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Na+ controls hypoxic signalling by the 
mitochondrial respiratory chain

Pablo Hernansanz-Agustín1,2, Carmen Choya-Foces1, Susana Carregal-Romero3,4,  
Elena Ramos5, Tamara Oliva1, Tamara Villa-Piña5, Laura Moreno4,6, Alicia Izquierdo-Álvarez5, 
J. Daniel Cabrera-García1, Ana Cortés7,8, Ana Victoria Lechuga-Vieco2,4, Pooja Jadiya9,  
Elisa Navarro10, Esther Parada1,10, Alejandra Palomino-Antolín1,10, Daniel Tello1, Rebeca 
Acín-Pérez2,18,19, Juan Carlos Rodríguez-Aguilera7,8, Plácido Navas7,8, Ángel Cogolludo4,6,  
Iván López-Montero11, Álvaro Martínez-del-Pozo12, Javier Egea1,10, Manuela G. López10,  
John W. Elrod9, Jesús Ruíz-Cabello3,4,13,14, Anna Bogdanova15, José Antonio Enríquez2,16 ✉ & 
Antonio Martínez-Ruiz1,12,17 ✉

All metazoans depend on the consumption of O2 by the mitochondrial oxidative 
phosphorylation system (OXPHOS) to produce energy. In addition, the OXPHOS uses O2 
to produce reactive oxygen species that can drive cell adaptations1–4, a phenomenon that 
occurs in hypoxia4–8 and whose precise mechanism remains unknown. Ca2+ is the best 
known ion that acts as a second messenger9, yet the role ascribed to Na+ is to serve as a 
mere mediator of membrane potential10. Here we show that Na+ acts as a second 
messenger that regulates OXPHOS function and the production of reactive oxygen 
species by modulating the fluidity of the inner mitochondrial membrane. A conformational  
shift in mitochondrial complex I during acute hypoxia11 drives acidification of the matrix 
and the release of free Ca2+ from calcium phosphate (CaP) precipitates. The concomitant 
activation of the mitochondrial Na+/Ca2+ exchanger promotes the import of Na+ into the 
matrix. Na+ interacts with phospholipids, reducing inner mitochondrial membrane 
fluidity and the mobility of free ubiquinone between complex II and complex III, but not 
inside supercomplexes. As a consequence, superoxide is produced at complex III. The 
inhibition of Na+ import through the Na+/Ca2+ exchanger is sufficient to block this 
pathway, preventing adaptation to hypoxia. These results reveal that Na+ controls 
OXPHOS function and redox signalling through an unexpected interaction with 
phospholipids, with profound consequences for cellular metabolism.

Cells and tissues produce a superoxide burst as an essential feature 
of several adaptive responses, including hypoxia7,11. Given the impor-
tance of the mitochondrial Na+/Ca2+ exchanger (NCLX) in ischaemia– 
reperfusion injury12, we studied whether this exchanger may have a 
role in hypoxic redox signalling. Primary bovine aortic endothelial cells 
(BAECs) and mouse embryonic fibroblasts (MEFs) exposed to acute 
hypoxia showed an increase in cytosolic Ca2+ concentration (Ca2+

cyto) 
and a decrease in cytosolic Na+ concentration (Na+

cyto) that were pre-
vented by NCLX knockdown with small interfering RNAs (siRNAs), 

NCLX genetic deletion, overexpression of a dominant negative form 
of NCLX (dnNCLX) or its pharmacological inhibition with CGP-37157 
(Fig. 1a–e, Extended Data Figs. 1a–j, 2), an effect rescued by expres-
sion of human NCLX (pNCLX) in NCLX knockout (KO) MEFs (Fig. 1d, e, 
Extended Data Fig. 1e–g). Notably, NCLX inhibition did not interfere 
with mitochondrial membrane potential or respiration (Extended 
Data Fig. 1k, l). Thus, acute hypoxia induces NCLX activation. The 
hypoxic reactive oxygen species (ROS) burst was blocked by NCLX 
knockdown by siRNA (hereafter referred to as siNCLX) and shRNA, 
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NCLX genetic deletion, overexpression of dnNCLX or inhibition with 
CGP-37157 (Fig. 1f–i, Extended Data Fig. 3), and rescued by expression 
of human NCLX in KO MEFs (Fig. 1i). Therefore, NCLX activity is neces-
sary for mitochondrial ROS production during hypoxia.

Hypoxia dissolves CaP granules
To date, mitochondrial complex III (CIII) and CI have been reported to 
be necessary for ROS production and cellular adaptation to hypoxia5,6,13. 
To examine their contribution, we knocked down either the CI subunit 
NDUFS4 or the CIII subunit RISP, or pharmacologically inhibited CI, CIII 
or CIV, but only CI inhibition abrogated Na+/Ca2+ exchange in hypoxia 
(Extended Data Fig. 4). Thus, CI is necessary for NCLX activation  
during acute hypoxia.

Next, we evaluated how CI influenced NCLX activity during hypoxia. CI 
presents two functionally different conformation states, active and deac-
tive (D-CI)14–16, and we previously reported that the D-CI conformation 
is favoured in acute hypoxia11. As the D-CI conformation exposes Cys39 
of the ND3 subunit14, allowing fluorescent labelling of this residue11, we 
confirmed that 5 min of hypoxia increased the D-CI conformation; in 
parallel, the CI reactivation rate diminished, regardless of NCLX inhibi-
tion (Extended Data Fig. 5a–d). We also confirmed that hypoxia promotes 
mitochondrial matrix acidification, an effect anticipated by CI inhibition 
or genetic ablation (Extended Data Fig. 5e, f), but that was independ-
ent of NCLX activity (Extended Data Fig. 5g, h). Moreover, the fact that  
Na+/Ca2+ exchange was inhibited by rotenone (Extended Data Fig. 5i, j) 
further identifies D-CI formation as a necessary step in NCLX activation.

Acute hypoxia increased the mitochondrial matrix Ca2+ concentra-
tion (Ca2+

mito) and this was augmented by NCLX knockdown (Fig. 2a). 
Thus, the increase in Ca2+

mito drives NCLX activation and Ca2+ efflux 
to the cytosol. Intriguingly, cells lacking the mitochondrial Ca2+ uni-
porter (MCU) still displayed a normal increase in Ca2+

cyto and a less 
sustained but conspicuous increase in Ca2+

mito (Fig. 2b, c). This behav-
iour may be explained by the existence of a potential intra-organelle 
source of Ca2+

mito. It has been known for decades that mitochondria 
harbour electron-dense spots composed of CaP precipitates, which 
are extremely sensitive to acidification17, but whose function remains 
obscure9. Transmission electron microscopy and energy-dispersive 
X-ray spectroscopy (TEM–EDX) analysis showed that the mitochondrial 
electron-dense spots were enriched in Ca2+ (Extended Data Fig. 6a). We 
found that CaP precipitates decreased in both size and frequency upon 
pharmacological induction of matrix acidification (Fig. 2d, Extended 
Data Fig. 6b). We also observed that acute hypoxia promoted a decrease 
in the size of the precipitates (Fig. 2d), which correlated with an increase 
in soluble Ca2+

mito (Fig. 2a, b). This observation strongly indicates that 
the primary burst in Ca2+

mito that activates the NCLX derives from the 
solubilization of the intramitochondrial CaP precipitates.

To obtain an independent, additional and quantitative estimation 
of the amount of Ca2+ that can be mobilized from these deposits, we 
measured Ca2+ concentration in mitochondrial preparations at both 
pH 7.5 and pH 6.8. We observed that the Ca2+ concentration was higher 
when the measurement was performed at pH 6.8 than at pH 7.5, indicat-
ing that we were indeed able to measure the acid-sensitive Ca2+ stored 
in mitochondrial precipitates (Fig. 2e). In addition, mitochondria puri-
fied from cells that had been exposed to normoxia showed higher Ca2+ 
levels at pH 6.8 than those exposed to hypoxia, confirming that hypoxia 
enables the partial dissolution of the mitochondrial CaP precipitates. 
By contrast, Ca2+ measured at pH 7.5 in mitochondria from hypoxic cells 
was slightly higher than normoxic samples (Fig. 2e; pH 7.5), confirming 
our previous results (Fig. 2a, b). Pharmacological acidification of the 
mitochondrial matrix produced a decrease in the acid-sensitive CaP 
pool (Extended Data Fig. 6c). Concomitantly, CI inhibition, which also 
acidifies the matrix, elicited an increase in mitochondrial soluble Ca2+, 
independently of the presence of the MCU (Extended Data Fig. 6d, e).  
Thus, if the increase in mitochondrial free Ca2+ levels is due to a 
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Fig. 1 | Hypoxia activates Na+/Ca2+ exchange and enhances ROS production 
through NCLX. a–e, Ca2+

cyto (Cyto-GEM-GECO) or Na+
cyto (Asante NaTRIUM-2 AM  

(ANG2-AM)) measured by live-cell confocal microscopy in normoxia and  
after induction of hypoxia (1% O2) in the following: BAECs transfected with 
scrambled siRNA (siSCR), siNCLX1 or siNCLX3 (a, b); untreated BAECs  
(No treat) or treated with CGP-37157 (CGP; c); and wild-type (WT), NCLX KO (KO),  
NCLX KO + pNCLX or NCLX WT + dnNCLX MEFs (d, e). f–i, ROS production 
measured by live-cell confocal microscopy (g, i) or fixed-cell fluorescence 
microscopy (f, h) in normoxia (Nx) or hypoxia (Hp; 1% O2). Superoxide detection 
after incubation with dihydroethidium (DHE) in 10-min time windows in 
non-treated (Control), siSCR-treated or siNCLX-treated BAECs (f). 
AA, antimycin A. Detection of H2O2 with CytoHyPer in siSCR-treated or 
siNCLX-treated BAECs (g). Same as f in WT or NCLX KO immortalized MEFs (h). 
Same as g in WT, NCLX KO, KO + pNCLX or WT + dnNCLX immortalized MEFs (i). 
In a–e, time-course traces of three (a, b), six (c) or four (d, e) independent 
experiments, in f, h, the mean intensity of three independent experiments,  
in g, time-course traces of four independent experiments, and in i, the slopes of 
nine independent experiments (except for NCLX KO, n = 7; WT + dnNCLX, 
n = 10) are shown. All data are represented as mean ± s.e.m. One-way analysis of 
variance (ANOVA) with Tukey’s test for multiple comparisons (f, h, i) and 
two-tailed Student’s t-test (last normoxia time versus hypoxia times; a–e, g): 
*P < 0.05, **P < 0.01, ***P < 0.001. Two-tailed Student’s t-test (last normoxia time 
versus hypoxia times in KO + pNCLX; d, e): &P < 0.05, &&P < 0.01. In f, h, statistical 
comparisons are shown only for normoxia versus 0–10 groups. AU, arbitrary 
units; NS, not significant.
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CI-dependent acidification, chronic CI inhibition would anticipate 
the dissolution of the mitochondrial CaP precipitates and preclude 
the increase in mitochondrial Ca2+ levels upon acute hypoxia. Indeed, 
rotenone pre-treatment or genetic CI ablation abolished the elevation 
of mitochondrial soluble Ca2+ levels during hypoxia (Fig. 2f, g). Alto-
gether, these results indicated that the CI active/deactive transition 
during hypoxia promotes mitochondrial matrix acidification, which, 
in turn, partially dissolves the CaP precipitates, and the concomitant 
increase in mitochondrial soluble Ca2+ levels activates the NCLX.

However, at longer times of hypoxia, intramitochondrial CaP 
deposits recovered (Extended Data Fig. 6f). In addition, MCU KO cell 
lines displayed a reduced increase in Ca2+

mito (Fig. 2b), indicating that 

extramitochondrial Ca2+ contributes to the amplitude of the Ca2+
mito raise. 

To evaluate its origin, we removed extracellular Ca2+ and, although we 
found no effect on the hypoxic dissolution of the acid-sensitive Ca2+ pool 
(Extended Data Fig. 6g), it had a very noticeable effect on the hypoxic 
raise of cytosolic Ca2+ levels (compare Extended Data Fig. 6h with Fig. 1d, 
light blue traces). Hypoxia also elicited a vast increase in endoplasmic 
reticulum Ca2+ levels, which diminished, but not disappeared, upon 
extracellular Ca2+ removal (Extended Data Fig. 6i). All of these data indi-
cate that extracellular Ca2+ is a relevant source of cellular Ca2+ during 
hypoxia. This prompted us to investigate whether mitochondrial Ca2+ 
entry, enabled by MCU, contributes to the hypoxic redox signal. We 
found that MCU ablation lowered the superoxide production during 
the first 10 min of hypoxia (Extended Data Fig. 6j), confirming that the 
MCU is involved in the amplification of the hypoxic redox signal through 
the facilitation of Ca2+ entry into the mitochondria. Taken together, our 
results show that the primary Ca2+ source for the first NCLX-dependent 
ROS wave is the CaP precipitates, which dissolve during hypoxia in a 
CI-dependent manner. Such initial ROS induce extracellular Ca2+ entry, 
which, in turn, enters the mitochondria through the MCU, further pro-
moting NCLX-dependent ROS in a positive-feedback loop.

Mitochondrial Na+ regulates IMM fluidity
Next, we tested how NCLX activation triggered mitochondrial ROS 
production in acute hypoxia. RISP knockdown (siRISP) abolished the 
superoxide burst in acute hypoxia18,19 (Fig. 3a) without affecting NCLX 
activation (Extended Data Fig. 4b–d). This effect was reproduced by 
myxothiazol, an inhibitor of the CIII Qo site (Fig. 3b). ROS production by 
isolated mitochondria transiently increased upon NCLX activation after 
sequential addition of Na+ and Ca2+ (refs20,21) (Extended Data Fig. 7a).

The contribution of the different electron transport chain complexes 
to respiration was measured in isolated mitochondria upon addition of 
different substrates and inhibitors22, in the absence or presence of Na+ and 
Ca2+, with and without the NCLX, or in the absence or presence of CGP-
37157. In contrast to CIV-dependent or CI-dependent respiration, only 
CII-dependent respirations were decreased upon NaCl and CaCl2 addition 
in a NCLX-dependent manner (Fig. 3c, d, Extended Data Fig. 7b–e). CII + 
CIII activity in isolated mitochondrial membranes was unaffected by the 
addition of Ca2+ (Extended Data Fig. 7f), but clearly decreased after Na+ 
addition (Fig. 3e, Extended Data Fig. 7g), which also increased ROS produc-
tion (Fig. 3g). CII + CIII activity was decreased in mitochondrial membranes 
of wild-type (WT) MEFs that had been subjected to hypoxia, an effect 
abolished by loss of the NCLX (Fig. 3f). Dimethylmalonate (a CII inhibitor) 
did not affect NCLX activity, but decreased the superoxide burst during 
hypoxia (Extended Data Fig. 7h–j). Surprisingly, individual CII or CIII 
activities showed no variation after Na+ addition (Extended Data Fig. 7k, 
l), neither did CI + CIII activity (Fig. 3h). Glyceraldehyde 3-phosphate 
dehydrogenase (G3PD) + CIII activity also decreased in the presence of 
Na+ (Fig. 3i). In summary, while the individual activity of the different 
electron transport chain complexes is not affected by Na+, the combined 
activities of different electron donors to coenzyme Q (CoQ) with CIII 
behave differently based on the source of the reducing equivalents FADH2  
(CII and G3PDH) or NADH (CI).

Electron transfer between CII and CIII (and between G3PD and CIII) is 
limited by CoQ diffusion through the inner mitochondrial membrane 
(IMM), which depends on its fluidity23,24. We assessed whether IMM 
fluidity was affected by NCLX activation and Na+ import during hypoxia. 
Acute hypoxia markedly increased Na+

mito content through the NCLX 
(Fig. 3j, k, Extended Data Fig. 7m–p). Employing fluorescence recovery 
after photobleaching (FRAP) of a red fluorescent protein targeted to the 
IMM (mitoRFP), we found that acute hypoxia reduced membrane fluid-
ity; this effect was abolished by NCLX inhibition by siRNA, genetic dele-
tion, overexpression of dnNCLX or CGP-37157 (Fig. 3l, m, Extended Data 
Fig. 8a, Supplementary Videos 1–8) and restored after ectopic expres-
sion of human NCLX in KO cells (Fig. 3m). We confirmed these results by 
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using the lipophilic quenchable fluorescent probe 10-N-nonyl acridine 
orange (NAO) that preferentially binds to cardiolipin25, an abundant 
phospholipid of the IMM26,27 (Fig. 3n, Extended Data Fig. 8b). Reduced 
CoQH2 diffusion at the IMM matrix side would slow electron transfer 
from CII to CIII, and from CIII to oxidized CoQ in the CIII Qi site during Q 
cycle turnover28. Accordingly, we observed that hypoxic NCLX activity 
promoted an increase in oxidized CoQ10 (Extended Data Fig. 8c). The 
fact that Na+ exerts its effect when it is concentrated in the mitochon-
drial matrix highlights the physiological relevance of the asymmetric 
distribution of phospholipids between the two leaflets of the IMM.

To further explore the mechanism by which Na+ affects IMM fluid-
ity, we measured the anisotropy of fluorescent probes in phosphati-
dylcholine (PC) or PC–cardiolipin liposomes. We observed that Na+ 
addition reduced the phospholipid bilayer fluidity (Fig. 3o, Extended 
Data Fig. 8d, e), a result supported by electron spin resonance 

experiments29, which further suggested that Na+–PC interaction 
occurs at the phospholipid headgroups (Extended Data Fig. 8f–i). 
Infrared (IR) spectroscopy of NaCl-treated PC liposomes showed a 
distinct shift in the absorption peak of the carbonyl group (Fig. 3p, 
Extended Data Fig. 8j). Inductively coupled plasma mass spectrom-
etry showed that the stoichiometry of the interaction is 0.29 ± 0.04 
(Na+:PC). These results demonstrate that Na+ specifically interacts 
with phospholipids such as PC at the level of its carbonyl group, at a 
ratio of 3:1 (PC: Na+), which is in full agreement with previous estima-
tions30,31, and suggests that this is responsible for reduced membrane 
fluidity during hypoxia.

Altogether, our data demonstrate that acute hypoxia promotes CI 
active/deactive transition and mitochondrial matrix acidification11, 
which partially solubilizes mitochondrial CaP precipitates to increase 
matrix free Ca2+ levels. The NCLX then exports Ca2+ and imports Na+ 

c CII + CIII
respiration

0

10

20

30

40

No treat

NaCl + CaCl2
NaCl + CaCl2 + CGP

Normoxia Hypoxia

**
*

n

NS

0

2

4

6

8

e

*

CII + CIII
activity

nm
ol

 C
yt

C
 p

er
 m

in
p

er
 m

g 
p

ro
te

in

nm
ol

 C
yt

C
 p

er
 m

in
p

er
 m

g 
p

ro
te

in

nm
ol

 C
yt

C
 p

er
 m

in
p

er
 m

g 
p

ro
te

in

nm
ol

 C
yt

C
 p

er
 m

in
p

er
 m

g 
p

ro
te

in

C
or

oN
A

 r
ed

 �
uo

re
sc

en
ce

 (F
/F

0)

g 
N

a+
 p

er
 g

 m
itc

ho
nd

ia
l p

ro
te

in

A
U

 p
er

 m
in

p
er

 m
g 

p
ro

te
in

0

5

10

15

20

25
**

G3PD + CIII

0

5

10

15

20

*

NS

siSCR
siRISP

Hypoxia

Superoxide
anion

0

2

4

6

8
Superoxide

anion
No treat
Myxo

NS

0

2

4

6

8

0

2

4

6

8

10

CII + CIII ROS
production

No treat

No 
tre

at
NaC

l

siS
CR

siN
CLX

siS
CR

siN
CLX

W
T

KO

W
T

KO

KO +
 p

NCLX

W
T 

+ d
nN

CLX

No 
tre

at
NaC

l

No 
tre

at
NaC

l

W
T 

Nx

W
T 

Hp

KO N
x

KO H
p

NaCl
AA 10 μM

* *

Hypoxia

0

10

20

30

WT no treat

WT NaCl + CaCl2
KO NaCl + CaCl2

CII + CIII
respiration

***

d

0

10

20

30

40

50 * *

f h

FRAP mitoRFP
Normoxia Hypoxia

0.0

0.5

1.0

1.5

2.0 *** ***

***
***

p

8

14
16

k Normoxia
Hypoxia

NS
**

Mitochondrial Na+

ba

g i

0 30 60 90120
0.066

0.068

0.070

0.072

0.074

NaCl (mM)

***

o IR spectroscopy

–18
–16
–14
–12
–10

–8
–6
–4
–2
0

FRAP mitoRFP
Normoxia

***

0.0

0.5

1.0

1.5

2.0

l m

**
&

Na+
mito

Time (min)
0 10 20 30 40

0.8

1.0

1.2

1.4

1.6

1.8

2.0 KO

KO +
pNCLX

WT
WT +
dnNCLX

Hypoxia

j

***

Signal quench NAO PC anisotropy

CII + CIII
activity

CI + CIII
activity activity

& & &

6
4
2

0

10

12
**

*

Hypoxia

*** **
**

******
******

**

1,600 1,700 1,800
0

20

40

60

IR
 in

te
ns

ity
 (×

10
–3

)
Wavenumber (cm–1)

80

AA 1
0 
μM Nx

0–
10

 m
in

15
–2

5 
m

in

30
–4

0 
m

in

45
–5

5 
m

in

60
–7

0 
m

in

AA 1
0 
μM Nx

0–
10

 m
in

15
–2

5 
m

in

30
–4

0 
m

in

45
–5

5 
m

in

60
–7

0 
m

inFl
uo

re
sc

en
ce

 in
te

ns
ity

 (A
U

)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (A
U

)

S
lo

p
e 

(s
–1

)

S
lo

p
e 

(s
–1

)

S
lo

p
e 

(s
–1

)

D
P

H
 a

ni
so

tr
op

hy

O
2 

co
ns

um
p

tio
n 

(n
m

ol
 O

2
p

er
 m

in
 p

er
 m

g 
p

ro
te

in
)

O
2 

co
ns

um
p

tio
n 

(n
m

ol
 O

2
p

er
 m

in
 p

er
 m

g 
p

ro
te

in
)

Liposome
Na+ liposome

Δ√ = 102 cm–1

Fig. 3 | NCLX governs superoxide production and OXPHOS function in 
hypoxia through Na+-dependent alteration of IMM fluidity. a, b, Superoxide 
detection with DHE with siSCR and siRISP (a), and untreated (No treat) or 1 μM 
myxothiazol-treated (Myxo) BAECs (n = 3) (b). c, d, Effect of NCLX activation on 
succinate-based respiration in BAECs (c; n = 5) or WT and NCLX KO (KO) MEFs 
(d; n = 6). e, f, Succinate-cytochrome c (CytC) activity in mitochondrial 
membranes from BAECs with or without NaCl (e; n = 4) and from hypoxic or 
normoxic WT or NCLX KO MEFs (f; 1% O2; n = 3). g, ROS production on 
succinate-CytC activity in BAEC mitochondrial membranes with or 
without NaCl (n = 10; AA n = 9). The box plots show the median, the first and 
third quartiles, and 5th and 95th percentiles of the data. h, NADH-CytC activity 
in BAEC mitochondrial membranes with or without NaCl (n = 3). i, G3PD-CytC 
activity in BAEC mitochondrial membranes with or without NaCl (n = 3).  
j, k, Effect of hypoxia (1% O2) on Na+

mito content in WT and NCLX KO MEFs, 

measured with CoroNa red by life-cell confocal miscroscopy ( j; n = 8, except 
KO + pNCLX and WT + dnNCLX n = 4), or with SBFI fluorescence after 
mitochondrial isolation (k; n = 5). l, m, FRAP of siSCR or siNCLX BAECs (l; n = 16) 
and WT, NLCX KO, KO + pNCLX or WT + dnNCLX MEFs (m; n = 14; except WT Hp 
and KO pNCLX Hp n = 15) expressing mitoRFP in normoxia or hypoxia (20 min; 
1% O2). n, NAO FRAP quench signal of siSCR or siNCLX BAECs exposed to 
normoxia or hypoxia (15 min; 1% O2; n = 5). o, Anisotropy of PC liposomes with 
increasing concentrations of NaCl by diphenyl-1,3,5-hexatriene (DPH) 
fluorescence (mean ± s.d.; n = 2). p, IR absorption spectra of the carbonyl group 
of PC with or without NaCl (n = 2). All data are represented as mean ± s.e.m., 
except in g and o. Two-tailed Student’s t-test (a, e, h–j) and one-way ANOVA with 
Tukey’s test (b–d, f, g, k–o): NS, *P < 0.05, **P < 0.01, ***P < 0.001. Two-tailed 
Student’s t-test ( j): &P < 0.05. In a, b, statistics are shown only for normoxia 
versus 0–10 groups.



Nature | Vol 586 | 8 October 2020 | 291

into the matrix. Matrix Na+ directly binds to IMM phospholipids and 
reduces membrane fluidity. This diminishes CoQ diffusion in the IMM 
matrix side and effectively uncouples the Q cycle of free CIII, increasing 
the half-life of the semiquinone form in the CIII Qo site and promoting 
superoxide anion formation28.

To study the physiological relevance of this pathway, we investigated 
whether its manipulation altered hypoxic pulmonary vasoconstriction. 
Rat pulmonary arteries exposed to hypoxia perform a rapid contractile 
response (peak contraction), which reaches a plateau (steady-state 
contraction). The latter is dependent on mitochondrial ROS32–34. NCLX 
silencing inhibited the hypoxic superoxide burst in rat pulmonary artery 
smooth muscle cells (Extended Data Fig. 9a, b). Concomitantly, NCLX 
inhibition markedly reduced the steady-state component of pulmonary 
arterial hypoxic contraction (Extended Data Fig. 9c, d), similarly to anti-
oxidants35. These observations suggest a physiological role for the NCLX 
in matching lung ventilation with perfusion through hypoxic pulmonary 
vasoconstriction, which is crucial for cardiovascular homeostasis.

Discussion
So far, the role ascribed to Na+ has been restricted to the support of mem-
brane potentials and ion exchange (Na+/K+, Na+/Ca2+, among others). Here 
we show that Na+ directly modulates mitochondrial OXPHOS and ROS 
signalling with profound implications in tissue homeostasis. We also 
identify mitochondrial CaP precipitates as a relevant source of mitochon-
drial soluble Ca2+ in physiological conditions (Extended Data Fig. 10).

Notably, we observed that Na+ only exerted its effect on CII + CIII or 
G3PDH + CIII activities, but not on CI + CIII activity. CoQ10 transfer from 
CI to CIII may not decrease in the presence of Na+ because CI + CIII super-
complex activity does not depend as much on membrane fluidity, as it 
may utilize the CoQ (CoQNADH) partially trapped in the supercomplex 
microenvironment24,36,37. Conversely, CoQ10 transfer from either CII or 
G3PD to CIII strongly relies on membrane fluidity and, consequently, both  
CII + CIII and G3PD + CIII (CoQFAD) activities are lower in the presence of 
Na+. Therefore, the partial segmentation of the CoQ pool into CoQNADH 
and CoQFAD allows specific CIII-dependent ROS generation upon interac-
tion of Na+ with the IMM matrix side in response to acute hypoxia, mean-
while respiration can be maintained by means of supercomplex function.

A recent report described the beneficial role of the NCLX by decreas-
ing ROS production in a murine model of cardiac ischaemia–reperfu-
sion12. During cardiac ischaemia, succinate accumulates, which causes 
superoxide production at reperfusion by reverse electron transport 
through CI4. There are three ways by which NCLX activation could 
hinder ROS production by reverse electron transport during reperfu-
sion: (1) Na+–phospholipid interaction would restrain CoQH2 diffusion 
towards CI through the reduction of IMM fluidity; (2) the CoQH2/CoQ 
ratio drops during hypoxia in a NCLX-dependent manner, which would 
decrease reverse electron transport during reoxygenation; and (3) 
Ca2+ extrusion by the NCLX would prevent further tricarboxylic acid 
cycle dehydrogenase activation, limiting the production of reducing 
equivalents to OXPHOS complexes. Thus, our model fully supports the 
role of the NCLX in attenuating potential ROS production and injury 
upon cardiac reperfusion12 while promoting an adaptive short-time 
elevation of CIII-dependent ROS production during acute hypoxia.
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Methods

Animals, cell culture and transfection
All animal experiments were performed following the Guide for the 
Care and Use of Laboratory Animal and were approved by the institu-
tional ethics committee of the Universidad Autónoma de Madrid or 
the Universidad Complutense de Madrid, Spain, in accordance with 
the European Union Directive of 22 September 2010 (2010/63/UE) and 
with the Spanish Royal Decree of 1 February 2013 (53/2013). All efforts 
were made to minimize the number of animals used and their suffering. 
Sample size was not determined before experimentation.

Cells were routinely maintained in cell culture incubators (95% air,  
5% CO2 in gas phase, at 37 °C). BAECs were isolated as previously described38  
and cultured in RPMI 1640 supplemented with 15% heat-inactivated 
FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. C57BL/6J MEFs, 
Slc8b1 (NCLX)fl/fl and C57BL/6J mouse adult fibroblasts (MAFs) were 
isolated as described previously39. Human breast cancer cells (provided 
by R. Rizzuto and D. De Stefani, University of Padova), WT cybrids, CI 
KO cybrids, MEFs and MAFs were cultured in DMEM supplemented with 
10% heat-inactivated FBS, 100 U/mL penicillin and 100 μg/mL strepto-
mycin. Human umbilical vein endothelial cells (HUVECs) were isolated 
as previously described40 and cultured in Medium 199 supplemented 
with 20% heat-inactivated FBS, 16 U/mL heparin, 100 mg/L endothe-
lial cell growth factor (ECGF), 20 mM HEPES, 100 U/mL penicillin  
and 100 μg/mL streptomycin. BAECs were used between passages 
three and nine and HUVECs between passages three and seven. For 
MEFs, MAFs and human breast cancer cells were correctly identi-
fied visually. CI WT and KO cybrids were correctly recognized as 
per CI assembly by Blue Native polyacrylamide gel electrophoresis 
(BN-PAGE). Endothelial morphology was assessed by visual inspec-
tion, and cross-contamination/invasion with fibroblasts or other cell 
types was tested negative by checking endothelial nitric oxide synthase 
(eNOS) expression.

Rat pulmonary artery smooth muscle cells (PASMCs) were isolated 
as previously described33 and cultured in DMEM supplemented with 
10% FBS, 1.1 g/L pyruvate, 1% non-essential amino acids, 100 μg/mL 
streptomycin and 100 U/mL penicillin. PASMCs were used between 
passages two and three.

The hepatoma cell line HepG2 was cultured at 37 °C in DMEM  
supplemented with 10% heat-inactivated FBS, 20 mM HEPES, 100 U/mL 
penicillin and 100 μg/mL streptomycin. Identification was performed 
visually.

Transfection of 30 nM siRNA or 0.25 μg Cyto-GEM-GECO, Cepia 
2mt, human NCLX (pNCLX; Addgene), S468T NCLX (dnNCLX), C199S 
pHyPer-Myto (mitosypHer), pHyPer-cyto (cytohyper) or pDsRed2-Mito 
(mitoRFP) vector DNA per 0.8 cm2 well was carried out using Lipo-
fectamine 2000 (Invitrogen). Acute ablation in Slc8b1fl/fl MEFs was 
obtained by infection with adenoviruses expressing cytomegalovirus 
(CMV)-Cre (ad-CRE; 300 plaque-forming units (p.f.u.) per cell; Vector 
Biolabs). In PASMCs, 10 nM siRNA was transfected using Lipofectamine 
RNA iMAX (Invitrogen); in parallel experiments, siRNA efficiency was 
measured by PCR with reverse transcription (RT–PCR) using commer-
cially available primers (TaqMan Gene Expression Assay Rn01481405_
m1, Applied Biosystems). Experiments were carried out 48–72 h after 
transfection.

Immortalization of HUVECs and MEFs was performed by retrovi-
rus infection. 293T cells were transfected with 12 μg pCL-Ampho and  
12 μg pBABE-SV40-puro using Lipofectamine RNA iMAX (Invitrogen). 
Two days later, 1/2 dilution of 293T cell media and 8 μg/mL polybrene 
were added on MEF or HUVEC cultures for 4 h. Then, the infection was 
repeated, but adding 4 μg/mL polybrene overnight. The next day, 
the first infection was repeated and, after 4 h, MEFs or HUVECs were  
passaged with 1/1,000 of puromycin.

All cultures were routinely checked for mycoplasma contamination 
and tested negative.

siRNA preparation
Four double-stranded siRNA against bovine NCLX were designed and 
purchased from Integrated DNA Technologies and Dharmacon (sense 
sequences of siNCLX1: AGCGGCCACUCAACUGCCU; siNCLX2: GUUUGGA 
ACUGAAACACU and UUCCGUAAGUGUUUCAGU mixed; siNCLX3: 
AAAGGUGGAAGUAAUCAC and ACGUAUUGUGAUUACUUC mixed; 
siNCLX4: GAAUUUGGAGUGAUUCAC and UUUUCAAGUGAAUCACUC 
mixed). Double-stranded siRNAs against bovine NDUFS4 and RISP were 
designed and purchased from Integrated DNA Technologies (NDUFS4 
sense sequence GCUGCCGUUUCCGUUUCCAAGGUUUTT; RISP sense 
sequence CCAAGAAUGUCGUCUCUCAGUUUTT). siSCR was purchased 
from Santa Cruz Biotechnology.

siRNA against rat NCLX (Slc8b1 gene) was purchased from OriGene 
(Slc8b1 Trilencer-27 rat siRNA).

Detection of superoxide by fluorescence microscopy in fixed 
cells
Cells were seeded on glass coverslips 1 day before experimentation. In 
some experiments, 1 μM rotenone or 10 μM 7-chloro-5-(2-chlorophenyl)-
1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP-37157) was added  
30 min before experimentation and maintained during the experiment. 
For treatments in hypoxia, all of the solutions were pre-equilibrated 
in hypoxic conditions before use; plated cells were introduced into 
an Invivo2 400 workstation (Ruskinn) set at 1% O2 and 5% CO2 at 37 °C, 
and incubated for the indicated times (0, 15, 30, 45 and 60 min) in fresh 
medium, washed three times with Hank’s balanced salt solution with 
Ca2+/Mg2+ (HBSS + Ca/Mg) and incubated with 5 μM DHE in HBSS + Ca/Mg  
for 10 min in the dark. Excess probe was removed by three washes with 
HBSS + Ca/Mg, cells were fixed with 4% paraformaldehyde (PFA) and 
incubated in the dark at 4 °C for 15 min. After fixation, the cells were 
again washed three times with HBSS + Ca/Mg and coverslips were placed 
on slides. For normoxic treatments, the medium was changed to fresh 
normoxic medium, and cells were treated as for hypoxic cells but in 
a standard cell incubator. Images (three images per each coverslip; 
the number of independent experiments is described in the figure 
legends) were taken with a Leica DMR fluorescence microscope with 
a ×63 objective, using the 546-12/560 excitation/emission filter pairs, 
and quantified using ImageJ software (NIH). The same threshold was 
set for all of the images and the mean value from histograms was aver-
aged for the three images of each coverslip.

Detection of intracellular Ca2+, Na+, ROS and mitochondrial 
membrane potential by live-imaging fluorescence microscopy
Cells were seeded in six-well plates 1 day before experimentation. 
Plated cells were washed three times with HBSS + Ca/Mg ± glucose and 
incubated with 30 nM tetramethylrhodamine methyl ester (TMRM), 
1 μM Fluo-4 AM, 10 μM CoroNa Green AM or 10 μM 6-carboxy-2',7'
-dichlorodihydrofluorescein diacetate (CDCFDA) for 20 min at 37 °C in 
the dark. CDCFDA, CoroNa Green AM and Fluo-4 AM were then washed 
out and new HBSS + Ca/Mg was added. In some experiments, 10 μM 
CGP-37157 or 10 μM dimethylmalonate (DMM) was also added and 
maintained during the remainder of the experiment. For Fluo-4 AM 
imaging, cells were further incubated for 30 min at 37 °C in the dark to 
allow complete de-esterification of the probe. After this time, the plate 
was placed into a Leica DM 16000B fluorescence microscope equipped 
with a Leica DFC360FX camera, an automated stage for live imaging and 
a thermostated hypoxic cabinet. The planes were focused for image 
capture, and images were taken with a ×20 objective every 2 min during 
40 min, providing a total of 21 cycles. Normoxia experiments started 
and ended at 20% O2 and 5% CO2, whereas hypoxia experiments started 
at 20% O2 and 5% CO2 and then were switched to 2% O2 and 5% CO2 in 
cycle two. The excitation/emission filter pairs used were as follows: 510–
560/570–620 nm for TMRM, and 480-40/505 for CDCFDA, Fluo-4 AM  
and CoroNa Green AM. Images were quantified with Leica Las-AF 



software. Three independent experiments were performed for each 
condition. For each experiment and condition, four regions of inter-
est (ROIs) were created, each ROI surrounding an individual cell, and 
the mean fluorescence of each ROI for each time cycle was collected. 
In some analyses, for each experiment and condition, four identical 
linear ROIs were created and the maximum peak value of cycles 0, 5, 
10, 15 and 20 were collected for each ROI.

Detection of cytosolic Ca2+, Na+ and H2O2, endoplasmic 
reticulum Ca2+ and intramitochondrial pH, Ca2+ and Na+ by 
live-imaging confocal microscopy
To detect intracellular Ca2+ and Na+, cells were seeded 1 day before 
experimentation, washed three times with HBSS + Ca/Mg + glucose 
and, in some experiments, incubated with 1 μM Fluo-4 AM, CoroNa Red 
or 5 μM CoroNa Green AM, ANG2 AM for 30 min at 37 °C in the dark. In 
some experiments, 10 μM CGP-37157, 10 μM DMM, 1 μM antimycin A, 
1 mM KCN or 1 μM rotenone were also added and maintained during the 
remainder of the experiment. Histamine (100 μM) was added acutely 
in control experiments. CoroNa Green AM, ANG2 AM, CoroNa Red and 
Fluo-4 AM were then washed out and new HBSS + Ca/Mg plus 25 mM 
glucose was added. For Fluo-4 AM and ANG2 AM imaging, cells were 
further incubated for 30 min at 37 °C in the dark to allow complete 
de-esterification of the probe. After this time, the plate was placed into 
a Leica SP-5 confocal microscope, an automated stage for live imaging 
and a thermostated hypoxic cabinet. The planes were focused for image 
capture and images were taken with a ×63 objective. In some experi-
ments, images were taken every 2 min during a 40-min period, providing 
a total of 21 cycles, and in others every 5 min. Normoxia experiments 
started and ended at 20% O2 and 5% CO2, whereas hypoxia experiments 
started at 20% O2 and 5% CO2 and then were switched to 1% O2 and 5% 
CO2 in cycle one. In other experiments, hypoxia conditions were set 
at the middle of the protocol, allowing the quantification of the same 
cells during normoxia and hypoxia. Loaded cells were excited with an 
argon/krypton laser using the 496-nm line, except CoroNa Red, which 
was excited with the 514-nm line. Fluorescence emission of Fluo-4 AM, 
ANG2 AM and CoroNa Green AM was detected in the 515–575-nm range, 
and the 555–575-nm range for CoroNa Red AM.

To detect intramitochondrial pH, cells were transfected with the 
ratiometric probe mitosypHer in eight-well plates the day before the 
experiment. The same protocol as above was used, except that the 
objective was ×63 and imaging time was 30 min, with 7 cycles of 5 min. 
Excitation was performed with a 405 diode laser for the 405-nm line and 
an argon/krypton laser for the 488-nm line, and fluorescence emission 
was recorded at the 515–535-nm range. Calibration was performed 
in situ with buffers at pH 6.8, 7, 7.5, 8 and 8.8 in the presence of 5 μM 
nigericin and 1 μM monensin.

For H2O2 detection, cells were transfected with the non-targeted 
version of HyPer (pHyPer-cyto) following the same procedure for live 
imaging as with mitosypHer.

Images were quantified with ImageJ software. A minimun of 
three independent experiments were performed for each condition. 
For each experiment and condition in loaded cells, four identical linear 
ROIs were quantified, and for each time point, the mean of these ROIs 
was obtained.

For cytosolic Ca2+ detection, cells were transfected with the 
non-targeted version of GEM-GECO (cyto-GEM-GECO) and seeded in 
eight-well plates the day before the experiment. In some experiments, 
HBSS + Ca/Mg + glucose was replaced by HBSS + Mg + glucose osmoti-
cally compensated with KCl. The objective was ×63 and the imaging 
time was 45 min, with 9 cycles of 5 min. Excitation was performed with 
a 405-diode laser for the 405-nm line, and the fluorescence emission 
was recorded at 460-nm and 510-nm lines.

For mitochondrial Ca2+ detection, cells were transfected with the 
mitochondrial-targeted Cepia 2mt and seeded in eight-well plates the 
day before the experiment. The objective was ×63 and the imaging 

time was 40 min, with 20 cycles of 2 min. Samples were excited with 
an argon/krypton laser using the 488-nm line, and the fluorescence 
emission was detected in the 515–535-nm range.

For endoplasmic reticulum Ca2+ detection, cells were transfected 
with the endoplasmic reticulum-targeted GAP3 (pcDNA3-erGAP3) and 
seeded in eight-well plates the day before the experiment41. The objec-
tive was ×63 and the imaging time was 40 min, with 8 cycles of 5 min. 
Excitation was performed with a 405-diode laser for the 405-nm line 
and an argon/krypton laser for the 488-nm line, and the fluorescence 
emission was recorded at the 495–535-nm range. In some experiments, 
HBSS + Ca/Mg + glucose was replaced by HBSS + Mg + glucose osmoti-
cally compensated with KCl.

Ca2+ calibration was performed in situ by subsequent additions of 
100 μM digitonin and 2.5 mM EDTA.

For mitochondrial Na+ detection, cells were washed three times 
with HBSS + Ca/Mg + glucose, incubated for 1 h with 10 μM CoroNa 
Green AM, washed three times again with HBSS + Ca/Mg + glucose and 
incubated for a further hour in HBSS + Ca/Mg + glucose. During this 
period, CoroNa Green is actively pumped out from the cytosol. Then, 
after washing three more times with HBSS + Ca/Mg + glucose, cells 
were placed in the microscope. The objective was ×63 and the imaging 
time was 25 min, with 15 cycles of 2.5 min. Samples were excited with 
an argon/krypton laser using the 488-nm line, and the fluorescence 
emission was detected in the 500–575-nm range.

Calibrations in Ca2+ measurements were performed as previously 
described42.

Western blot analysis
Protein samples were extracted with non-reducing Laemmli buffer with-
out bromophenol blue and quantified by Bradford assay. Extracts were 
loaded onto 10% standard polyacrylamide gel electrophoresis after 
adding 5% 2-mercaptoethanol, and subsequently transferred to nitro-
cellulose membranes or PVDF membranes. The following antibodies 
were used: polyclonal anti-NCLX (ab136975, Abcam; ARP44042_P050, 
Aviva Systems Biology), monoclonal anti-Fp70 (459200, Invitrogen), 
monoclonal anti-NDUFS4 (ab87399, Abcam), monoclonal anti-RISP 
(UQCRFS1) (ab14746, Abcam), polyclonal anti-MCU (HPA016480, 
Sigma-Aldrich) and monoclonal anti-α-tubulin (T6199, Sigma). Anti-
body binding was detected by chemiluminescence with species-specific 
secondary antibodies labelled with horseradish peroxidase (HRP), and 
visualized on a digital luminescent image analyser (Fujifilm LAS-4000), 
with the exception of ab136975 and 459200, which were detected by 
fluorescence as previously described43.

Quantitative real-time PCR
Total RNA was extracted from PASMCs using TRIzol reagent (Vitro) 
and 0.5 μg was reverse-transcribed (Gene Amp Gold RNA PCR Core 
Kit, Applied Biosystems). PCR was performed with GotaqqPCR Master 
Mix (Promega) with 1 μL

cDNA and specific primer pairs (Rn01481405_m1). mRNA encoding 
β-actin was measured as an internal sample control.

Measurement of cellular oxygen consumption
The oxygen consumption rate (OCR) was measured using an XF24 
Extracellular Flux Analyzer (Seahorse Bioscience). BAECs, 6 × 104 per 
well (6–7 wells per treatment for each independent experiment), were 
plated 1 day before the experiment. Cells were preincubated with 
unbuffered DMEM supplemented with 25 mM glucose, 1 mM pyruvate 
and 2 mM glutamine for 1 h at 37 °C in an incubator without CO2 regula-
tion. OCR measurements were programmed with successive injections 
of unbuffered DMEM, 5 μg/mL oligomycin, 300 nM carbonyl cyanide 
4-(trifluoromethoxy) phenylhydrazone (FCCP) and 1 μM rotenone 
plus 1 μM antimycin A. DMSO or 10 μM CGP-37157 were added before 
starting the measurements. In experiments using silenced cells, as pro-
liferation and cell growth may vary after plating, protein concentration 
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was quantified by the bicinchoninic acid (BCA) assay to normalize 
the OCR. Calculations were performed following the manufacturer’s 
instructions. After measuring basal respiration, oligomycin was added 
to inhibit respiration (by blocking H+-ATPase); therefore, the amount 
of oxygen used to produce ATP by OXPHOS is estimated from the dif-
ference with basal oxygen consumption (that is, coupling efficiency). 
FCCP uncouples OXPHOS by translocating H+ from the intermembrane 
space to the matrix, thus maximizing electron flux through the electron 
transport chain (ETC), giving the maximal respiration rate. This treat-
ment provides information about the stored energy in mitochondria 
that a cell could use in an energetic crisis (that is, reserve capacity). 
Antimycin A and rotenone block CIII and CI, respectively, consequently 
inhibiting electron flux through the ETC and eliminating any H+ trans-
location; thus, the leftover value is non-mitochondrial respiration, that 
is, the oxygen consumed by other enzymes in the cell.

Fluorescent labelling of ND3 Cys39 from isolated mitochondrial 
membranes
Mitoplasts were prepared as previously described11. Mitoplasts  
protein amount was determined by BCA assay and then proteins 
were solubilized with 4 g/g digitonin, incubated for 5 min on ice and  
centrifuged for 30 min at 16,000g at 4 °C. Samples were split into two 
parts: one part was incubated at 37 °C for 60 min to fully deactivate 
CI and the other part was kept on ice. Samples were then incubated 
with Bodipy-TMR C5-maleimide (Invitrogen) for 20 min at 15 °C in 
the dark; then, 1 mM cysteine was added and the samples were fur-
ther incubated for 5 min. After this time, the samples were precipi-
tated twice with acetone, centrifuged at 9,500g for 10 min at 4 °C in 
the dark, and the resulting pellet was resuspended in non-reducing 
Laemmli loading buffer. For each sample, 100 μg were loaded onto 
10% tricine-SDS–PAGE gels as previously described44. Total protein 
staining was performed with Sypro Ruby (Invitrogen). The images of 
the different fluorophores were obtained using a digital fluorescent 
image analyser (Fujifilm LAS-4000). Images were quantified using 
ImageQuant TL7.0 software.

Mitochondria isolation, measurement of total and soluble 
mitochondrial Ca2+ content and measurement of H2O2 and O2 
consumption
Mitochondria were isolated from BAECs with a protocol adapted 
for cell culture36. Briefly, after resuspending BAECs or MEFs with a 
sucrose buffer in a glass Elvehjem potter, homogenization was per-
formed by up and down strokes using a motor-driven Teflon pes-
tle. Successive homogenization–centrifugation steps yielded the 
mitochondria-containing fraction.

Mitochondrial Ca2+ content was measured by incubating isolated 
mitochondrial fractions from cells that had been subjected to nor-
moxia or hypoxia, in a hypotonic buffer (pH 6.8 for total Ca2+ or pH 7.5 
for soluble Ca2+) for 5 min. Then, the amount of Ca2+ was determined 
by Calcium Green (C3737, Thermo Fisher) fluorescence and calibrated 
with a CaCl2 calibration curve set at the same pH of the measurement. 
Excitation/acquisition was performed three times with a 488/535 filter 
cube in a Fluoroskan Ascent fluorimeter (Thermo Labsystems).

H2O2 production from isolated rat heart mitochondria was performed 
in an O2k Oxygraph instrument (Oroboros Instruments). Isolated rat 
heart mitochondria (500 μg) were loaded in KCl buffer with Amplex 
Red: 150 mM KCl, 10 mM K2HPO4, 1 mM EDTA, 5 mM MgCl2, 1 mg/mL 
BSA, 15 μg/mL HRP, 15 μg/mL superoxide dismutase (SOD) and 25 μM 
Amplex Red. Recordings started before the addition of substrates: 5 mM  
glutamate and 5 mM malate; and the indicated amounts of NaCl  
and/or CaCl2 were subsequently added.

Oxygen consumption was determined with an oxytherm Clark-type 
electrode (Hansatech) as previously described36. Briefly, isolated mito-
chondria from BAECs (150 μg), WT MEFs or KO MEFs were resuspended 
in MAITE buffer (10 mM Tris-HCl, pH 7.4, 25 mM sucrose, 75 mM sorbitol, 

100 mM KCl, 10 mM K2HPO4, 0.05 mM EDTA, 5 mM MgCl2, and 1 mg/mL 
BSA) either untreated, treated with 20 mM NaCl and 100 μM CaCl2 or 
with 20 mM NaCl, 100 μM CaCl2 and 10 μM CGP-37157. Substrates and 
inhibitors were then successively added: 5 mM glutamate and 5 mM 
malate, 1 μM rotenone, 10 mM succinate, 2.5 μg/mL antimycin A, 10 mM 
N,N,N',N'-tetramethyl-p-phenylenediamine and 10 mM sodium azide. 
The OCR was obtained by calculating the slope after each treatment. 
Values for specific complex input were acquired from the subtraction 
of substrate-less-specific inhibitor rates.

Mitochondrial membrane isolation and complex activity 
measurement
Mitochondrial membranes from BAECs were obtained after freez-
ing–thawing isolated mitochondria, and OXPHOS enzyme activity was 
measured as previously described36, using around 50 μg per sample. 
Briefly, rotenone-sensitive NADH-ubiquinone Q1 oxidoreduction (CI 
activity) was measured by changes in absorbance at 340 nm. Succinate 
dehydrogenase (CII) activity was recorded in a buffer containing mito-
chondrial membranes, succinate and 2,6-dichlorophenol-indophenol 
(DCPIP) by changes in absorbance at 600 nm. Rotenone-sensitive 
NADH-cytochrome c activity (CI + CIII activity) was measured by 
changes in absorbance at 550 nm after NADH addition. Antimycin 
A-sensitive succinate-CytC activity (CII + CIII activity) was calculated 
after measuring changes in absorbance at 550 nm. ROS production in CII 
+ CIII activity was monitored by fluorescence of a dichlorofluorescein 
(DCF) probe. Antimycin A-sensitive ubiquinone 2- cytochrome c activity 
(CIII activity) was measured by following changes in absorbance at 550 
nm. G3PD + CIII activity was measured as for CII + CIII activity but with 
glycerol-3-phosphate (10 mM) as the electron donor. NaCl was added 
up to 10 mM and CaCl2 up to 0.1 mM.

Measurement of mitochondrial Na+

In some experiments, cells were preincubated with 10 μM CGP-37157 for 
30 min. Then, cells were treated with normoxia or hypoxia (1% O2) for 
10 min. Mitochondria were isolated on ice and resuspended in Milli-Q 
water. The samples were split, one part incubated with benzofuran 
isophthalate tetra-ammonium salt (SBFI) and the other was used to 
quantify protein amount by BCA. For SBFI measurements, a calibra-
tion curve was used in every measurement and the fluorescence was 
recorded at 340 nm/380 nm and emission at 520 nm in a FLUOstar 
Omega Microplate Reader (BMG Labtech).

FRAP
Cells were transfected with pDsRed2-Mito vector (Clontech). Growing 
media were changed for HBSS + Ca/Mg + glucose ± 10 μM CGP-37157 
and the plate placed into a Leica SP-5 confocal microscope, an auto-
mated stage for live imaging and a thermostated hypoxic cabinet. The 
planes were focused for image capture and images were taken with a 
×63 objective with ×13 zoom.

Samples were excited with an argon/krypton laser using the 514-nm 
line and emission was detected in the 565–595-nm range. Images were 
collected using TCS software (Leica). MitoRFP was scanned five times 
and then bleached using 15 scans at 40% laser power. To image the 
recovery of fluorescence intensity after photobleaching, we recorded 
60 scans every 1 s. FRAP in normoxia was performed at 20% O2 and 5% 
CO2, the chamber was then switched to 1% O2 and 5% CO2 and after 25 
min FRAP was performed in hypoxia.

Fluorescence quenching recovery after photobleaching
The medium of BAECs was changed for HBSS + Ca/Mg + glucose with 
50 nM NAO. In some experiments, 10 μM CGP-37157 was added. The 
plate placed into a Leica SP-5 confocal microscope, an automated stage 
for live imaging and a thermostated hypoxic cabinet. The planes were 
focused for image capture and images were taken with a ×63 objective 
with ×13 zoom.



Samples were excited with an argon/krypton laser using the 488-nm 
line and emission was detected in the 515–535-nm range. Images were 
collected using TCS software (Leica). NAO was scanned two times and 
then bleached using 15 scans at 20% laser power. To image the quench 
of fluorescence intensity after photobleaching, we recorded 30 scans 
every 0.372 s. Quenching recording in normoxia was performed at 20% 
O2 and 5% CO2, the chamber was then switched to 1% O2 and 5% CO2 and 
the quench was again recorded after 15 min in hypoxia.

Fourier-transform IR spectroscopy
PC liposomes were prepared using the thin-film hydration method 
followed by extrusion with filters of decreasing diameter (400, 200 
and 100 nm)45. Lipids were hydrated with water with minimal metal 
impurities (Optima LC/MS Grade, Fisher Chemical). Liposomes were 
concentrated by filtration up to 72 mg/mL of lipid content. Lipid con-
centration was determined through the Rouser assay46. Sodium salt was 
mixed and incubated at 37 °C (for 2 h) with the liposomes at a ratio of 
16 mM X+:0.5 mg/mL lipids. Fourier-transform IR spectra of liposomes 
and liposomes incubated with alkali metals were collected afterwards 
with a Nicolet 6700 Fourier-transform IR spectrometer (Thermo  
Scientific) in transmission mode in liquid samples. All experiments 
were performed in triplicate.

Inductively coupled plasma mass spectroscopy
PC liposomes were mixed and incubated at 37 °C (for 2 h) with sodium 
chloride salt at a ratio of 16 mM X+:0.5 mg/mL lipids. Thereafter, 
solutions were washed by filtration with Optima LC/MS Grade water 
and digested with HNO3 acid ([Na+] = 13 ppt, nitric acid Optima, for 
ultra-trace elemental analysis, Fisher Chemicals). The number of alkali 
cations bound to each lipid within the liposomes, after three washing 
steps, was determined with inductively coupled plasma mass spec-
troscopy iCAP-Q from Thermo Scientific equipped with a collision/
reaction cell and kinetic energy discrimination. Lipid concentration 
was determined through the Rouser assay46. All experiments were 
performed in triplicate.

Transmission electron microscopy
Electron microscopy of cells and isolated mitochondria were per-
formed as previously described47 and thin sections were imaged on 
a Tecnai-20 electron microscope (Philips-FEI). Quantification of area 
and frequency of electron-dense spots was performed manually and 
using ImageJ software.

TEM–EDX analysis
Cell samples were fixed using 4% formaldehyde (EMS) and 2.5% glu-
taraldehyde (Sigma) in 0.1 M HEPES for 4 h at 4 °C. Samples were 
post-fixed 1 h at room temperature in a 2% osmium tetroxide (EMS) and 
3% potassium ferrocyanide (Sigma) solution. Cell preparations were 
dehydrated through graded acetone series and embedded in Spurr’s 
low viscosity embedding mixture (EMS). Ultrathin sections (70 nm) 
were then mounted on formvar-coated copper grids and stained with 
lead citrate. Samples were examined on a JEOL JEM 1400 with silicon 
drift detector) and elemental content estimation was performed under 
80,000–100,000 magnification and using 50–100-s lifetime acquisi-
tion. Data on oxygen (O), carbon (C), lead (Pb) and calcium (Ca) were 
collected from the TEM–EDX analysis. C, O and Pb were used as controls.

Measurement of the redox state of ubiquinone
The ratio of the oxidized and reduced forms of ubiquinone (CoQ) were 
measured as described48–50. CGP-37157 or antimycin A (10 μM) was 
added 30 min before the experiment and maintained throughout. 
HUVECs with or without CGP-37157 were subjected to 10 min of hypoxia 
(1% O2) or normoxia. Antimycin A was used in normoxic cells as a control. 
Plates were washed three times with ice-cold PBS and the cells were 
transferred to ice-cold tubes, which were subsequently centrifuged 

at 2,000g for 5 min at 4 °C. Cell pellets were resuspended in 95 μL 
PBS from which 91.5 μL was taken and mixed with 3.5 μL of 14.3 μM  
2-mercaptoethanol. 5 μL of 10 μM CoQ6 were added as internal stand-
ard. Then, 330 μL 1-propanol was added, the sample vortexed for 30 s, 
incubated for 3 min at room temperature, vortexed again for 20 s and 
centrifuged at 14,000g for 5 min. Supernatant (100 μL) was immedi-
ately injected into a 166-126 HPLC system (Beckman Coulter) equipped 
with an UV/Vis detector (System Gold R 168, Beckman Coulter) and an 
electrochemical (Coulochem III ESA) detector. Separation was carried 
out in a 15-cm Kromasil C18 column (Scharlab) at 40 °C with a mobile 
phase 20 mM ammonium acetate, pH 4.4, in methanol (solvent A) and 
20 mM ammonium acetate, pH 4.4, in propanol (solvent B). A gradient 
method was used with a 85:15 solvent mixture (A:B ratio) and a flow 
rate of 1.2 mL/min as the starting conditions. The mobile phase turns 
to a 50:50 A:B ratio starting at minute 6 and completed in minute 8, 
and the flow rate decreases in parallel to 1.1 mL/min. After 20 min (run 
time), the columns are re-equilibrated to the initial conditions for 3 
additional min. UV-spectrum was used to identify the different forms 
of ubiquinone (oxidized CoQ10 with maximum absorption at 275 nm) 
and ubiquinol (reduced CoQ, CoQ10H2, with maximum absorption 
at 290 nm) using specific standards. Quantification was carried out 
with electrochemical detector readings (channel 1 set to −700 mV and 
channel 2 set to +500 mV, conditioning guard cell after injection valve).

ESR of lipid vesicles
ESR spectroscopy is particularly useful to investigate the rotational 
dynamics of labelled molecules in solutions or membranes. The rota-
tional dynamics timescale, τc, is inversely related to the fluidity of the 
microenvironment of the probe. ESR experiments were carried out 
with a 9.5 GHz ESR Bruker spectrometer (RSE Bruker EMX). DOPC uni-
lamellar vesicles (2 mM) were obtained by ultrasonication. The spin 
labels (0.25% mol of total lipid composition) were added to the dry 
lipids before vesicle formation to obtain a symmetrical distribution of 
probes in the two leaflets. We used 5-doxyl palmitoyl PC (5-doxyl PC), 
12-doxyl PC and 16-doxyl PC. The different position of the probe along 
the alkyl chain determines the local motional profiles in the three main 
regions of the lipidic bilayer, near the polar head group (5-doxyl PC), 
at the middle region of the hydrophobic chain (12-doxyl PC) or at the 
end of the hydrophobic chain (16-doxyl PC). The ESR spectrum of 
5-doxyl PC incorporated into the lipid membranes made of DOPC shows 
an anisotropic (slow) motion, whereas those of both 12-doxyl PC and 
16-doxyl PC reflects an isotropic motion of the acyl chain. The τc of 
5-doxyl PC is proportional to the outermost separation between the 
spectral extrema, 2Amax, whereas the τc of 12-doxyl PC and 16-doxyl PC 
were calculated by the semiempirical formula previously established51: 
τc = 6.5 × 10−10 ΔB0 (√(h0/h−1) − 1), where ΔB0 is the width of the central 
line in Gauss, and h0 and h−1 are the heights of the mid-field and high-field 
lines, respectively. 2Amax, ΔB0, h0 and h−1 were obtained from the first 
derivative of each absorption spectrum.

Steady-state fluorescence emission anisotropy of DPH or 
TMA-DPH incorporated into lipid vesicles
Mixtures of 1–3 mg of egg PC (Avanti Polar Lipids Inc.), cardiolipin (CL; 
Avanti Polar Lipids Inc.) to a final molar PC:CL molar ratio of 4:1 (when 
present), and the fluorescent lipid probes diphenyl-1,3,5-hexatriene 
(DPH; Sigma-Aldrich) or 1-(4(trimethylammonium)-phenyl)-6-DPH 
(TMA-DPH; Sigma-Aldrich), at a lipid:probe molar ratio of 1:100, were 
dissolved in 200 μL of chloroform:methanol (2:1) and dried under flow 
of nitrogen for at least 60 min. The resulting dry lipid film was then 
resuspended in 1.5 mL of Milli-Q-degree water and vortexed vigorously 
for 1 min. This suspension of multilamellar vesicles was then incubated 
for 1 h at 37 °C. Large unilamellar vesicles were then prepared by extru-
sion of this lipid dispersion through polycarbonate filters of controlled 
100-nm diameter pore size. These vesicles were maintained at 37 °C for 
no more than 3 h before being used52. The steady-state fluorescence 
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emission anisotropy experiments were carried out on a SLM Aminco 
8000C spectrofluorimeter (SLM Aminco), as previously described53. 
Fluorescence anisotropy (r) of DPH or TMA-DPH incorporated into the 
liposomes described above was recorded at 37 °C using excitation and 
emission wavelengths of 350 or 356 and 452 or 451 nm, respectively.

Measurement of pulmonary artery contraction
Third division branches of the pulmonary arteries were isolated from 
male Wistar rats (250–275 g of body weight; obtained from Envigo) and 
mounted in a wire myograph. Contractile responses were recorded as 
reported54. The chambers were filled with Krebs buffer containing 118 
mM NaCl, 4.75 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4, 2 mM CaCl2,  
1.2 mM KH2PO4 and 11 mM glucose, maintained at 37 °C and aerated with 
21% O2, 5% CO2 and 74% N2 gas (pO2 17–19 kPa). After an equilibration 
period of 30 min, pulmonary arteries (internal diameter of 300–400 
μm) were distended to a resting tension corresponding to a transmural 
pressure of 2.66 kPa. Preparations were initially stimulated by raising 
the K+ concentration of the buffer (to 80 mM) in exchange for Na+. Ves-
sels were washed three times and allowed to recover. Then, following 
randomization, each vessel was exposed to two hypoxic challenges 
(95% N2, 5% CO2; pO2 = 2.6–3.3 kPa), the second one after 40 min of 
incubation with vehicle (control) or CGP-37157 (30 μM).

Statistics
Data are presented as mean ± s.e.m., except where otherwise stated. 
Normality and homoscedasticity tests were carried out before applying 
parametric tests. For comparison of multiple groups, we performed 
one-way ANOVA followed by Tukey’s or Bonferroni’s tests for all of the 
groups of the experiment. For comparison of two groups, we used 
Student’s two-tailed t-test; when the data did not pass the normality 
test, we used a non-parametric t-test (Mann–Whitney U-test). Linear 
correlation was estimated by calculating the Pearson’s correlation 
coefficient. Variations were considered significant when the P value 
was less than 0.05. Statistical analysis was performed with SigmaPlot 
11.0 or GraphPad Prism 8 software.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Data generated in this study are available in a public repository at Men-
deley Data (https://doi.org/10.17632/5wmggsb5vh.1). Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Interference of Slc8b1 affects NCLX function, but 
inhibition of the NCLX has no effect on general mitochondrial function.  
a–c, Assessment of the effect of different siRNAs against Slc8b1 mRNA 
(siNCLX) on mitochondrial Ca2+ influx and efflux rates in BAECs transfected 
with the mitochondria-directed Ca2+ reporter protein Cepia 2mt (siSCR n = 4, 
siNCLX1 n = 5, siNCLX2 n = 4, siNCLX3 n = 3, siNCLX4 n = 5), after addition of 
histamine; mean traces plotted as fluorescence change relative to initial 
fluorescence (F/F0) (a); mitochondrial Ca2+ peak amplitude (calculated from the 
highest value of fluorescence minus the first basal value of fluorescence, from 
panel a) (b); percentage of mitochondrial Ca2+ efflux (calculated from the 
highest value of fluorescence minus the lowest value of fluorescence after 
histamine application, relative to percental siSCR values, from panel a) (c).  
d, Assessment of NCLX protein amount after interference in whole-cell 

extracts from BAECs, by western blot (Representative image of three 
independent experiments). e–g, Mitochondrial Ca2+ influx and efflux rates in 
WT, NCLX KO, KO+pNCLX or WT+dnNCLX MEFs transfected with Cepia 2mt 
(n = 4, except WT n = 5 and KO+pNCLX n = 3) after addition of histamine, as in  
a–c. h–j, Assessment of NCLX protein amount in MEFs mitochondrial extracts 
by western blot (representative images of n = 4 in h and n = 2 in i and j).  
k, Mitochondrial membrane potential in BAECs measured with 20 nM TMRM in 
non-quenching mode (n = 3). l, Oxygen consumption rate (OCR) in BAECs with 
NCLX inhibition by 10 μM CGP-37157 (upper panel, n = 4), or NCLX interference 
with siNCLX1 (lower panel, n = 3). All data are represented as mean ± s.e.m.  
One-way ANOVA with Tukey’s test (f, g and k for the siNCLX inset) and two-
tailed Student’s t-test (b, c, k for the CGP inset). For gel source data, see 
Supplementary Fig. 1.



Extended Data Fig. 2 | Hypoxia activates Na+/Ca2+ exchange through the 
NCLX. Cytosolic Ca2+ (Ca2+

i) or Na+ (Na+
i) were measured by live imaging 

fluorescence microscopy with Fluo-4 AM or CoroNa Green AM, respectively, in 
normoxia or acute hypoxia (2% O2). a–d, BAECs not treated (No treat) or 
transfected with siSCR or siNCLX. e–h, BAECs treated or not with the NCLX 

inhibitor CGP-37157 (10 μM). a, c, e, g, time-course traces; b, d, f, h, slopes. All 
data are represented as mean ± s.e.m. of n = 3 independent experiments. 
Two-tailed Student’s t-test (b, d, f, h): * P < 0.05, ** P < 0.01, *** P < 0.001, n.s. not 
significant.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Inhibition of the NCLX prevents the increase in ROS 
production triggered by hypoxia. a–c, Superoxide detection by fluorescence 
microscopy after incubation with DHE in 10-min time windows in normoxia 
(Nx) or hypoxia (1% O2); AA = antimycin A. BAECs treated or not with 10 μM CGP-
37157, images of one experiment (a) and mean intensity of three independent 
experiments (b). HUVECs treated or not with 10 μM CGP-37157, mean intensity 
of three independent experiments (c). d, Detection of H2O2 by live confocal 
microscopy in CytoHyPer-transfected BAECs either not treated or treated with 
10 μM CGP-37157 in normoxia (Nx) or acute hypoxia (1% O2, Hp); representative 
images and time-course traces as mean of four independent experiments.  

e, Detection of ROS by live fluorescence microscopy with DCFDA in normoxia 
or acute hypoxia (2% O2); time-course traces and slopes, mean of three 
independent experiments. f, g, Superoxide detection by fluorescence 
microscopy with DHE in normoxia (Nx) or 10 min hypoxia (1% O2) or normoxia 
with AA in primary (f) or immortalized (g) HUVECs; mean of three independent 
experiments. All data are represented as mean ± s.e.m. Two-tailed Student’s  
t-test for pairwise comparisons (d, e) and one-way ANOVA with Tukey’s test for 
multiple comparisons (b, c, f, g): n.s. not significant, * P < 0.05, **P < 0.01,  
*** P < 0.001. In b, c, statistical comparisons shown only for Nx vs 0-10 groups.
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Extended Data Fig. 4 | NCLX activation in acute hypoxia depends on 
mitochondrial CI. a, b, Assessment of interference of subunits of CI (NDUFS4) 
or CIII (RISP) by western blot in whole-cell extracts from BAECs. Representative 
images of two independent experiments. c, d, Cytosolic Ca2+ (Ca2+

i; c) or  
Na+ (Na+

i; d) measured by live imaging confocal microscopy with Fluo-4 AM  or 
CoroNa Green AM, respectively, in normoxia or acute hypoxia (1% O2); 

time-course traces and slopes, n = 4 (c), n = 3 (d). e, f, Effect of OXPHOS 
inhibitors on cytosolic Ca2+ (e; n = 3) or Na+ (f; n = 6) measured as in c and d.  
All data are represented as mean ± s.e.m. Two-tailed Student’s t-test or  
Mann–Whitney U test (c; siSCR). n.s. not significant, * P < 0.05, **P < 0.01. For gel 
source data, see Supplementary Fig. 1.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Acute hypoxia promotes A/D transition in CI and 
matrix acidification independently of NCLX activity. a–c, ND3·Cys39 
exposure, which reflects the D conformation of CI, measured as the ratio 
between TMR signal (Cys39 labelling) and Sypro Ruby staining (total protein 
for the ND3 band, identified by mass spectrometry11). Thermal deactivation is 
used as a positive control of CI D state. Scheme of the technique11 (a); BAECs (b; 
n = 5 and n = 4 for de-activated samples) or HepG2 (c; n = 2) exposed to normoxia 
(Nx), 5 min of hypoxia (1% O2, H5), normoxia with CGP-37157 (NxCGP), 5 min of 
hypoxia with CGP-37157 (H5CGP). d, Complex I reactivation rate measured in 
the presence of Mg2+ in isolated mitochondrial membranes from BAECs 
subjected to normoxia, 10 min of hypoxia (1% O2) and NCLX inhibition with 

CGP-37157 (n = 4). e–g, Mitochondrial matrix pH measured using calibrated 
mitosypHer in WT or CI KO cybrid cell lines (e; n = 8), MEFs preincubated or not 
with rotenone (f; n = 4) or NCLX WT or KO MEFs (g; n = 8). h, Mitochondrial 
matrix acidification using mitosypHer in BAECs in normoxia or acute hypoxia 
(1% O2) treated or not with NCLX inhibitor CGP-37157; time-course traces and 
slopes (n = 4). i, j, Effect of the CI inhibitor rotenone on cytosolic Ca2+ (i) or 
cytosolic Na+ ( j) measured by live confocal microscopy with Fluo-4 AM  or 
CoroNa Green AM, respectively, in BAECs in normoxia or acute hypoxia (1% O2), 
n = 3. All data are represented as mean ± s.e.m. Two-tailed Student’s t-test  
(b, d, h, i, j): n.s. not significant, * P < 0.05, **P < 0.01, *** P < 0.001.
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Extended Data Fig. 6 | Mitochondrial matrix acidification promotes 
mitochondrial Na+/Ca2+ exchange via the NCLX. a, TEM-EDX determination 
of calcium element (Ca) versus carbon (C), oxygen (O) and lead (Pb) content in 
regions of mitochondria with (empty circles) or without (filled circles) electron 
dense spots (n = 7). b, Frequency of CaP precipitates per mitochondrion in 
BAECs, seen by TEM during normoxia (741 mitochondria), 10 min of hypoxia  
(1% O2; 619 mitochondria) or 30 min with 1 μM FCCP (393 mitochondria), three 
independent experiments. c, Total Ca2+ content of mitochondria extracted 
from mouse adult fibroblasts (MAFs) which had been treated for 10 min with  
1 μM FCCP or 1 μM rotenone, measured in a hypotonic buffer at pH 6.8 (n = 4).  
d, Western blot showing MCU and Fp70 in CRISPR Control, MCU KO2 and  
MCU KO3 cells (representative image of two independent experiments).  
e, Mitochondrial Ca2+ measured by live cell confocal microscopy in MCU WT or 
KO human breast cancer cells transfected with Cepia2mt (fluorescence signal 
relative to starting signal –F/F0–, representative traces of n = 5 for WT, n = 9 for 
MCU KO2 and n = 5 for KO3, independent experiments). f, Total Ca2+ content of 

mitochondria extracted from MAFs which had been subjected to normoxia or 
10, 30 or 60 min of hypoxia (1% O2), measured in a hypotonic buffer at pH 6.8 
(n = 5). g, Ca2+ content of mitochondria extracted from MAFs which had been 
subjected to 10 min normoxia or 10 min hypoxia (1% O2) in a medium without 
Ca2+, measured in a hypotonic buffer at pH 6.8 (total mitochondrial Ca2+) or  
pH 7.5 (soluble mitochondrial Ca2+; n = 4). h, Cytosolic Ca2+ measured by live cell 
confocal microscopy in MEFs transfected with cyto-GEM-GECO in the absence 
of Ca2+ in the incubation medium (n = 4). i, Endoplasmic reticulum Ca2+ 
measured by live cell confocal microscopy in MEFs transfected with erGAP3 in 
the presence or absence of Ca2+ in the incubation medium (n = 8). j, Superoxide 
detection with DHE in MCU WT or MCU KO immortalized breast cancer cells in 
normoxia (Nx) or after 10 min of hypoxia (1% O2; Hp; n = 4). All data except e are 
represented as mean ± s.e.m. One-way ANOVA with Tukey’s test (c and f) and 
two-tailed Student’s t-test (a, b, g and j): n.s. not significant, * P < 0.05,  
** P < 0.01. Two- tailed Student’s t-test (CRISPR Control Hp vs MCU KOs Hp in j):  
& P < 0.05, && P < 0.01. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 7 | Mitochondrial Na+ import decreases OXPHOS and 
produces ROS. a, Effect of NaCl and/or CaCl2 additions on H2O2 production 
detected with Amplex Red in isolated rat heart mitochondria (500 μg) 
respiring after addition of glutamate/malate (GM) in KCl-EGTA buffer. 
Representative traces of five independent experiments. b–e, Effect of NCLX 
activation by 10 mM NaCl/0.1 mM CaCl2 on glutamate/malate- (b, d) or TMPD-
based (c, e) oxygen consumption rate (OCR) in isolated coupled mitochondria 
from BAECs (b, c; n = 5) or MEFs (d, e; n = 6). f, g, Effect of 0.1 mM CaCl2 (f; n = 5) or 
NaCl (g; n = 4) additions on CII+III activity in isolated mitochondrial 
membranes from BAECs. h, i, Cytosolic Ca2+ (h) or cytosolic Na+ (i) measured by 
live cell confocal microscopy of BAECs transfected with cyto-GEM-GECO (h) or 
treated with ANG2-AM (i), either not treated (No treat) or treated with 10 μM 
DMM during normoxia and hypoxia (1% O2; n = 4). j, Superoxide detection by 
fluorescence microscopy after incubation with DHE in 10-min time windows in 
non-treated BAECs (No treat) or treated with 10 μM DMM during normoxia (Nx) 
or hypoxia (1% O2; n = 3, except AA n = 2). k, l, Effect of 10 mM NaCl addition on 

succinate dehydrogenase activity (k) or ubiquinone 2-cytochrome c activity in 
the presence of n-Dodecyl β-D-maltoside (DDM; l) from BAECs mitochondrial 
membranes (n = 4). m, n, Effect of hypoxia (1% O2) in mitochondrial Na+ content 
measured with SBFI in BAECs transfected with siSCR or siNCLX (m) or treated 
with CGP-37157 (n) (n = 4). o, Effect of hypoxia (1% O2) in mitochondrial Na+ 
content in WT and KO MEFs, measured with CoroNa Green adapted for 
mitochondrial loading and live fluorescence (n = 10 MEFs WT and n = 12 MEFs 
KO). p, Representative images of three independent experiments showing 
colocalization of CoroNa Green-AM and TMRM signals after application of a 
long incubation protocol for CoroNa Green AM. All data are represented as 
mean ± s.e.m. Two-tailed Student’s t-test (f, k, l) and one-way ANOVA with 
Tukey’s test for multiple comparisons (b–e, h–j, m–o): n.s. not significant,  
* P < 0.05, ** P < 0.01, *** P < 0.001. Student’s t-test (No treat vs DMM; h, i): n.s. 
not significant, & P < 0.05. j, statistical comparisons shown only for Nx vs 0-10 
groups. Pearson correlation coefficient in g: R = -0.9753.
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Extended Data Fig. 8 | Mitochondrial Na+ import decreases IMM fluidity.  
a, FRAP of BAECs expressing mitoRFP in normoxia or hypoxia for 20 min  
(1% O2), with or without CGP-37157 (n = 15 for Nx, n = 16 for Hp, n = 13 for NxCGP 
and n = 10 for HpCGP, obtained from four independent experiments). b, NAO 
quench FRAP signal of BAECs exposed to normoxia or hypoxia for 15 min (1% O2; 
n = 5), with or without CGP-37157. c, CoQ10 redox state of HUVECs subjected to 
normoxia (Nx), 10 min of hypoxia (Hp 10 min; 1% O2), or normoxia with 
antimycin A (AA), n = 4. d, e, Anisotropy of phosphatydilcholine (PC) or 
PC:cardiolipin (PC:CL) liposomes treated with increasing concentrations of 
NaCl measured by TMA-DPH (d; n = 3) or DPH (e; n = 4) fluorescence. f–i, ESR 
spectra of 5-, 12- and 16-Doxyl PC in DOPC liposomes. 5-Doxyl PC exhibited an 
increased restricted motion (broadening of the hyperfine splitting, 2Amax) as a 

function of the NaCl concentration whereas the correlation time for 12- and 
16-Doxyl PC remained unchanged. Hyperfine splitting (2Amax) of 5-Doxyl PC 
measured by ESR in PC liposomes treated with increasing concentrations of 
NaCl (n = 2) (f). Chemical structures of 5-, 12- and 16-Doxyl PC (g). ESR of 5-,  
12- and 16-Doxyl PC in PC liposomes (h) and rotational times (i), τc, of 12- and 
16-Doxyl PC in PC liposomes treated with increasing concentrations of NaCl as 
measured by ESR (n = 2). j, IR spectroscopy absorption spectra of PC liposomes 
treated or not with 16 mM NaCl (n = 2). Data are represented as mean ± s.e.m., 
except mean ± s.d. in d–f and i. Two-tailed Student’s t-test (c) and one-way 
ANOVA with Tukey’s test (a, b, d, e): n.s. not significant, * P < 0.05, ** P < 0.01,  
*** P < 0.001.



Extended Data Fig. 9 | Mitochondrial Na+ influx inhibition abolishes 
hypoxic pulmonary vasoconstriction. a, Effectiveness of NCLX silencing in 
mice pulmonary artery smooth muscle cells (PASMCs) measured by 
quantitative RT–PCR analysis, n = 3. b, Superoxide detection by fluorescence 
microscopy after incubation with DHE in PASMCs treated with siSCR or  
siNCLX in normoxia (Nx) or hypoxia (Hp; 1% O2), n = 4 (except AA, n = 2).  
c, d, Representative traces (c) and average values (d) of hypoxic pulmonary 

vasoconstriction (HPV) measured in rat pulmonary arteries in the absence of 
pretone (precontraction). Each artery was exposed twice to hypoxia, and the 
second hypoxic challenge was performed in the absence or the presence of  
30 μM CGP-37157, n = 7 (except peak CGP, n = 8; steady state CGP, n = 9). All data 
are represented as mean ± s.e.m. One-group t-test vs. 1 (a), two-tailed Student’s 
t-test (a, d) and one-way ANOVA with Tukey’s test (b): * P < 0.05, ** P < 0.01,  
*** P < 0.001. In b, statistical comparisons shown only for Nx vs 0-10 groups.



Article

Extended Data Fig. 10 | Scheme of the molecular pathway driving ROS 
production in acute hypoxia. a, Complex I undergoes the A/D transition, this 
leads to mitochondrial matrix acidification and free Ca2+ release from the CaP 
precipitates. b, The increase in mitochondrial matrix free Ca2+ activates NCLX 
which introduces Na+ into the mitochondrial matrix. c, Na+ interacts with 
phospholipids in the inner leaflet of the inner mitochondrial membrane, 

decreasing diffusion of CoQH2, uncoupling CoQ cycle only in free complex III 
and promoting superoxide production at the Qo site of complex III.  
d, Mitochondrial ROS in hypoxia activate downstream targets. In addition, the 
entry of extracellular Ca2+ promotes a positive feed-back loop that further 
increases mitochondrial Na+ import and ROS production in hypoxia.
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Reporting Summary
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in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Commercial software:  OxyTrace+ Software v1 Build 48 (Hansatech instruments ltd), Seahorse Wave 2.2.0 (Seahorse Bioscience, Inc), LAS 
AF and TCS  Software v2.7.3 (Leica microsystems), Jeol JEM 1400 with Silicon Drift Detector software (JEOL USA, Inc.)

Data analysis Open source software: ImageJ 1.52a (NIH). 
Commercial software: Microsoft Office Excel 2010 (Microsoft), GraphPad Prism 8 (GraphPad Software), SigmaPlot 11 (Systat Software 
Inc), ImageQuant TL7.0 (GE Healthcare)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data that support the findings of this study are available online in Mendeley Data, doi: 10.17632/5wmggsb5vh.1
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined upon availability, and chosen based on previous experience and previous studies. No statistical test was 
performed prior the experiment to select the sample size. 

Data exclusions No data were excluded 

Replication Almost all experiments were performed a minimum of three times and yielded similar results. Western blots in ED Fig. 1h-j, ED Fig. 4a, and ED 
Fig. 6d and experiment in Fig. 3o, ED Fig. 5c and ED Fig. 8f were reproducible and repeated twice. 

Randomization No randomization was required because all the samples were uniformly adquired

Blinding Double blinded experiments were performed ocasionally to confirm unbiased analysis of the data

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The following antibodies were used:  

- Polyclonal anti-NCLX antibodies: 1) 1/1000 dilution, ab136975, Abcam (lot number: GR3240150-3); 2)  1/5000 dilution, 
ARP44042_P050, Aviva Systems Biology (lot number: QC18479-90428). 
- Monoclonal anti-Fp70 (clone number: 2E3GC12FB2AE2), 1/5000 dilution, 459200, Invitrogen (lot number:U02815123A). 
- Monoclonal anti-NDUFS4 antibody (clone number: 2C7CD4AG3), 1/1000 dilution, ab87399, Abcam (lot number:GR73583-6). 
- Monoclonal anti-RISP (UQCRFS1) antibody (clone number: 5A5), 1/1000 dilution, ab14746, Abcam (lot number: GR141645-5). 
- Polyclonal  anti-MCU , 1/250 dilution, HPA016480,  Sigma-Aldrich (lot number: G105580). 
- Monoclonal anti-α-tubulin antibody (clone number: DM1A), 1/1000 dilution, T6199, Sigma (lot number: 115M4796V). 
- Polyclonal mouse IgG (H+L) cross-adsorbed secondary antibody, 1/10000 dilution, A-21057, ThermoFisher (lot number: 
1964363). 
- Goat anti-Rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor 680, 1/10000 dilution, A-21076, ThermoFisher (lot 
number: 1655809). 
- Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1/2500 dilution, P0260, Dako (several lots were used and all worked, the 
last lot used was 20039216). 
- Polyclonal rabbit IgG HRP Linked F(abʹ)2, 1/2500 dilution, NA9340V, GE Healthcare (several lots were used and all worked, the 
last lot used was 12171049).

Validation All validations were performed for western blot.  
- ab136975, ARP44042_P050, P0260, NA9340V, A-21057 and A-21076 were validated in this manuscript in bovine and mouse 
samples. 
- ab87399 and ab14746 antibodies were validated in this manuscript in bovine samples. 
- HPA016480 was validated in this manuscript in human samples. 
- 459200 was previsouly validated by our group in mouse samples (see doi:10.1016/j.cmet.2014.04.015 for details).   
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- T6199 was validated for bovine, mouse, human and other species by the manufacturer for western blot and has four product 
citations in the manufacturer's website.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Bovine aortic endothelial cells (BAECs) were isolated from bovine aortas provided by the local slaughterhouse. MEFs were 
isolated from SLC8B1fl/fl mice. HUVECs were isolated from human umbilical veins provided by Hospital General Universitario 
Gregorio Marañón (Madrid). PASMCs were obtained from male Wistar Rats. HepG2 cells were provided by Dr. Pedro Majano 
(IIS-IP). 293T cells were provided by Julián Aragonés (IIS-IP). MCU KO and control breast cancer cells were provided by Dr. 
Rosario Rizzuto (U. Padova). 

Authentication BAECs and HUVECs were authentified by differential endothelial nitric oxide synthase (eNOS) expression. MEFs, breast cancer 
cells and HepG2 cells were authenticated by differential visual inspection and cell growth.

Mycoplasma contamination Cell cultures were routinely checked for Mycoplasma contamination by PCR, DAPI staining or luminescence-based 
Mycoplasma detection kit and tested negative. 

Commonly misidentified lines
(See ICLAC register)

Misidentified cell lines were not used

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals  Rattus norvegicus. Male Wistar Rats between 6-8 weeks (250-300 g).  
C57BL/6J Slc8b1 fl/fl MEFs were isolated from E13.5 embryos. Sex was not determined. 
MAFs were isolated from the skin of a 8 weeks old C57BL/6J male mouse.

Wild animals No wild animals were used 

Field-collected samples No field-collected samples were used in this study

Ethics oversight Study protocol on animal use was oversighted by Institutional ethics committee of the Universidad Autónoma de Madrid or the 
Universidad Complutense de Madrid, Spain, in accordance with the European Union Directive of 22 September 2010 (2010/63/
UE) and with the Spanish Royal Decree of 1 February 
398 2013 (53/2013)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Human samples were only and occasionally involved to isolate cells. The origin or characteristics of the population involved in 
the study were not taken into account.

Recruitment No criteria were used to select the samples

Ethics oversight  Human samples were kindly provided by Hospital Gregorio Marañón where they were anonimously detached from any personal 
information allowing to identify its donnor. Samples were destroyed upon the end of experiment.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




