) in 
a wire myograph system (620M, Danish Myo Technology A/S, Hin-
nerup, Denmark) and immersed in KHS at 37°C with constant gas-
sing (95% O2 and 5% CO2). Optimal vessel distension was determined 
by normalization using the Laplace equation [tension = (pressure × 
radius)/thickness] to calculate the position at which the tension was 
equivalent to an intraluminal pressure of 25 mmHg (L100) reported 
(72–74); vessels were then set to the optimal tension (physiological 
distension = 0.9 of L100).

After equilibration for 30 min, vasoconstriction was evaluated by 
exposing the rings first to 80 mM KCl and then to 1 μM phenyleph-
rine. Consecutive treatments were separated by extensive washes 
and a stabilization period of at least 30 min.

The effects of acute hypoxia on the PAs were studied under resting 
conditions. To induce hypoxia, the organ chambers were wrapped in 
cling film, and the gas mixture aerating the organ bath was switched 
from 95% O2, 5% CO2 to 95% N2, 5% CO2. This approach generally 
achieved 2 to 3% oxygen saturation (Multiparametric EDGE, HI2040-
 02, Hanna Instruments).
qPCR assessment of inflammation markers
RNA (1 μg) was transcribed to complementary DNA (Applied Bio-
systems, no. 4368814), and reverse transcription quantitative poly-
merase chain reaction (qPCR) was performed using Fast SYBR Green 
probe (Applied Biosystems, no. 4385616) and appropriate primers in 
a 7900 Fast Real Time thermocycler (Applied Biosystems). Primers 
are targeted against mouse sequences (Table 2).
Isolation of lung- infiltrating leukocytes
Mice were perfused with 20 ml of PBS, and the lungs were collected. 
The tissue was dissociated and incubated for 30 min at 37°C with 1 ml 
of digestion medium [Liberase TL of 1 U/ml (Sigma- Aldrich) and de-
oxyribonuclease I of 1.2 U/ml (Sigma- Aldrich) in Hanks’ balanced salt 
solution]. Cell suspension was passed through a 40- μm strainer, and 
the remaining tissue was washed with a syringe plunger adding 1× 

PBS + 2.5 mM EDTA. Samples were centrifuged at 1500 rpm for 5 min, 
and the pellet was resuspended in RBC lysis buffer. The reaction was 
stopped with PEB buffer (1× PBS + 2 mM EDTA + 1% fetal bovine 
serum). Samples were centrifuged at 1500 rpm for 5 min, and pellets 
were resuspended in PEB buffer. Leukocyte fraction was collected and 
stained with anti- CD45 V450 (clone 30- F11, Invitrogen), siglecF AF647 
(clone E50- 2440, BD Pharmingen), anti- CD11c phycoerythrin (PE)/
cyanine 7 (CY7) (clone N418, BioLegend), anti- CD11b BV785 (clone 
M1/70, BioLegend, RRID:AB_396679), anti- Ly6G PE (clone 1A8, BD 
Pharmingen), anti- Ly6C BV510 (clone HK1.4, BioLegend), anti- CD64 
BV605 (clone X54- 5/7.1, BioLegend), and anti- CD206 BV711 (clone 
C068C2, BioLegend). Cells were selected on the basis of size and 
complexity, single cells, and viability (DAPI−, Sigma- Aldrich). Flow 
cytometry experiments were performed with a BD LSRFortessa (BD) 
equipment, and data were analyzed with FlowJo software.
Quantification of mitochondrial superoxide formation in 
isolated mitochondria: mitoSOX + HPLC
Mitochondrial oxidative stress and superoxide was also measured by 
an HPLC- based method to quantify triphenylphosphonium- linked 
2- hydroxyethidium (2- OH–mito- E+) levels as previously described 
(75) and modified from another report (76). Briefly, the hearts from 
normoxic (21% O2) and hypoxic mice (10% O2, 1 week) were homog-
enized in Hepes buffer (50 mM Hepes, 70 mM sucrose, 220 mM man-
nitol, 1 mM EGTA, and 0.033 mM bovine serum albumin) and 
centrifuged at 1500g (10 min at 4°C) and 2000g for 5 min (the pellets 
were discarded). The supernatant was then centrifuged at 20,000g for 
20 min, and the pellet was resuspended in 1 ml of Hepes buffer. The 
latter step was repeated, and the pellet was resuspended in 1 ml of tris 
buffer (10 mM tris, 340 mM sucrose, 100 mM KCl, and 1 mM EDTA) 
and kept on ice. Mitochondrial suspensions were diluted to a final 
protein concentration of 0.1 mg/ml in 0.5 ml of PBS buffer containing 
mitoSOX (5 μM) and incubated for 15 min at 37°C. After the incuba-
tion step, water:acetonitrile (1:1) was added to destroy the mitochon-
drial membrane and extract the mitoSOX oxidation products, samples 
were centrifuged, and 100 μl of the supernatant was subjected to 
HPLC analysis.

The system consisted of a control unit, two pumps, mixer, detectors, 
column oven, degasser, and an autosampler (AS- 2057 plus with 4°C 
cooling device) from Jasco (Groß- Umstadt, Germany) and a C18- 
Nucleosil 100- 3 (125 × 4) column from Macherey & Nagel (Düren, Ger-
many). A high- pressure gradient was used with acetonitrile and 50 mM 
citrate buffer (pH 2.2) as mobile phases with the following percentages of 
the organic solvent: 0 min, 24%; 9 to 10 min, 24 to 53%; 10 to 25.5 min, 
53 to 72%; 25.5 to 26 min, 72 to 95%; 26 to 30 min, 95%; 30 to 31 min, 95 
to 24%; and 31 to 40 min, 24%. The flow was 0.55 ml/min, and mitoSOX 
was detected by its absorption at 360 nm, whereas 2- OH–mito- E+ and 
mito- E+ were detected by fluorescence (excitation at 500 nm/emission 
at 580 nm). The 2- OH–mito- E+ and mito- E+ standards were synthe-
sized by the Fremy’s salt and chloranil method as described (77). To sup-
press mitochondrial ROS formation, especially superoxide, selected 
samples were coincubated with the cell- permeable superoxide dismutase 
mimetic and peroxynitrite scavenger manganese(III) tetrakis (4- benzoic 
acid)porphyrin chloride (10 μM) or the mitochondria- targeted scaven-
ger of ROS (2- (2,2,6,6- tetramethylpiperidin- 1- oxyl- 4- ylamino)- 2- oxoet
hyl) triphenylphosphonium chloride (10 μM).
Determination of MitoP and MitoB content in cardiac tissue
Metabolite isolation Tissues were flash- frozen and powderized with a 
mortar and pestle in a liquid nitrogen bath. Approximately 10 mg of 
powder was transferred into tubes and resuspended in 1 ml of ice- cold 
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liquid chromatography–mass spectrometry (LC- MS) grade isopro-
panol (Thermo Fisher Scientific). Samples were vortexed for 10 min 
at 4°C. Then, they were centrifuged at 16,000g for 10 min at 4°C. The 
supernatant was transferred to a tube and dried down in a SpeedVac 
to be used for LC- MS analysis. Immediately before LC- MS analysis, 
samples were resuspended in 100 μl of 3:3:1 MeOH:chloroform:water.

Liquid chromatography–mass spectrometry A Qexactive Plus quad-
rupole orbitrap mass spectrometer (Thermo Fisher Scientific) equipped 
with an Ion Max source and a heated- electrospray ionization (HESI II) 
probe coupled to a Vanquish Horizon UHPLC System (Thermo Fisher 
Scientific) was used to perform MitoP:MitoB LC- MS experiments. Be-
fore operation, the instrument underwent mass calibration for positive 

Table 2. Primers sequence. Fw, forward; Rev, reverse.

Primers Sequence

Il- 12b Fw GGAAGcAcGGcAGcAGAAtA

Rev AActtGAGGGAGAAGtAGGAAtGG

IL- 6 Fw tAGtccttcctAccccAAtttcc

Rev ttGGtccttAGccActccttc

Il- 1b Fw GcAActGttcctGAActcAAct

Rev AtcttttGGGGtccGtcAAct

Nos2 Fw GttctcAGcccAAGAAtAcAAGA

Rev GtGGAcGGGtcGAtGtcAc

Tnfa Fw ccctcAcActcAGAtcAtcttct

Rev GctAcGAcGtGGGctAcAG

Il- 10 Fw GctcttActGActGGcAtGAG

Rev cGcAGctctAGGAGcAtGtG

Cxcl1 Fw ctGGGAttcAcctcAAGAAcAtc

Rev cAGGGtcAAGGcAAGcctc

Mip1a Fw ttctctGtAccAtGAcActctGc

Rev cGtGGAAtcttccGGctGtAG

Mip2 Fw ccAAccAccAGGctAcAGG

Rev GcGtcAcActcAAGctctG

CD206 Fw ctctGttcAGctAttGGAcGc

Rev cGGAAtttctGGGAttcAGct

CCl5 Fw cctcAccAtcAtcctcActGcA

Rev tcttctctGGGttGGcAcAcAc

CXCL10 Fw tGctGGGtctGAGtGGGAct

Rev ccctAtGGccctcAttctcAc

CCL22 Fw AcAtccGtcAccctctGcc

Rev tGAGAAAGGctttAAGAActGGG

Clec10a Fw GAccAcctGtAGtGAtGtGGG

Rev GAccAcctGtAGtGAtGtGGG

Il- 4 Fw GGtctcAAcccccAGctAGt

Rev GccGAtGAtctctctcAAGtG

Arg1 Fw ctcAAGccAAAGtccttAGA

Rev AGGAGctGtcAttAGGGAcAt

Mip1a Fw ttctctGtAccAtGAcActctGc

Rev cGtGGAAtcttccGGctGtAG

Vcam Fw AGttGGGGAttcGGttGttct

Rev cccctcAttccttAccAccc

Cxcl12 Fw GctctGcAtcAGtGAcGGtA

Rev AtctGAAGGGcAcAGtttGG

Mip1b Fw ttcctGctGtttctcttAcAc

Rev ctGtctGcctcttttGGtcAG

Ccl20 Fw cGActGttGcctctcGtAcA

Rev GAGGAGGttcAcAGcccttt
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and negative ion mode using Calmix (Thermo Fisher Scientific) every 
7 days. Dried samples were resuspended in enough HPLC- grade water 
to have a final concentration of 1 μg of protein per milliliter of water. 
The resuspended polar metabolite samples (2 μl) were injected onto a 
Supelco Ascentis Express C18 (2.7- μm particle size, 15 cm by 2.1 mm). 
The column oven was held at 25°C, and the autosampler tray was held 
at 4°C. Buffer A contained water with 0.1% formic acid, and Buffer B 
contained acetonitrile with 0.1% formic acid. A linear gradient start-
ing at 20% Buffer B to 95% Buffer B was performed over the span of 
12 min. Then, over the next minute, Buffer B dropped down to 20% and 
remained for an additional 2 min. The mass spectrometer was operated 
in full- scan, positive ion mode, with the spray voltage set to 3.0 kV, the 
heated capillary at 300°C, and the HESI probe at 350°C. The sheath gas 
flow was 30 units, the auxiliary gas flow was 3 units, and the sweep gas 
flow was 3 unit. MS data were collected in a range of mass/charge ratio 
(m/z) = 200 to 500. The resolution was set at 70,000, the AGC target at 
1 × 106, and the maximum injection time at 100 ms.
REDOX proteomics
Quantitative redox proteome analysis was performed following the 
FASILOX technique. Briefly, tissue samples were disrupted in lysis 
buffer [50 mM tris- HCl (pH 8.5) and 2% SDS] containing 50 mM 
iodoacetamide to label free thiols (reduced Cys). Later, reversibly oxi-
dized Cys in proteins were reduced with dithiothreitol and labeled 
with methyl methanethiosulfonate (MMTS), and proteins were di-
gested. The resulting peptides were quantified using multiplexed 
tandem mass tags (TMT) isobaric labeling. Labeled peptides were 
analyzed by LC- MS/MS using a C- 18 reversed- phase nano- column 
coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher 
Scientific) as described (78). For peptide identification, spectra were 
analyzed with Proteome Discoverer (version 2.1.0.81, Thermo Fisher 
Scientific) using SEQUEST- HT. For database searching against the 
UniProt mouse database (September 2018; 53,780 entries), the pa-
rameters were selected as follows: trypsin digestion with two maxi-
mum missed cleavage sites; precursor and fragment mass tolerances 
of 2 and 0.02 Da, respectively; TMT modification at N terminus and 
Lys residues as fixed modifications; and oxidation at Met and carb-
amidomethyl and MMTS adducts at Cys as dynamic modifications. 
Identification of peptides was performed using the probability ratio 
method (79), and the false discovery rate was calculated using invert-
ed databases and the refined method (80), with an additional filtering 
for precursor mass tolerance of 15 ppm (81). For quantitative analysis, 
in- house iSanXoT program allows to quantify the intensity of the re-
porter ions derived from the isobaric labeling of the fragmentation spec-
tra (81) on basis of the weighted spectrum, peptide, and protein (WSPP) 
model as described (78, 82, 83). This model, which allows to quantify 
abundance as a logarithmic ratio, estimates an abundance value for pro-
tein log2 ratios that are expressed as standardized variables, consisting in 
units of SD according to their estimated variances (Zq). Relative abun-
dances of oxidized Cys- containing peptides were expressed as standard-
ized log2 ratios using the Zpq variable as described (83).
Metabolomics (LC- MS)
Metabolite isolation Following procedures were previously described in 
(84). Cardiac tissues were flash- frozen and powderized with a mortar 
and pestle in a liquid nitrogen bath. Approximately 10 mg of powder 
was transferred into tubes and resuspended in 800 μl of ice- cold LC- 
MS–grade 60:40 methanol:water (Thermo Fisher Scientific). Samples 
were vortexed for 10 min at 4°C. Then, 500 μl of ice- cold LC- MS–grade 
chloroform (Thermo Fisher Scientific) was added to the lysate, and 
samples were vortexed for an additional 10 min at 4°C. Samples were 

centrifuged at 16,000g for 10 min at 4°C, creating a polar layer on top, 
a nonpolar layer on the bottom, and a protein layer at the interface. The top 
layer was transferred to a new tube and dried down in a SpeedVac to be 
used for LC- MS analysis. The nonpolar layer was discarded. The protein 
layer was lysed in radioimmunoprecipitation assay buffer [150 mM 
NaCl, 50 mM tris- HCl (pH 7.5), 0.1% SDS, 1% Triton X- 100 (Sigma- 
Aldrich), 0.5% deoxycholate (Sigma- Aldrich), and complete EDTA- 
free protease inhibitor (Sigma- Aldrich)]. Protein in each sample was 
quantified using the Pierce BCA Protein Assay Kit (Life Technologies). 
Protein concentrations were used for normalization of sample inputs 
before LC- MS analysis.

Liquid chromatography–mass spectrometry A Qexactive Plus quad-
rupole orbitrap mass spectrometer (Thermo Fisher Scientific) equipped 
with an Ion Max source and a HESI II probe coupled to a Vanquish Ho-
rizon UHPLC System (Thermo Fisher Scientific) was used to perform 
LC- MS experiments. Before operation, the instrument underwent mass 
calibration for positive and negative ion mode using Calmix (Ther-
mo Fisher Scientific) every 7 days. Dried samples were resuspended 
in enough HPLC- grade water to have a final concentration of 1 μg of 
protein per milliliter of water. Resuspended polar metabolite samples 
(2 μl) were injected onto a SeQuant ZIC- pHILIC 5 μm 150 by 2.1 mm 
analytical column equipped with a 2.1 mm–by–20 mm guard column 
(MilliporeSigma). The column oven was held at 25°C, and the autosam-
pler tray was held at 4°C. Buffer A was composed of 20 mM ammonium 
carbonate and 0.1% ammonium hydroxide. Buffer B was composed of 
100% acetonitrile. The chromatographic gradient was run at a flow rate 
of 0.150 ml/min as follows: 0 to 20 min, linear gradient from 80 to 20% 
B; 20 to 20.5 min, linear gradient from 20 to 80% B; and 20.5 to 28 min, 
hold at 80% B. The mass spectrometer was operated in full- scan, polarity 
switching mode, with the spray voltage set to 4.0 kV, the heated capillary 
at 350°C, and the HESI probe at 350°C. The sheath gas flow was 10 units, 
the auxiliary gas flow was 2 units, and the sweep gas flow was 1 unit. MS 
data were collected in a range of m/z = 70 to 1000. The resolution was 
set at 70,000, the AGC target at 1 × 106, and the maximum injection 
time at 20 ms. Differentially encountered metabolites (P < 0.05) were 
analyzed by metabolite set enrichment analysis using MetaboAnalyst 
5.0. A joint pathway analysis was performed integrating proteomics and 
metabolomics data using MetaboAnalyst 5.0.
Hematological analyses
The hematological profile was determined in blood samples collected 
with EDTA using the hematology analyzer Pentra 80 (HORIBA ABX SAS).
Statistical analysis
Between- group differences were examined for statistical significance 
by two- tailed Student’s t test or by one- way or two- way analysis of 
variance (ANOVA) coupled to Tukey or Dunnet’s posttest, as indi-
cated. Pearson correlation analysis was performed to study correla-
tion between variables. Distributions from different groups were 
compared by Kolmogorov- Smirnov test. Note that n refers to number 
of biological samples, while N is number of times that the experiment 
was repeated. Survival curves were analyzed by Mantel- Cox log- rank 
test. Error bars represent SEM.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
tables S1 and S2
legend for table S3

Other Supplementary Material for this manuscript includes the following:
table S3
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