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A B S T R A C T

The extracellular pH (pHe) is a key determinant of the cellular (micro)environment and needs to be maintained
within strict boundaries to allow normal cell function. Here we used HEK293 cells to study the effects of pHe
acidification (24 h), induced by mitochondrial inhibitors (rotenone, antimycin A) and/or extracellular HCl ad-
dition. Lowering pHe from 7.2 to 5.8 reduced cell viability by 70% and was paralleled by a decrease in cytosolic
pH (pHc), hyperpolarization of the mitochondrial membrane potential (Δψ), increased levels of hydroethidine-
oxidizing ROS and stimulation of protein carbonylation. Co-treatment with the antioxidant α-tocopherol, the
mitochondrial permeability transition pore (mPTP) desensitizer cyclosporin A and Necrostatin-1, a combined
inhibitor of Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and Indoleamine 2,3-dioxygenase
(IDO), prevented acidification-induced cell death. In contrast, the caspase inhibitor zVAD.fmk and the ferrop-
tosis inhibitor Ferrostatin-1 were ineffective. We conclude that extracellular acidification induces necroptotic
cell death in HEK293 cells and that the latter involves intracellular acidification, mitochondrial functional im-
pairment, increased ROS levels, mPTP opening and protein carbonylation. These findings suggest that acidosis of
the extracellular environment (as observed in mitochondrial disorders, ischemia, acute inflammation and
cancer) can induce cell death via a ROS- and mPTP opening-mediated pathogenic mechanism.

1. Introduction

Changes in the cellular (micro)environment profoundly affect cell
physiology and are associated with induction of pathology [64,9]. A
key property of the extracellular environment is its pH (pHe), which has
to be maintained within strict boundaries to allow proper cellular
function and prevent cell death [43,51]. Alterations in cellular energy
metabolism often induce extracellular acidification, the rate and me-
chanism of which depend on the cell type and used energy substrate
[37]. In most mammalian cells, cellular energy in the form of ATP is
generated by the integrated action of the glycolysis pathway in the
cytosol, and the tricarboxylic acid (TCA) cycle and oxidative phos-
phorylation (OXPHOS) system in the mitochondrion [30,31,62]. These

systems not only produce ATP by catabolizing energy substrates (e.g.
glucose, fatty acids and glutamine), but also generate protons (H+) and
lactate during pyruvate metabolism. Moreover, CO2 is produced inside
the mitochondrion during the conversion of pyruvate into acetyl
Coenzyme A (acetyl CoA) and by the TCA cycle. Once formed, the CO2

enters the extracellular environment via the cytosol, where its reaction
with water (H2O) generates carbonic acid (H2CO3), which then dis-
sociates into hydrogen carbonate (HCO3

-) and H+ [37].
Extracellular acidification was demonstrated in various cell models

of inherited and inhibitor-induced OXPHOS dysfunction [16,47,50,60].
In this respect, using C2C12 myoblasts, we recently demonstrated that
acute OXPHOS inhibition stimulates steady-state cellular glucose up-
take, which compensates for the reduction in mitochondrial ATP
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production [36]. The latter study further revealed that increased glu-
cose uptake was associated with increased cellular lactate release and
extracellular acidification due to a higher glycolytic flux. Similarly,
acidification of the extracellular environment (pHe 6.2–6.8) is also a
characteristic feature of cancer cells [44,59], linked to their pre-
dominantly glycolytic mode of ATP generation [23,62]. Other pathol-
ogies associated with extracellular acidification are severe ischemia
(pHe<6.3; [54]), heart arrhythmia [7] and inflammation (pHe 5.4;
[56]). Interestingly, mitochondrial dysfunction and extracellular acid-
ification have been associated with an increase in the cellular level of
reactive oxygen species (ROS; [45,18,26,70,5]). ROS can serve as sig-
nalling molecules (for instance in the activation of antioxidant defence
systems), but when their level exceeds a certain threshold value, oxi-
dative stress is induced [1,52,65,66]. Cancer cells generally display a
reduced pHe and increased ROS levels that are likely involved in
maintaining the cancer phenotype and providing these cells with a
survival advantage relative to non-cancer cells [42,8]. For instance, in
breast cancer cells extracellular acidosis stimulates the pentose phos-
phate pathway to increase NADPH production and enhance the cell's
resistance to oxidative stress [35]. ROS can induce various modifica-
tions in proteins including metal-catalysed carbonylation, oxidation of
aromatic and sulphur-containing amino acid residues, oxidation of the
protein backbone, or even protein fragmentation due to backbone
breakage [11,41,55]. Protein carbonylation appears to be irreversible
and has been observed under conditions of increased ROS production
and/or inefficient antioxidant systems, associated with a reduced re-
moval capacity for oxidized proteins [11,22,67]. Potentially due to
their protein-modifying ability, ROS can also trigger opening of the
mitochondrial permeability transition pore (mPTP; [6]), which is as-
sociated with induction of various modes of cell death [1,49]. We
previously used HEK293 cells [19] to demonstrate that chronic (24 h)
inhibition of OXPHOS complex I (CI) and complex III (CIII) by 100 nM
rotenone (ROT) or 100 nM antimycin A (AA), respectively, stimulates
oxidation of the ROS sensor hydroethidine (HEt). Using the genetic pH-
sensor SypHer, we observed that this increased HEt oxidation was
paralleled by a lowering of the cytosolic and intra-mitochondrial pH
and a minor reduction in cell viability [21]. The latter study also re-
vealed that CI and CIII inhibition were not accompanied by a detectable
increase in protein carbonylation or changes in mitochondrial and cy-
tosolic superoxide dismutase (SOD) protein levels. However, evidence
in the literature suggests that acidic stress is linked to cell death in-
duction (e.g. [51]) and pHe acidification triggers intracellular damage
and reduces the replicative lifespan of chronologically aging budding
yeast [38]. Triggered by the above findings, we here investigated
whether HEK293 cell viability is affected by extracellular acidification.
Our results support a mechanism in which pHe acidification induces
necroptotic cell death by decreasing intracellular pH (pHc), increasing
cellular ROS levels and stimulating mitochondrial permeability transi-
tion pore (mPTP) opening.

2. Materials and methods

2.1. Cell culture and treatment regime

HEK293 cells were cultured in DMEM medium (Invitrogen, Breda,
The Netherlands) containing 25 mM glucose, 2 mM L-glutamine, no
pyruvate, 10% (v/v) fetal calf serum, phenol red and 1% penicillin/
streptomycin in a humidified atmosphere (5% CO2, 37 °C). HEK293
cells were seeded (25,000 cells/cm2) and allowed to proliferate for 24 h
during which they reached 40–60% confluence. Next, cells were in-
cubated for another 24 h in the presence of vehicle (0.1% ethanol; CT),
the complex I (CI) inhibitor rotenone (ROT; 100 nM) or the complex III
(CIII) inhibitor antimycin A (AA; 100 nM) in “normal” DMEM or
“acidified” DMEM culture medium (“+H+”; by adding 25 µmol HCl/ml
at the start of the 24 h incubation).

2.2. Extracellular pH (pHe) measurements

The culture medium was centrifuged to remove cells (1000 g,
5 min,) and the extracellular pH (pHe) was measured in the clear su-
pernatant using a Sension-PH31 pH meter (Sanhai, Shila Instrument,
China).

2.3. Cytosolic pH (pHc) measurements

Cells were cultured in 48-well plates (25,000 cells/cm2) (VWR, Vila
Nova de Gaia, Portugal) as described above and subjected to the
various treatments. Thereafter, cells were loaded with the pH-sensitive
reporter molecule BCECF-AM (2′,7′-Bis-(2-Carboxyethyl)-5-(and-6)-
Carboxyfluorescein acetoxymethyl ester) by incubating them in HBSS
medium (containing 5 μM BCECF-AM, 137 mM NaCl, 5.4 mM KCl,
4.2 mM NaHCO3, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 1.3 mM CaCl2,
0.5 mM MgCl2, 0.6 mM MgSO4, and 5.6 mM D-glucose, pH 7.4) for
15 min at 37 °C and 5% CO2 in the dark. Then, cells were washed 3
times with HBSS without BCECF and fluorescence signals were quan-
tified using a microplate reader (Cytation 3; BioTek US, Winooski, VT,
USA). The protonated and deprotonated forms of BCECF were excited
at 440 nm and 490 nm, respectively, and BCECF fluorescence was
quantified at 530 nm. The ratio between the emission signal obtained
following 490 and 440 excitation was used as a measure of cytosolic pH
(pHc).

2.4. Imaging of mitochondrial TMRM fluorescence

Cells were seeded in 6-well plates (VWR) at a density of 237,000
cells/well and subjected to the various treatments. Thirty minutes prior
the end of the incubation time, HEK293 cells were incubated in HBSS
containing 30 nM tetramethyl rhodamine methyl ester (TMRM;
Invitrogen) for 25 min at 37 °C and 5% CO2 in the dark. Next, cells
were washed with HBSS and images were acquired using a Nikon
Eclipse TE2000U microscope (Nikon Instruments, Amsterdam, The
Netherlands) equipped with a x40 Plan Fluor 0.6 NA objective
(Nikon). TMRM was excited during 600 ms at 535 nm using a mono-
chromator (pE-2; CoolLED Ltd., Andover, UK). The excitation light
intensity was minimized using two neutral density filters (ND8, ND4).
TMRM fluorescence emission was directed onto a DS-Qi1Mc mono-
chrome camera (Nikon), using a TRITC HYQ fluorescence filter box
(excitation filter: 530–550 nm; dichroic mirror: 565 nm; emission filter:
590–650 nm; Nikon). For each individual cell, the mitochondrial
TMRM fluorescence signal was quantified by placing a region of interest
(ROI) on a mitochondria-dense part as described previously [21]. For
each well, ten random fields of view were routinely analysed.

2.5. Imaging of live-cell hydroethidine (HEt) oxidation

Cells were seeded (100,000 cells per coverslip) on 24-mm coverslips
(Thermo Scientific, Etten-Leur, The Netherlands), placed in 35-mm
CellStar tissue culture dishes (Sigma-Aldrich, Zwijndrecht, The
Netherlands), two days prior to experiments to achieve a 70% con-
fluence at the day of imaging. Cells were incubated with 10 µM HEt
(Invitrogen) in harvested culture medium for 10 min at 37 °C and 5%
CO2 in the dark. The HEt oxidation reaction was terminated by thor-
oughly washing the cells with PBS to remove excess HEt. Subsequently,
the cells were covered by a colourless HEPES-Tris (HT) buffer (con-
taining 132 mM NaCl, 10 mM HEPES, 4.2 mM KCl, 1 mM MgCl2, 1 mM
CaCl2 and 25 mM D-glucose, adjusted to pH 7.4 with Tris salt). To
quantify fluorescent HEt oxidation products, coverslips were mounted
in an incubation chamber that was placed on the temperature-con-
trolled (37 °C) stage of an inverted microscope (Axiovert 200 M, Carl
Zeiss, Jena, Germany) equipped with a Zeiss x40 1.3 NA Fluar ob-
jective. The cells were excited for 100 ms at 490 nm using a mono-
chromator (Polychrome IV; TILL Photonics, Gräfelfing, Germany).
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Fluorescence light from the cells was directed onto a CoolSNAP HQ
monochrome CCD-camera (Roper Scientific, Vianen, The
Netherlands) using a 525DRLP dichroic mirror (Omega Optical Inc.,
Brattleboro, VT, USA) and a 565ALP emission filter (Omega). The
hardware was controlled using Metafluor 6.0 software (Universal
Imaging Corporation, Downingtown, PA, USA). For each individual
cell HEt signals were quantified by drawing a region of interest (ROI)
around the entire nucleus and by an ROI placed on a mitochondria-
dense part as described previously [19,20]. For each coverslip, ten
random fields of view were routinely analysed.

2.6. Oxyblot analysis

HEK293 cells were seeded (25,000 cells/cm2) and allowed to pro-
liferate for 24 h after which they had reached 40–60% confluence.
Then, cells were treated for 24 h with vehicle (CT), ROT, AA or 3 mM
hydrogen peroxide (H2O2) in “normal” DMEM or “acidified” DMEM
culture medium. Next, cells were harvested by centrifugation (1000 g,
5 min) and the cell pellet was washed once with 1 ml PBS (containing
1 mM DTT) and re-suspended in 10 mM Tris-EDTA buffer containing
10 µg/ml DNase. After three freeze/thaw cycles in liquid nitrogen the
suspension was stored at −20 °C. Protein carbonyl levels were de-
termined by immunoblotting using the Oxyblot assay kit (Merck-
Millipore, Temecula, CA, USA) with slight modifications. In brief,
10 µl samples (containing ~50 µg protein) were denatured with 10 µl
12% SDS and then derivatized with 20 µl 2,4-dinitrophenylhydrazine
(DNPH) to the corresponding 2,4-dinitrophenylhydrazone (DNP). After
15 min at room temperature the reaction was stopped with 15 µl
Neutralization buffer and the samples were 2-fold diluted with 2× SDS-
sample buffer, further neutralized with TRIS, and 20–40 µl was run on a
10% SDS-PAGE gel. Next, protein was transferred electrophoretically to
a PVDF membrane using the iBlot system (Life Technologies,
Carlsbad, CA, USA). After blotting, membranes were blocked with
Odyssey Blocking Buffer (Li-Cor Biosciences, Lincoln, NE, USA)
mixed 1:1 with PBS-Tween20 (0.1%, w/v) for 1 h at room temperature.
Next, blots were incubated overnight at room temperature with the
polyclonal antibody directed against DNP (Merck-Millipore) and the
monoclonal antibody against β-actin (Sigma-Aldrich) in the Odyssey-
PBS-Tween buffer. Subsequently, blots were washed (3–5 times) with
PBS-Tween and incubated with the secondary goat antibodies against
rabbit and mouse IRdye 680 and IRdye 800 (Li-Cor) in the above-
mentioned buffer for 45 min at room temperature. After washing with
PBS-Tween, PBS and water, the PVDF membranes were air dried in the
dark. Blots were scanned using an Odyssey Imaging system (Li-Cor).

2.7. Crystal violet assay

Cells were cultured in 48-well plates (25,000 cells/cm2) (Corning
B.V., Amsterdam, The Netherlands) as described above and subjected
to the various treatments. Following treatment the cells were washed
with PBS and incubated for 10 min at RT in a staining solution con-
sisting of 0.5% (v/v) crystal violet solution, 30% (v/v) ethanol and 3%
(v/v) formaldehyde. After staining, plates were rinsed with tap water
followed by addition of a 1% (w/v) SDS solution for 30 min on an or-
bital shaker. The amount of re-solubilized crystal violet was used as a
readout of relative cell number [53] by absorbance measurements
(550 nm) using a microplate spectrophotometer (Infinite M100; Tecan,
Crailsheim, Germany).

2.8. Chemicals

(± )-α-tocopherol (#T3251; TOC), antimycin A (#A8674; AA),
Crystal Violet solution (#HT90132), Cyclosporin A (#30024; CsA),
Ferrostatin-1 (#SML0583; Fer-1) and rotenone (#R8875; ROT) were
obtained from Sigma-Aldrich. N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone (#ALX260020; zVAD.fmk) was obtained from

Enzo Life Sciences (Raamsdonkveer, The Netherlands) and
Necrostatin-1 (#SC200142; Nec-1) from Santa Cruz Biotech (Dallas,
TX, USA).

2.9. Data analysis

Microscopy images and Western blots were processed and quanti-
fied using MetaMorph 6.1 (Universal Imaging Corporation), Image
Pro Plus 6.3 (Media Cybernetics, Silver Spring, MD, USA) and
ImageJ software (version 1.49 v; https://imagej.nih.gov/ij/). Graphing,
curve fitting and statistical analysis were performed using Origin Pro
6.1 software (OriginLab Corp., Northampton, MA, USA). Values from
multiple experiments are expressed as mean± SEM unless stated
otherwise. Statistical significance was assessed using an unpaired
Student's t-test (Bonferroni-corrected).

3. Results

3.1. Extracellular acidification decreases cytosolic pH and cell viability

To induce various degrees of extracellular acidification, HEK293
cells were treated for 24 h with vehicle (CT), rotenone (ROT; 100 nM)
or antimycin A (AA; 100 nM) in the absence and presence of 25 µmol
added HCl/ml (H+). Regarding the ROT- and AA-treatment conditions,
these were identical to those used in our previous studies [19,21]. In
this sense, the used ROT and AA concentrations were the minimal ones
that maximally inhibited mitochondrial oxygen consumption [21]. The
above treatment regimens yielded a variable drop in extracellular pH
(pHe) ranging between 7.2 (CT) and 5.8 (H++AA; Fig. 1A and
Table 1). In particular, extracellular H+ addition decreased pHe
(Fig. 1A; black bars), and the latter was further decreased by the pre-
sence of ROT and AA (Fig. 1A; white bars). Next, the dual-excitation
ratiometric pH indicator BCECF [3] was used to analyse whether the
drop in pHe affected cytosolic pH (pHc). Control experiments (Fig. 1B)
revealed that BCECF correctly reported pHc changes upon extracellular
addition and removal of NH4

+, associated with alkalinisation and
acidification respectively [36]. Under steady-state conditions, BCECF
fluorescence analysis revealed that the drop in pHe (Fig. 1A) was par-
alleled by a drop in pHc (Fig. 1C). As presented previously (data taken
from [19]), the viability of ROT- or AA-treated HEK293 cells was re-
duced by only 10–19% (Fig. 1D; three columns on the left). In contrast,
extracellular acidification by itself reduced cell viability by 46%
(Fig. 1D; black columns), a value that dropped further upon co-in-
cubation with ROT (by 60%) or AA (by 71%). Taken together, these
results demonstrate that the extent of pHe acidification is linked to the
degree of reduction in cell viability.

3.2. Mitochondrial inhibition and extracellular acidification alter
mitochondrial membrane potential

To determine whether pHe/pHc acidification affected mitochon-
drial function, we estimated mitochondrial membrane potential (Δψ)
by quantifying the mitochondrial fluorescence intensity of tetra-
methylrhodamine methyl ester (TMRM; [32]). The average TMRM
fluorescence signal was quantified at the subcellular single cell level
using a mitochondria-dense (“m”) region of interest (ROI; Fig. 2A).
These signals were background-corrected using an extracellular ROI
(“b”). We observed a small increase (ROT) and significant drop (AA) in
mitochondrial TMRM fluorescence (Fig. 2B; three columns on the left).
This suggests that ROT and AA induce Δψ hyperpolarization and de-
polarization, respectively, which confirms our previous results [21]. By
itself, extracellular H+ addition induced a higher mitochondrial TMRM
fluorescence, suggesting that Δψ becomes hyperpolarized (Fig. 2B;
black columns). This phenomenon was prevented by ROT and AA
treatment (Fig. 2B; two columns on the right), suggesting that pHe
acidification induces Δψ hyperpolarization by a mechanism that

J. Teixeira et al. Redox Biology 15 (2018) 394–404

396

https://imagej.nih.gov/ij/


requires active CI and/or CIII.

3.3. Mitochondrial inhibition and extracellular acidification increase the
levels of hydroethidine-oxidizing ROS

OXPHOS dysfunction and changes in Δψ are often paralleled by
alterations in mitochondrial ROS production and increased cellular ROS

levels (e.g. [33,65]). To assess the potential role of ROS in pHe acid-
ification-induced cell death, cells were incubated with the ROS-sensor
hydroethidine (HEt). Fluorescent HEt-oxidation products are positively
charged [33,46]. Therefore they accumulate in the mitochondrial ma-
trix (due to the inside-negative Δψ) and bind to negatively-charged
DNA in nucleoli, which enhances their fluorescence signal (e.g. [4,20]).
As a consequence, the distribution of HEt-oxidation products between

Fig. 1. Effect of mitochondrial inhibition and extracellular
H+ addition on cytosolic pH (pHc) and cell viability. (A)
Extracellular pH (pHe) of HEK293 cells after 24 h treatment with
vehicle (CT), rotenone (ROT; 100 nM) or antimycin A (AA;
100 nM) in the absence and presence of 25 µmol added HCl/ml
(H+). The data presented is the average of two independent ex-
periments (N=2). (B) Dynamic behaviour of the fluorescence
ratio signal of the cytosolic pH sensor BCECF in HEK293 cells.
Subsequent extracellular addition and removal of NH4

+ induced
cytosolic alkalinisation and acidification, respectively. (C) BCECF
fluorescence ratio signal for HEK293 cells cultured under the
conditions in panel A. (D) Cell viability of HEK293 cells cultured
in the conditions in panel A. Statistics: Data was expressed as
percentage of average control value measured on the same day
(panel C) or as control value measured on the same day (panel D).
Numerical data is provided in Table 1. Statistically significant
differences with the indicated columns are marked by *
(P< 0.05), ** (P< 0.01) and *** (P<0.001). n.s. indicates “not
significant”.

Table 1
Measured cell parameters.

+H+ +H+ +H+

PARAMETER CT CT+ROT CT+AA CT CT+ROT CT+AA

pHe 7.20 6.84 6.90 6.70 6.00 5.76
(N = 2) (N = 2) (N = 2) (N = 2) (N = 2) (N = 2)

apHc 100±2.98 69.0±5.21 62.7±6.17 48.1±1.20 50.3±1.83 50.3±1.21
(N = 1, n = 6) (N = 1, n = 5) (N = 1, n = 4) (N = 1, n = 6) (N = 1, n = 6) (N = 1, n = 6)

bTMRMmito 100±1.96 101±2.02 91.8±1.61 111±1.93 94.5±1.78 97.1±1.70
(N = 2, n = 196) (N = 2, n = 183) (N = 2, n = 227) (N = 2, n = 221) (N = 2, n = 210) (N = 2, n = 228)

bHEtmito 100±4.13 181±5.37 137±4.36 164±5.99 274±14.5 227±9.45
(N = 3, n = 238) (N = 3, n = 118) (N = 101, n = 3) (N = 3, n = 120) (N = 3, n = 60) (N = 93, n = 3)

bHEtnuc 100±2.21 273±7.99 228±6.74 243±10.9 512±30.0 405±16.4
(N = 3, n = 238) (N = 3, n = 118) (N = 101, n = 3) (N = 3, n = 120) (N = 3, n = 60) (N = 93, n = 3)

cOxyblot signal 50.5 52.6 48.9 60.8 68.0 69.2
(N = 1) (N = 1) (N = 1) (N = 1) (N = 1) (N = 1)

Cell Viability 100 95±7.6 82±6.3 54±3.6 40±6.5 29±4.1
(N = 3, n = 12) (N = 2, n = 8) (N = 2, n = 8) (N = 3, n = 8) (N = 2, n = 8) (N = 2, n = 8)

HEK293 cells were cultured for 24 h in the presence of vehicle (CT), the complex I inhibitor ROT (100 nM) or the complex III inhibitor AA (100 nM) in “normal” or “acidified” culture
medium (“+H+”).
Statistics: Statistically significant differences between the conditions are indicated in the figures. N, number of independent experiments, n, number of individual cells or assays.

a BCECF ratio signal expressed as percentage of average CT value.
b Expressed as percentage of average CT value.
c Expressed as percentage of the H2O2-induced (maximal) value and normalized to β-actin.
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Fig. 2. Effect of mitochondrial inhibition and extracellular
H+ addition on mitochondrial TMRM fluorescence. (A)
Typical fluorescence images of HEK293 cells stained with TMRM
after 24 h treatment with vehicle (CT), rotenone (ROT; 100 nM)
and antimycin A (AA; 100 nM) in the absence (upper panels) and
presence (lower panels) of 25 µmol added HCl/ml (H+). Circles
(top left panel) indicate a typical mitochondria-dense (“m”) re-
gion of interest (ROI) used for quantification of fluorescence in-
tensity. A typical ROI marked “b” was used for background cor-
rection. (B) Average intensity of the mitochondrial TMRM signal
for the conditions in panel A. Data was expressed as percentage
of the average value measured in CT cells on the same day.
Statistics: The images in panel A were contrast-optimized using
identical settings for visualization purposes. Fluorescence in-
tensity was quantified using the original images. Numerical data
is provided in Table 1. Statistically significant differences with
the indicated columns (panel B) are marked by * (P<0.05), **
(P<0.01) and *** (P< 0.001).

Fig. 3. Effect of mitochondrial inhibition
and extracellular H+ addition on hydro-
ethidine oxidation. (A) Typical fluores-
cence images of HEK293 cells stained with
hydroethidine (HEt) after treatment for 24 h
with vehicle (CT), rotenone (ROT; 100 nM)
and antimycin A (AA; 100 nM) in the ab-
sence (upper panels) and presence (lower
panels) of 25 µmol added HCl/ml (H+).
Circles (top left panel) indicate a typical
mitochondria-dense (“m”) and nuclear (“n”)
region of interest (ROI) used for quantifica-
tion of fluorescence intensity. A typical ROI
marked “b” was used for background cor-
rection. (B) Average fluorescence intensity
of HEt oxidation products in mitochondrial
(“Mito”) and nuclear (“Nuc”) ROIs for the
conditions in panel A. Data was expressed as
percentage of the average value in the mi-
tochondrial and nuclear ROIs measured on
the same day in CT cells. (C) Average
fluorescence intensity of HEt oxidation pro-
ducts in the mitochondrial vs. nuclear ROIs
for the conditions in panel A and B (data
taken from panel B). A linear fit of the data
(thick line) and its 95% confidence limits
(thin lines) are indicated. Individual data
points were weighed according to their SEM
value. Statistics: The images in panel A
were contrast-optimized using identical set-

tings for visualization purposes. Fluorescence intensity was quantified using the original images. Numerical data is provided in Table 1. Statistically significant differences with the
indicated columns (panel B) are marked by ** (P< 0.01) and *** (P<0.001).
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the mitochondrial and nuclear compartment is Δψ-dependent. This
means that a (sufficiently large) Δψ depolarization will lead to trans-
location of HEt oxidation products from the mitochondrial to the nu-
clear compartment, as induced by the mitochondrial uncoupler car-
bonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) in HEK293
cells [20]. Importantly, our TMRM results strongly suggest that Δψ is
differentially affected by the various treatments (Fig. 2B). This het-
erogeneity could also differentially affect the subcellular distribution of
the HEt-oxidation products. To minimize the effect of this potential
artefact we quantified the fluorescence signal of HEt-oxidation products
for each individual cell using a mitochondria-dense (“m”) and nuclear
(“n”) region of interest (ROI; Fig. 3A). These signals were background-
corrected using an extracellular ROI (“b”). Confirming our previous
results in HEK293 cells [19], ROT and AA treatment stimulated HEt
oxidation (Fig. 3B). By itself, extracellular H+ addition also stimulated
HEt oxidation (Fig. 3B; black columns), which was further increased by
ROT and AA (Fig. 3B). Of note, in vitro experiments revealed that
ethidium cation (Et+) fluorescence decreased at lower pH
(Supplementary Fig. S1). This rules out that the increased fluorescence
signals in our HEt experiments are due to the observed decrease in pHc
(Fig. 1C). Linear regression analysis revealed that the average mi-
tochondrial and nuclear fluorescence signals increased proportionally
for the various conditions, as demonstrated by a highly linear correla-
tion (Fig. 3C). This strongly suggests that the HEt-oxidation products
detected in the nucleoplasm are of mitochondrial origin [33]. The fact
that the mitochondrial and nuclear fluorescence signals are on the same
straight line, demonstrates that the level of HEt-oxidizing ROS increases
in the order: CT<AA<CT + H+<ROT<AA + H+<ROT + H+.
Taken together, these results demonstrate that extracellular acidifica-
tion by itself suffices to increase the levels of HEt-oxidizing ROS and
that these levels are further increased by ROT and AA treatment.

3.4. Extracellular acidification increases protein carbonylation

Increased intracellular ROS levels have been linked to non-enzy-
matic post translational modifications (PTMs) of proteins including
carbonylation [67]. The latter occurs when specific amino acids are
oxidized, leading to formation of stable carbonyl (-CO) groups (i.e. al-
dehydes and ketones; [12,13]). When carbonylated, proteins generally
display a loss of function and/or are degraded by the proteasome
pathway [67]. To determine whether pHe/pHc acidification and in-
creased ROS levels were associated with increased protein carbonyla-
tion, we performed Oxyblot analysis. In this approach, protein carbonyl
groups react with 2,4-dinitrophenylhydrazine (DNPH) to form 2,4-di-
nitrophenylhydrazone (DNP), which can be quantified using a DNP-
specific antibody and Western blotting [63]. As argued previously [57],
proper analysis of Oxyblot signals requires inclusion of a positive con-
trol to exogenously stimulate protein carbonylation (i.e. 3 mM H2O2).
To further facilitate Oxyblot quantification and interpretation equal
amounts of protein were loaded in each lane (i.e. exactly 8 µg). Next,
the integrated optical density (IOD) of the Oxyblot signal was de-
termined for each condition (lane) and normalized on the β-actin
signal. Then, Oxyblot signals were expressed as percentage of the
maximal signal obtained for the H2O2-treated condition. Addition of
H2O2 did not induce pHe acidification (i.e. in this case pHe equalled
7.5). ROT and AA treatment did not detectably increase the Oxyblot
signal (Fig. 4A and Table 1), as previously observed in HEK293 cells
[19]. In contrast, extracellular H+ addition increased the Oxyblot
signal from 51% to 61% of the H2O2-induced condition (Fig. 4B and
Table 1). In the presence of extracellular H+, AA and ROT treatment
further increased the Oxyblot signal to 68% and 69%, respectively
(Fig. 4B and Table 1). These findings demonstrate that extracellular
acidification stimulates cellular protein carbonylation.

3.5. Linear regression analysis of the measured cell parameters

To highlight potential patterns in our cell data (Table 1) we per-
formed an explorative linear regression analysis. To this end we gen-
erated a scatter matrix and calculated two established estimators of
linear correlation for each pair-wise comparison of the parameters
(Fig. 5): the adjusted R2-value (“R^2”) and Pearson's r-value (“r”). R^2 is
a modified version of R2, adjusted for the number of predictors in the
fitted line, and quantifies how well the linear model fits the data.
Pearson's r measures the strength of linear relationship between paired
data. This r-value is always between−1 and 1 and the closer its value is
to these extremes, the stronger linear correlation is. To facilitate visual
interpretation, the degree of correlation between parameters (Fig. 5)
was categorized as positive (green ovals), negative (red ovals) and
absent (black ovals). A positive correlation was found between pHe and
pHc, between pHc and cell viability, between pHe and cell viability and
between the mitochondrial (HEtmito) and nuclear (HEtnuc) fluores-
cence signal of HEt oxidation products. This suggests that a decrease in
pHe stimulates cell death via decreasing pHc and increasing the levels
of HEt-oxidizing ROS. Similarly, the Oxyblot signal positively corre-
lated with the levels of HEt-oxidizing ROS, suggesting that these ROS
play a role in stimulating protein carbonylation. A negative correlation
was observed between pHe and HEt oxidation, between pHc and HEt
oxidation, between viability and HEt oxidation, and between the Oxy-
blot signal and cell viability. No apparent correlation was observed
between the mitochondrial TMRM signal (Δψ) and the other para-
meters, meaning that the former is not predictive for the latter.

3.6. Extracellular acidification induces cell death in HEK293 cells via ROS
and mPTP opening

Regression analysis suggested a central role of ROS in the acid-
ification-induced cell death mechanism. Supporting this hypothesis, cell
death induced by extracellular H+ addition was fully prevented by the
antioxidant α-tocopherol (TOC; Fig. 6). We recently demonstrated that
CI inhibition triggers cell death in melanoma cancer cell lines by a
mechanism involving ROS and opening of the mPTP [1]. Here we ob-
served that 2 h pre-treatment with 0.5 µM cyclosporin A (CsA), which
reduces the mPTP open probability [2], inhibited acidification-induced
cell death (Fig. 6). Finally, we investigated the mode of cell death
triggered by pHe acidification. Application of a relatively high con-
centration of the broad-spectrum caspase inhibitor (zVAD.fmk) was
without effect, arguing against involvement of apoptosis [1]. The in-
hibitor Necrostatin-1 (Nec-1), a dual inhibitor of receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) and indoleamine 2,3-dioxy-
genase (IDO; [61,10,15]), fully prevented acidification-induced cell
death, whereas the ferroptosis inhibitor Ferrostatin-1 (Fer-1; [17,29])
was ineffective. Taken together, these results suggest a mechanism in
which extracellular acidification increases ROS levels and stimulates
mPTP opening to induce necroptotic cell death.

4. Discussion

Using exogenous H+ addition in the absence or presence of mi-
tochondrial inhibitors, we here provide evidence that a drop in extra-
cellular pH (pHe) decreases cytosolic pH (pHc), leading to hyperpo-
larization of the mitochondrial membrane potential (Δψ), increased
levels of hydroethidine-oxidizing ROS, stimulation of protein carbony-
lation and triggering of cell death (Fig. 7). Mechanistically, our results
suggest that the latter is ROS-dependent, requires mPTP opening and
involves necroptosis.
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4.1. Mitochondrial inhibition by ROT and AA moderately decreases pHe
and pHc, increases ROS levels but neither increases protein carbonylation
nor greatly reduces HEK293 cell viability

Chronic (24 h) inhibition of mitochondrial CI (using ROT) or CIII
(using AA) lowered pHe from 7.2 to 6.8–6.9 (Fig. 1A). This result is
compatible with our previous studies revealing that OXPHOS inhibition
and inherited CI deficiency stimulate glycolytic ATP production, asso-
ciated with increased lactate release [16,21,36,60]. In case of ROT
treatment, the drop in pHe was paralleled by an increase in the levels of
HEt-oxidizing ROS to 181% (mitochondrial signal) and 273% (nuclear
signal) of control (Fig. 3B). For AA treatment, HEt-oxidation increased
to 137% (mitochondrial signal) and 228% (nuclear signal) of control
(Fig. 3B). Under these conditions cell viability was only marginally
affected (Fig. 1D), demonstrating that HEK293 cells can tolerate this
drop in pHe and increase in HEt oxidizing ROS levels. The latter is
compatible with our observation that ROT and AA treatment do not
greatly affect the level of cellular and mitochondrial lipid peroxidation
[19], do not induce protein carbonylation (Fig. 4A and [19]), and do
not trigger upregulation of superoxide dismutases at the protein level
[19]. ROT and AA similarly decreased pHc as measured by the cytosolic
pH sensor BCEFC (Fig. 1C). This result agrees with our previous study
using the protein-based pH-reporting molecule SypHer and confirms
that both ROT and AA treatment induce cytosolic acidification [19].

4.2. Exogenous H+ addition greatly decreases pHe and pHc, increases ROS
levels, increases protein carbonylation and greatly reduces HEK293 cell
viability

Addition of exogenous H+ to the culture medium lowered pHe to a
value of 6.7 (Fig. 1A). Similarly low pHe values were also observed in
other pathological models (see Introduction), including cancer cells
(pHe = 6.2–6.8), severe ischemia (pHe<6.3) and acute inflammation
(pHe 5.4). Exogenous H+ addition reduced pHc to a value below that
induced by ROT and AA alone (Fig. 1C), increased the level of HEt-
oxidizing ROS (Fig. 3B), stimulated protein carbonylation (Fig. 4B), and
greatly reduced cell viability to 54% of control (Fig. 1D). When exo-
genous H+ addition was combined with ROT or AA, pHe (Fig. 1A) and
cell viability (Fig. 1D) were further reduced but pHc was not (Fig. 1C).
However, BCECF displays a pKa value of 6.97, making it a less quan-
titative readout of pHc at low pH values. Combined analysis of mi-
tochondrial and nuclear signals (Fig. 3C) suggested that the levels of

HEt-oxidizing ROS increased in the order: CT<AA<CT +
H+<ROT<AA + H+<ROT + H+. This confirms our previous
finding that ROT and AA treatment stimulate the level of HEt-oxidizing
ROS in HEK293 cells [21] and demonstrates that these levels are further
increased by an additional drop in pHe.

4.3. Role of Δψ

In the absence of exogenously added H+, mitochondrial TMRM
accumulation was slightly increased and decreased for ROT and AA
treatment, respectively (Fig. 2B; left panel). This agrees with our pre-
vious study [21], which revealed that the pH gradient (ΔpH) across the
mitochondrial inner membrane increased (ROT-treated cells) and de-
creased (AA-treated cells). By itself, addition of exogenous H+ induced
mitochondrial hyperpolarization, reflected by increased mitochondrial
TMRM accumulation (Fig. 2B; right panel). The latter was inhibited by
ROT and AA, suggesting that CI and CIII activity is required. This result
makes it highly unlikely that the observed increased in TMRM accu-
mulation upon exogenous H+ addition is an experimental artefact. In
contrast to our results, extracellular acidification (pHe = 6.5) induced a
diffuse cytosolic TMRM staining pattern in pulmonary neuroendocrine
(PNEC) cells [28]. The latter study also revealed that TMRM accumu-
lated 1.7- and 2.5-fold less in mitochondria at acidic pH (pHe = 6.5),
relative to normal (pHe = 7.4) and alkaline pH (pHe = 8.5), respec-
tively. Similarly, evidence in rat brain synaptosomes suggests that a
drop in pHe induced Δψ depolarization [40]. We speculate that the
degree of pHe acidification, as well as its effect on pHc and other
downstream effectors, might depend on the type of the cell, its meta-
bolic state, and/or mode of ATP generation.

4.4. Role of protein carbonylation

Increased protein carbonylation is considered a marker of oxidative
stress (e.g. [11,22]) and was observed in a large variety of human
disorders including cardiac tissue following ischemia/reperfusion [48]
and in cholangiocarcinoma during chronic inflammation [58]. Inter-
estingly, extracellular acidification also was observed under these pa-
thological conditions [54,56]. Here, we used exogenous H2O2 as a po-
sitive control to induce protein carbonylation (Fig. 4). Inclusion of such
a control is essential since cells have the ability to eliminate H2O2 from
the medium, depending on the cell number and incubation time [25].
Since exogenous H2O2 application did not lower pHe, it is unlikely that

Fig. 4. Effect of mitochondrial inhibition and extracellular
H+ addition on cellular protein carbonylation (A) Typical
Oxyblot signals (“DNP-proteins”) of whole HEK293 cell homo-
genates. The latter were obtained for cells treated for 24 h with
vehicle (CT), rotenone (ROT; 100 nM), antimycin A (AA; 100 nM)
or hydrogen peroxide (H2O2; 3 mM). β-actin was used as a
loading control. (B) Same as panel A but now in the presence of
25 µmol added HCl/ml (H+). The images in panel A and B were
linearly contrast optimized using identical settings for visualiza-
tion purposes. Whole-lane signals were quantified using the ori-
ginal images, expressed as % of the H2O2-induced signal and
normalized to β-Actin levels. Numerical data is provided in
Table 1.
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exogenous H2O2 addition stimulates protein carbonylation via inducing
pHc acidification. Applying the genetic H2O2-sensor HyPer [19], we
previously demonstrated that H2O2 levels were increased upon 24 h
treatment with ROT (10% increase in HyPer signal) and AA (50% in-
crease). However, these treatments were unable to stimulate protein

carbonylation (Fig. 4A), to trigger cellular/mitochondrial lipid perox-
idation or to increase superoxide dismutase levels [19,21]. The fact that
exogenous H2O2 application was able to stimulate protein carbonyla-
tion in the absence of exogenously added H+ (Fig. 4A), suggests that
the HyPer-detected increase in cytosolic H2O2 levels is below the

Fig. 5. Correlation analysis of measured cell parameters. HEK293 cells were treated for 24 h with vehicle (CT), rotenone (ROT; 100 nM) and antimycin A (AA; 100 nM) in the absence
and presence of 25 µmol added HCl/ml (H+). This figure depicts the linear correlation between the various parameters analysed in this study being pH (pHe, pHc), mitochondrial TMRM
fluorescence (TMRMm), HEt fluorescence in the mitochondrial and nuclear compartment (HEtmito, HEtnuc), protein carbonylation (Oxyblot) and cell viability. The types of linear
correlation are indicated by ellipses in green (positive correlation), red (negative correlation) and black (no correlation). Statistics: Ellipses indicate the 95% confidence limits. The
degree of linear correlation was determined by calculating the adjusted R2-value (“R^2) and Pearson's r-value (“r”). All numerical data was taken from Table 1.
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oxidative stress inducing-level in ROT- and AA-treated cells. In contrast,
protein carbonylation was stimulated upon addition of exogenous H+

(Fig. 4B), thereby lowering pHe from 7.2 to 6.7 (Fig. 1A). In the pre-
sence of added H+, ROT and AA further lowered pHe to 6.0 (ROT) and
5.8 (AA), respectively, which was paralleled by a further increase in
protein carbonylation. These results indicate that full inhibition of CI or
CIII, when not accompanied by a sufficiently large pHe acidification,
does not induce oxidative stress in HEK293 cells. It was proposed that
reversible protein carbonylation potentially plays a role in cellular
signalling [67]. However, here we observed that increased carbonyla-
tion was not limited to a specific protein (i.e. the overall Oxyblot signal
increased), suggesting this carbonylation reflects oxidative damage,
rather than a specific redox signalling event.

4.5. Proposed mechanism

Cell viability linearly decreased with decreasing pHe and pHc, in-
creasing HEt oxidation and increasing protein carbonylation, whereas
no obvious linear correlation was observed with Δψ (Fig. 5). This is
compatible with a mechanism in which pHe acidification triggers pHc
acidification and increases cellular ROS levels, followed by induction of
oxidative stress (protein carbonylation) and cell death induction. Me-
chanistically, pHe acidification can increase cellular ROS levels by sti-
mulating ROS generation, inhibiting ROS removal, or a combination of
the two (e.g. [65]). Our current and previous results obtained with ROT
and AA in the absence of added exogenous H+ indicate that pHc
acidification leads to pHe acidification. Conversely, pHe acidification
by exogenous H+ addition induces pHc acidification, compatible with a
study in rat brain synaptosomes that reported the same phenomenon
[40]. In agreement with our findings, the latter study also demonstrated
that extracellular acidification (pHe = 6.0 and pHe = 7.0) stimulated
intracellular HEt oxidation. In our HEt experiments, the strong linear
correlation between the mitochondrial and nuclear fluorescence signals
provides evidence that the increased HEt-oxidation occurs in the mi-
tochondrion [33]. This suggests that pHe acidification induces pHc
acidification and that the latter affects mitochondrial function, thereby
stimulating generation of mitochondrial HEt-oxidizing ROS (Fig. 7).

Fig. 6. Mode-of-action by which extra-
cellular H+ addition reduces cell viabi-
lity. The viability of HEK293 cells was de-
termined after 24 h treatment in the absence
(-H+) or presence (+H+) of 25 µmol added
HCl/ml (CT condition). H+-induced cell
death was prevented by the antioxidant α-
tocopherol (TOC), the mitochondrial per-
meability transition pore (mPTP) desensi-
tizer cyclosporin A (CsA) and the RIPK1/
IDO inhibitor Necrostatin-1 (Nec-1). The
caspase inhibitor zVAD.fmk and the ferrop-
tosis inhibitor Ferrostatin-1 (Fer-1) were
ineffective. Statistics: Data was expressed
as percentage of average control value (CT)
measured on the same day. Statistically
significant differences with the indicated
columns are marked by ** (P<0.01) and
*** (P<0.001).

Fig. 7. Proposed mechanism linking extracellular acidification to induction of in-
tracellular oxidative stress and cell death. Extracellular acidification (a drop in pHe)
leads to intracellular acidification (a drop in pHc) and vice versa. The latter induces
hyperpolarization of the mitochondrial membrane potential (Δψ) and increases cellular
ROS levels. As a consequence, opening of the mitochondrial permeability transition pore
(mPTP) and protein carbonylation are triggered, ultimately inducing necroptotic cell
death.
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Alternatively, evidence in breast cancer cells suggests that acidosis can
inhibit the synthesis of glutathione (GSH), a key cellular antioxidant
[35], which might be responsible for or contribute to the observed in-
crease in HEt oxidation. In the presence of the antioxidant α-tocopherol
(TOC), exogenous H+ addition was unable to reduce cell viability
(Fig. 6), strongly suggesting that increased ROS, lipid peroxidation and/
or oxidative stress induction are responsible for cell death induction.
Among other factors, increased ROS levels have been identified as
driving factors of ferroptosis, a distinct non-apoptotic and iron-depen-
dent form of cell death [17,29,68,69]. It was previously demonstrated
that a TOC-variant (Trolox) inhibited ferroptotic cell death by reducing
ROS levels whereas CsA, zVAD.fmk and Nec-1 were unable to prevent
ferroptosis induction [17]. However, in our experiments the ferroptosis
inhibitor Fer-1 did not prevent acidification-induced cell death (Fig. 6),
suggesting that the ferroptosis pathway is not involved. Similarly, the
(continued) opening the mPTP has been linked to (apoptotic) cell death
induction and the pathogenesis of many human diseases [27]. In the
presence of CsA, extracellular acidification did not reduce cell viability
(Fig. 6), suggesting that mPTP opening is required for cell death in-
duction. In contrast, application of a relatively high concentration of
the broad-spectrum caspase inhibitor (zVAD.fmk) was without effect
(Fig. 6), arguing against involvement of apoptosis in pHe acidification-
induced cell death. Conversely, this death was fully prevented by Nec-1,
a combined RIPK1/IDO inhibitor, suggesting a necroptotic mode of cell
death.

4.6. Conclusions

Using a HEK293 cell model we here provide evidence that pHe
acidification induces pHc acidification followed by ROS- and mPTP
opening-dependent necroptosis (Fig. 7). To the best of our knowledge,
there are no mechanistic studies linking increased protein carbonyla-
tion to necroptosis induction. In this sense, our results may suggest that
stimulation of mPTP opening rather than increased protein carbonyla-
tion is most relevant for necroptosis induction. Although the exact
molecular mechanism by which pHe/pHc acidification increases cel-
lular ROS levels remains to be determined, we propose that this link
could represent a way for inside-out signalling between neighbouring
cells or tissue-domains. Within tissues, this signalling likely occurs lo-
cally thereby mostly affecting cells within the acidified region
[34,39,44]. Inside-out pH signalling would provide a new conceptual
framework that allows a better understanding of organ- or pathway-
specific diseases. For instance, cancer cells display an intrinsic re-
sistance against low pHe and elevated ROS levels [14,24]. This suggests
that cancer cells could trigger ROS-induced cell death in neighbouring
non-cancer cells by acidifying the extracellular environment, whereas
maintaining their own replication and survival potential. Acidosis-in-
duced oxidative stress might also contribute to pathology in patients
suffering OXPHOS disorders and other diseases/conditions in which
pHe is sufficiently reduced and/or ROS levels are sufficiently increased.
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