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Background: How are mitochondrial functions regulated in response to mitochondrial defects?

Results: Acute OXPHOS defects lead rapidly to a glucose-dependent repression of complex I activity.

Conclusion: We discovered an “emergency shutdown” system adapting respiratory chain function to mitochondrial defects.
Significance: This study reveals a novel type of metabolic regulation that could open the way to medically useful alterations of

OXPHOS.

Proper coordination between glycolysis and respiration is
essential, yet the regulatory mechanisms involved in sensing
respiratory chain defects and modifying mitochondrial func-
tions accordingly are unclear. To investigate the nature of this reg-
ulation, we introduced respiratory bypass enzymes into cultured
human (HEK293T) cells and studied mitochondrial responses to
respiratory chain inhibition. In the absence of respiratory chain
inhibitors, the expression of alternative respiratory enzymes did
not detectably alter cell physiology or mitochondrial function.
However, in permeabilized cells NDI1 (alternative NADH dehy-
drogenase) bypassed complex I inhibition, whereas alternative oxi-
dase (AOX) bypassed complex III or IV inhibition. In contrast, in
intact cells the effects of the AOX bypass were suppressed by
growth on glucose, whereas those produced by NDI1 were unaf-
fected. Moreover, NDI1 abolished the glucose suppression of
AOX-driven respiration, implicating complex I as the target of this
regulation. Rapid Complex I down-regulation was partly released
upon prolonged respiratory inhibition, suggesting that it provides
an “emergency shutdown” system to regulate metabolism in
response to dysfunctions of the oxidative phosphorylation. This
system was independent of HIF1, mitochondrial superoxide, or
ATP synthase regulation. Our findings reveal a novel pathway for
adaptation to mitochondrial dysfunction and could provide new
opportunities for combatting diseases.

Mitochondrial diseases encompass a large group of patholo-
gies, each presenting a dysfunctional oxidative phosphorylation
(OXPHOS)* system (1, 2). The five complexes of the OXPHOS
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system participate in a single orchestrated process (see Fig. 1A):
the production of cellular energy via the coupling of respiratory
electron transport to proton translocation across the inner
mitochondrial membrane (complexes [-1V) combined with an
energy transfer system that converts the resulting proton gra-
dient into ATP (complex V). The interdependence of the res-
piratory chain complexes suggests that the consequences of any
dysfunction should depend on which complexes are blocked in
an oxidized and which ones end up in a reduced state. However,
dysfunctional subunits of the same complex, expected to lead to
similar biochemical consequences, can be associated with dif-
ferent pathologies, sometimes even presenting tissue specific-
ity, despite a widespread or even ubiquitous respiratory dys-
function (3).

Recent studies suggest that cells adapt to mitochondrial dys-
function by switching to glycolysis, despite aerobic conditions
(4): this is reminiscent of the long known Warburg and
Crabtree effects. The latter describes the ability of rapidly pro-
liferating cells to favor glycolysis, depending on substrate avail-
ability, despite normoxic conditions. Despite its discovery in
the 1920s, the precise mechanisms involved in the Crabtree
effect are multiple and still debated (5-7). The Warburg effect
describes the regulation of mitochondrial respiration in
response to hypoxia. It is now known to involve the stabilization
of HIF1, leading to the nuclear translocation of the transcrip-
tion factor hypoxia-inducible factor 1 (HIF1). Interestingly,
HIF1 stabilization can also be induced even in normoxic con-
ditions by cytosolic accumulation of succinate and/or reactive
oxygen species (8, 9), which are common although not univer-
sal consequences of mitochondrial OXPHOS dysfunction. One
recently identified mechanism of metabolic regulation of mito-
chondrial activity involves the protein deacetylase SIRTS3,
which can deacetylate the NDUFS9 subunit of complex I lead-
ing to its activation (10). Acetylation of other respiratory chain
subunits has also been observed (11), but the physiological roles

drogenase 1; NAO, 10-nonyl acridine orange; TMRM, tetramethylrhod-
amine methyl ester; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone; mtROS, mitochondrial production of reactive oxygen species;
TMPD, N,N,N',N’-tetramethyl-p-phenylenediamine.
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of these modifications, as well as how they are controlled,
require further investigation. Another type of regulation
involves the transcription factor STAT3, which has been shown
to translocate to mitochondria in response to IFN-3, down-
regulating complex I and Il activities (12). Metabolic adaptation
in cases of mitochondrial disease have only recently begun to be
investigated (13), and the effectors for such regulation are still
unknown. To understand how cells adapt to mitochondrial
defects before transcriptional changes can occur, we took
advantage of the fact that alterative respiratory enzymes from
lower eukaryotes can be expressed in mammalian cells.

Alternative oxidases (AOX) can bypass mitochondrial com-
plex IV deficiencies in human cells, improving the viability of
cells exposed to ROS or to low glucose culture conditions (14).
Similarly, alternative NADH dehydrogenases (e.g., NDI1) can
complement complex I defects in mice and in cultured cells
(15). With the aim of understanding how mammalian mito-
chondrial function is regulated after a severe perturbation of
the respiratory chain, we tested whether the activity of these
respiratory bypass enzymes in HEK293T cells was suppressed
by acute mitochondrial dysfunction (see Figs. 1A and 6A).
Because the ability to produce energy via fermentation should
be a critical factor for cellular adaptation to respiratory dys-
function, the cells to be tested were grown either on an effi-
ciently fermented substrate (glucose) or on one that is poorly
fermentable (galactose) (16).

This strategy allowed us to discover a glucose-dependent
down-regulation of mitochondrial complex I activity in
response to the inhibition of the downstream respiratory chain
complexes III or IV. Our data indicate the critical involvement
of a small diffusible molecule, while excluding some of the most
likely candidates.

EXPERIMENTAL PROCEDURES

Cell Culture and Proliferation Assays—The cells were main-
tained in high glucose DMEM plus glutamine, pyruvate, peni-
cillin/streptomycin, and 10% FCS ina 5% CO,, 37 °C incubator.
24 h before each experiment cells were transferred to the rele-
vant assay medium: minimal essential medium supplemented
with glutamine, pyruvate, penicillin/streptomycin, and 10%
FCS, plus 25 mM glucose, 5 mm glucose, or 25 mM galactose,
hereafter described as high glucose, low glucose, and galactose
assay media, respectively. Assay media were renewed once, 30
min before the experimental measurements. When cells pro-
ducing decreased levels of mitochondrial ROS were required,
10 mMm N-acetylcysteine was added to the assay medium.

To estimate cell doubling time, the cells were seeded in assay
media in the presence (1 X 10° cells/cm?) or in absence (5 X 10*
cells/cm?®) of respiratory chain inhibitors. Assay media were
renewed after 48 h, and cells were counted after 72 h using a
Burker hemocytometer. Doubling time was calculated as
time, ..« X log(2)/log (cells . nea/CellSsceqeq)- Each measure is
the average of 3 counting of the same sample.

Lentivector Generation and Infection—Ciona intestinalis
AOX cDNA was cloned into pWPI, creating pWPI-AOX as
reported earlier (14). The full-length NDI1 coding sequence
was amplified from Saccharomyces cerevisiae and cloned into
pWPI, creating the pWPI-NDI1 plasmid. pWPI-NDI-BFP
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was generated by replacing GFP from pWPI by BFP from
pTag-BFP-C (Evrogen). Restriction digestions were carried
out under the manufacturers’ recommended conditions
(New England Biolabs and Fermentas). Constructs were ver-
ified by sequencing.

Lentivector production used standard procedures and the
second generation packaging system, which incorporates
inbuilt safety features (17). All lentivectors were generated and
tested by the Tampere Virus Facility.

Immunoblots—Post-nuclear extracts and mitochondrial
fractions (18) were prepared from cells washed in PBS, pelleted,
and suspended for 10 min in hypotonic buffer (10 mm NaCl, 1.5
mwm MgCl,, 10 mm Tris-HCI, pH 7.5). After Dounce homogeni-
zation, the buffer was adjusted to 210 mm mannitol, 70 mm
sucrose, 1 mm EDTA, 5 mm Tris-HCI, pH 7.5. The nuclei were
pelleted by centrifugation for 5 min at 1,300 X g.,... The super-
natant was recentrifuged for 15 min at 17,000 X g, . to recover
crude mitochondrial and cytosolic fractions. Protein concen-
tration was determined using a Nanodrop?°°° spectrophotom-
eter (Thermo Scientific). Immunoblots were performed as
described previously (19) using antibodies against AOX (21st
Century Biochemicals), NDI1 (gift of T. Yagi), Actin (Novus
Biologicals), Lamin A + C (AbCam), NDUEFS3, COX2,and ATP
synthase subunit (Mitoscience). Anti-HIF1 ab463 antibody
from AbCam was used according to the manufacturer’s proto-
col. Western blots were quantified densitometrically, using
Image]J software.

Oxygen Consumption—Oxygen consumption was measured
with a Clark-type electrode (Hansatech Oxytherm system).
Intact cell respiration was recorded from 5 X 10° cells sus-
pended in 500 ul of assay medium at 37 °C. Antimycin A (30
ng/ml) or rotenone (150 nMm) concentrations were set to twice
the optimal concentration for full respiratory inhibition (sup-
plemental Fig. S3, C and D). Cyanide and n-propyl gallate were
used at 100 pum. Oxygen consumption from 5 X 10° cells per-
meabilized by 80 wg/ml digitonin was recorded in respiratory
buffer A (20) at 37 °C. The substrate concentrations were: ADP,
10 mu; for complex I: pyruvate + malate, 5 mMm each; for com-
plex IL: succinate, 10 mum; for complex IV: TMPD + ascorbate,
50 uM and 1 my, respectively; glucose and galactose: 25 mm. All
measures were corrected by subtracting the residual oxygen
consumption present after full inhibition of the respiratory
chain (supplemental Fig. S4).

Fluorescent Biomarkers—After overnight culture in assay
medium, 3 X 10° cells were treated with cell-permeant fluores-
cent indicators of cell death (2 ug/ml propidium iodide for 10
min on ice), mitochondrial mass (200 nm 10-nonyl acridine
orange (NAO) for 30 min at 37 °C), mitochondrial superoxide
(MitoSox, 2.5 uMm for 45 min at 37 °C), or mitochondrial mem-
brane potential (200 nM tetramethylrhodamine methyl ester
(TMRM) for 30 min at 37 °C). When needed, inhibitors were
added 5 min before the fluorescent indicator. Medium was
replaced with PBS, and cells were kept on ice (MitoSox, pro-
pidium iodide) or at 37 °C (TMRM or NAO) before flow cytom-
etry analysis. Negative controls for mitochondrial membrane
potential were obtained by adding a mitochondrial uncoupler
(FCCP, 1 uMm) 1 min before flow cytometry analysis.
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Flow Cytometry—Cell fluorescence was counted from 40,000
objects. The region of interest was defined using forward scat-
ter/side scatter values: excluding debris and dead cells for mito-
chondrial mass (NAO), membrane potential (TMRM), and
superoxide (Mitosox) measurements, but selecting all objects
for life/death assessments (propidium iodide). MitoSox and
TMRM staining were measured with a Coulter® EPICS®-XL-
MCL instrument using 488-nm excitation and 620 * 15-nm
(FL3). GFP intensity was recorded at 520 * 10-nm emission
(FL1). Cell fluorescence was measured with an accuri® Cé6 flow
cytometer (488-nm excitation) for propidium iodide (FL3:
>670-nm emission), and NAO staining (FL2: 585 * 40-nm
emission). GFP intensity was recorded at 533 = 30-nm emis-
sion (FL1) with this instrument. Compensations were esti-
mated independently for each flow cytometer and each series of
experiments.

Blue Native PAGE and In-gel Activity—400 g of isolated
mitochondria were solubilized in 80 ul of 1.5 M aminocaproic
acid, 50 mm Bis-Tris and 10 ul of 10% dodecylmaltoside for 30
min on ice. The proteins were purified by centrifugation at
16,000 X g,... for 30 min at 4 °C and quantified using Nano-
drop?°® spectrophotometer (Thermo Scientific). 2.5 ul of 5%
(w/v) Coomassie Blue in aminocaproic acid was added for each
100 g of protein. Electrophoresis and in gel activity assays for
complex I and IV were conducted as previously described (21).

Immunofluorescence Staining and Confocal Imaging—Im-
munofluorescence protocols followed standard procedures
(22). Alexa Fluor 568 and Alexa Fluor 488 (Invitrogen) were
used as secondary antibodies. The nuclei were stained with
DAPI during mounting (Pro Long Gold + DAPIL; Molecular
Probes). Images were captured using a Nikon Eclipse Ti
inverted Microscope, Andor camera, spinning disk confocal
system, and Andor IQ2 software. Image editing was limited to
resizing and addition of scale bars.

Statistical Analyses—Comparison between populations was
performed after testing for equality of the variances (F-test)
followed by unpaired two-tailed Student’s ¢ tests corrected or
not for variance inequality. Analyses of variance were used
when more than two samples were compared. When analyses
of variance indicated significant differences, post-hoc multiple
unpaired two-tailed Student’s ¢ test Bonferroni corrected for
multiple comparisons were performed. *, **, and *** indicate
statistical significance and correspond to Bonferroni corrected
thresholds of 5, 1, and 0.1%, respectively. All values are pre-
sented as the means = S.E.

RESULTS

AOX and NDI1 Can Be Expressed in HEK293T Cells—Inter-
nal NADH dehydrogenases (e.g.;, NDI1) and AOX constitute
alternative respiratory pathways in many lower eukaryotes,
providing resistance to respiratory chain inhibitors such as
rotenone and antimycin, acting as inhibitors of complex I and
III, respectively (Fig. 14). HEK293T cells expressing AOX or
NDI1 were generated by lentivector-mediated transduction
(23) using the pWPI expression vector (24), in which the trans-
gene is co-transcribed with a cytosolic GFP reporter (Fig. 1B).
Translation of the GFP is supported by an internal ribosome
entry site. More than 75% of cells were reproducibly transduced
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using a multiplicity of infection of three infective units/cell.
Co-immunostaining of transduced cells with anti-GFP and
either anti-AOX or anti-NDI1 antibodies demonstrated con-
comitant expression of the transgenes with the fluorescent
marker (supplemental Fig. S1A). Localization of AOX and
NDI1 in mitochondria was confirmed by co-immunostaining
with a mitochondrial marker (Fig. 1C) and by cell fractionation
followed by immunoblotting (supplemental Fig. S1C). The sta-
bility of transgene expression was verified by tracking GFP
expression using flow cytometry (supplemental Fig. S1B).

AOX and NDI1 Are Functional in HEK293T Cells—Two type
of control cells were used throughout the study, namely
untransduced and pWPI-GFP transduced HEK293T cells. For
simplicity, a single “controls” group including both is shown
whenever the properties of these cell populations were indistin-
guishable from each other.

When alternative pathways are functional, oxygen consump-
tion should become resistant to specific respiratory chain
inhibitors (Fig. 14). To confirm AOX and NDI1 functionality,
we therefore analyzed oxygen consumption, initially in digito-
nin-permeabilized cells (Fig. 24). Digitonin permeabilization
permits access of the respiratory substrates to mitochondria
without damaging mitochondria but also disrupts cytosolic
processes. Cells, ADP, and digitonin were added to the respira-
tion buffer at the beginning of each experiment. Substrates and
inhibitors were successively added in the order displayed in
supplemental Fig. S2, C and D, for example. In the absence of
respiratory chain inhibitors, neither AOX nor NDI1 altered the
rate of oxygen consumption induced by substrate addition
(pyruvate/malate, succinate, or TMPD + ascorbate), indicating
that the expression of the alternative enzymes do not signifi-
cantly interfere with mitochondrial respiration via the
OXPHOS system.

Rotenone or antimycin treatment, respectively inhibiting
complex I and complex III of the respiratory chain, blocked
oxygen consumption in control cells. In contrast, oxygen con-
sumption of permeabilized AOX-transduced cells was resistant
to antimycin. This antimycin resistance was abolished by
n-propyl gallate, a specific inhibitor of AOX. Similarly, oxygen
consumption of NDI1-transduced cells was resistant to rote-
none. These results demonstrate that both AOX and NDI1 pro-
teins are enzymatically functional in the mitochondria of len-
tivector-transduced HEK293T cells, when the corresponding
segments of the OXPHOS system are inhibited.

AOX or NDI1 Expression Preserves Cell Physiology—To esti-
mate the potential alterations caused by the introduction of
alternative respiratory enzymes into HEK293T cells, growth
rate (Fig. 2C) and mortality (Fig. 2D) were quantified. Whether
cells were grown in high glucose or galactose assay medium, the
alternative respiratory enzymes did not modify cell doubling
time in the absence of inhibitors. In contrast, the growth of
293T-AOX cells was significantly improved when exposed to
antimycin, whereas 293T-NDI1 cells were similarly protected
from the effects of rotenone. Cell survival, as assessed by flow
cytometry of propidium iodide-stained cells, was not modified
by the alternative respiratory enzymes; in the absence of
OXPHOS inhibitors, analysis of cell viability by trypan blue
exclusion confirmed this observation (data not shown).
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FIGURE 1. AOX and NDI1 provide alternative respiratory pathways in HEK293T cells. A, schematic diagram of the respiratory chain including AOX and
NDI1. The mitochondrial respiratory chain conducts the flow of electrons (black arrows) from NADH to oxygen through four respiratory complexes (I-1V,
respiratory chain complexes I-1V). Electron transfer between complexes is permitted by specific transporters: ubiquinones (UQ) and cytochrome c (c). Energy
produced by the flow of electrons allows pumping of protons (H") across the inner mitochondrial membrane. Proton re-entry through ATP synthase (V) drives
the generation of ATP. CCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazones (e.g., FCCP) are chemical protonophores allowing H™ to cross the
otherwise proton-impermeable inner mitochondrial membrane. NDI1 allows electron flow in presence of complex | inhibitors (e.g., rotenone (ROT)), whereas
AOX allows electron flow in the presence of inhibitors of complex Il (e.g., antimycin (Aa)) or IV (cyanide, KCN). AOX activity is specifically inhibited by n-propyl
gallate (PG). B, lentiviral vectors. The pWPI-AOX-GFP lentivector allows co-expression of a cytosolic GFP (under the control of an internal ribosome entry site,
black circle) together with C. intestinalis AOX; both are under the control of the EF1a promoter. The pWPI-NDI-GFP is a similar lentiviral vector allowing
co-expression of a cytosolic GFP and S. cerevisiae NDI1. The pWPI-NDI-BFP is a modified pWPI-NDI-GFP where the coding sequence of GFP has been replaced
by that blue fluorescent protein. C, AOX and NDI1 proteins are localized in mitochondria. Immunofluorescent staining of fixed HEK293T cells transduced as
follows. Top panel, cells transduced with pWPI-AOX-GFP. ATPq, subunit « of the mitochondrial ATPase. Bottom panel, HEK293T cells transduced with pWPI-
NDI1-GFP. Middle panel, cells transduced with pWPI-AOX-GFP (see top panel) and reinfected with viral particles generated using pWPI-NDI1-BFP. GFP indicates
green fluorescent protein (a marker for the pWPI-AOX-GFP transduced cells) (see also supplemental Fig. S1A, top panel). The merged image also shows DAPI

nuclear counterstaining. The images are representative pictures (n = 10).

Potential changes in mitochondrial mass were evaluated by
flow cytometry, measuring intracellular accumulation of NAO
(a cell-permeant fluorescent dye accumulating in mitochondria
because of its affinity to cardiolipin). Whether transduced or
not, all cell populations accumulated NAO in similar amounts
(Fig. 2B). Because NAO accumulation in mitochondria is sen-
sitive to mitochondrial membrane potential, signal intensity
was remeasured after mitochondrial uncoupling with FCCP,
but once again, no differences could be observed (data not
shown).

Oxygen consumption was also assessed in intact cells, with
the expectation that we would observe the same effects of AOX
or NDI1 expression as in permeabilized cells. After 24 h of cul-
ture in high glucose, low glucose, or galactose assay media, res-
piration was measured; in each case the same assay medium was
used for growth of the cells, using a Clark-type oxygraph. In the
absence of respiratory chain inhibitors, AOX- and NDI1-ex-
pressing cells exhibited the same oxygen consumption as con-
trol cells (Fig. 3, A and B). Note that, independently of the trans-
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gene expressed, respiration of cells grown in high glucose medium
was ~25% less than in galactose-grown cells, as is typical of rapidly
dividing cells, which need to increase respiration rates in galactose
medium to maintain ATP production (25). In summary, expres-
sion of the alternative respiratory enzymes NDI1 or AOX pre-
served HEK293T cell physiology and respiration.

Growth in Glucose Suppresses the Ability of AOX but Not
NDII to Preserve Whole Cell Respiration after RC Inhibition—
We next tested the effects of growth in different media on the
response to respiratory chain inhibition of intact cells via the
successive injection of inhibitors into the oxygraph chamber
(see supplemental Fig. S4 for examples). In control cells, anti-
mycin or rotenone fully inhibited respiration regardless of the
growth medium (Fig. 3, A and B, black bars). As expected, respira-
tion of 293T-AOX cells exposed to rotenone and of 293T-NDI1
cells exposed to antimycin was also fully inhibited, regardless of the
growth medium (not shown).

In contrast, after complex III inhibition with antimycin,
293T-AOX cells that had been grown in galactose medium
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FIGURE 2. Expression of the alternative pathways does not alter cell physiology. A, alternative respiratory enzymes do not alter substrate-driven oxygen
consumption but provide resistance to specific inhibitors. Oxygen consumption, in the presence of ADP, of 5 X 10° digitonin-permeabilized (80 wg/ml) cells
after the addition of various respiratory substrates (pyruvate/malate, succinate, and TMPD + ascorbate) and inhibitors (rotenone, antimycin, n-propyl gallate,
and cyanide). Measures were performed using a Clark-type electrode, and cells were grown for 24 h in high glucose medium before oxygen consumption
analysis. All of the measurements were independently corrected for nonrespiratory oxygen consumption. The data are expressed as the means * S.E. (error
bars). From left to right, n = 8 (4 + 4), 6, 6, and 4. **, p < 0.01; ***, p < 0.001. B, mitochondrial mass is similar in transduced and untransduced cells. Flow
cytometric analysis of 10-nonyl acridine orange fluorescence. The cells were grown for 24 h on high glucose or galactose medium before staining. The data are
expressed as the means = S.E. (error bars): controls, n = 24 (12 + 12); 293T-AOX, n = 12;and 293T-NDI1, n = 12. C, alternative respiratory enzymes protect cells
exposed to specific respiratory chain inhibitors but do not alter cellular proliferation. For population doubling time, measures were made using a Birker
hemocytometer 72 h after plating. Untreated cells were plated in high glucose (5 X 10*/cm?; 293T and 293T-AOX, n = 18; and 293T-NDI1, n = 9) or galactose
medium (1 X 10°/cm?; 293T, 293T-AOX, and 293T-NDI1, n = 18). Antimycin-treated (30 ng/ml) and rotenone-treated (150 nm) cells were plated in high glucose
medium (1 X 10°/cm?; 293T, 293T-AOX, and 293T-NDI1 n = 9). Each data point is the average of three independent measurements. The data are expressed as
the means = S.E. (error bars). Important similarities (n.s.) are emphasized. D, alternative respiratory enzymes do not alter cell viability. Flow cytometry of
propidium iodide (Pl; 2 wg/ml) stained cells. 3 X 10° cells were grown for 24 h in the indicated medium before staining. For controls, n = 21 (293T, 12; and
293T-GFP, 9); and for 293T-AOX and 293T-NDI1, n = 9. The data are expressed as the means = S.E. (error bars).

showed high residual respiration (Fig. 34). This antimycin-re-
sistant respiration was lower in 293T-AOX cells grown on low
glucose medium and lower still in the same cells grown on high
glucose medium. Intact cell respiration via the AOX bypass is thus
suppressed by growth in glucose. This inhibitory effect of glucose
was not limited to complex III inhibition: although in isolated
mitochondria AOX provides a bypass for cyanide inhibition of
complex IV (26), this bypass was lost in intact cyanide-treated cells
grown in high glucose (supplemental Fig. S2, A and B).
Surprisingly, when the corresponding experiments were per-
formed on intact 293T-NDI1 cells, growth on different media
had no effect on rotenone-resistant respiration, which was
robust in all cases (Fig. 3B). To exclude any artifact arising from
the fact that the respiration rates of cells varied according to the
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growth medium used, we reanalyzed the data, expressing the
drug-resistant respiration as a proportion of that before inhibi-
tion (Fig. 3, A and B, values in parentheses; see also supplemen-
tal Fig. S4 for examples of calculations). After this correction,
AOX-driven respiration in the presence of antimycin was still
sensitive to the level of glucose in the growth medium, whereas
NDI1-driven respiration in the presence of rotenone remained
insensitive to glucose.

Analysis of Mitochondrial Membrane Potential and Superox-
ide Production Confirms That AOX-driven Respiration Is Inhib-
ited by Growth on Glucose, whereas NDI1-driven Respiration Is
Not—Because AOX and NDI1 both transfer electrons without
pumping protons across the mitochondrial inner membrane
(Fig. 1A), the active participation of either enzyme in respira-

JOURNAL OF BIOLOGICAL CHEMISTRY 38733


http://www.jbc.org/cgi/content/full/M112.386060/DC1
http://www.jbc.org/cgi/content/full/M112.386060/DC1
http://www.jbc.org/cgi/content/full/M112.386060/DC1

Control of Complex | by Mitochondrial Dysfunction

A Bl Controls H 293T-AOX B H Controls N 293T-NDil
50 - 50 -~
o o
© © |
c kou 38 -~ - wu 38 _l_ ]’
2o 2o
=Y : =Y :
g = ok % g = ukal =
2 € 25 1 2 = 25 -
8= (36%) 8= (47%) (49%) (43%)
¢ E o E il
& (27%) &> ]
6 % 13 + s % 13 -
2 (14%) I 2 I
£ £
0 - 0 - - -
Aa Rot - + - +
H/gh G/ucose Low Glucose Ga/actose ngh Glucose Low Glucose Galactose
C B High Glucose Galactose D B Not pretreated 24h on Antimycin
= 100% - . 100%
‘S c
= o
c E n.s g *
S & 75% ok 2 S 7%
o Y T 5 o *
=05 © <
53 52
“ 'g * Kk o o *
c 5 50% A c O 50% A
=] ] T
= 0 T Z 8
Ta S T
58 < €
o E 9%
<, B% Q5
X
=)
S
hul

0% - -

293T-AOX 293T-AOX+NDI High Glucose Galactose

FIGURE 3. In intact cells, AOX-driven respiration is controlled by prior growth in glucose, whereas NDI1-driven respiration is insensitive to glucose.
The cells were cultured for 24 h in different media. Respiration was measured with a Clark-type electrode using 5 X 10° intact cells resuspended in the growth
medium. The data are expressed as the means = S.E. (error bars). All of the measurements were independently corrected for nonrespiratory oxygen consump-
tion. *, p < 0.05; **, p < 0.01; ***, p < 0.001. A, in intact cells AOX-driven respiration is repressed by prior growth in glucose. Cellular respiration rates before
(Aa —) and after (Aa +) antimycin injection into the oxygraph chamber are shown. The values in parentheses represent antimycin-resistant respiration relative
to the respiration observed before the addition of antimycin (see also Fig. 3C). For controls, n = 20 in high glucose (10 + 10), 8 in low glucose (4 + 4),and 9in
galactose (293T, 5; and 293T-GFP, 4). For 293T-AOX, n = 22 in high glucose, 9 in low glucose, and 18 in galactose. B, in intact cells NDI1-driven respiration is
insensitive to glucose in the growth medium. Respiration rates before (Rot —) and after (Rot +) rotenone treatment are shown. The values in parentheses
represent rotenone-resistant respiration relative to the respiration observed before the addition of rotenone. For each of the tested growth media, n = 7 for
controls (293T, 4; and 293T-GFP, 3), and n = 7 for 293T-NDI1. C, in intact cells, when respiration is driven by NDI1 instead of complex I, AOX-driven respiration
becomes insensitive to prior growth on glucose. Oxygen consumption by intact cells expressing AOX or AOX + NDI1. The values represent antimycin-resistant
respiration rates relative to the respiration observed before the addition of antimycin. For 293T-AOX, n = 22 in high glucose and 18 in galactose; for 293T-
AOX + NDI, n = 3 in both media. D, glucose repression of respiration is alleviated after long term exposure to antimycin. Oxygen consumption in intact
293T-AOX cells (5 X 10°) grown for 24 h in different media, with or without the addition of 30 ng/ml antimycin. The values represent antimycin-resistant
respiration rates relative to the respiration observed before the addition of antimycin. For each cell type and growth medium,n = 7.
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tory electron flow should decrease mitochondrial membrane also confirms that any such AOX activity is independent of the
potential (7). Moreover, complex I inhibition by rotenone and  growth substrate.
complex III inhibition by antimycin enhance superoxide pro- Treatment with inhibitors decreased m in control cells, and the
duction, whereas the corresponding alternative respiratory extent of this decrease was again dependent on the growth
enzymes should suppress this, in line with their ability to medium, suggesting that 7z was maintained under glycolytic con-
restore respiration (27). ditions by mitochondrial consumption of cytosolic ATP (30). Fol-
As measured by TMRM (a fluorescent dye accumulating in  lowing complex III inhibition by antimycin (but not complex I
mitochondria in proportion with mitochondrial membrane inhibition by rotenone), AOX expression restored m most effec-
potential) fluorescence (28, 29), m was highest in cells grown on  tively in galactose-grown cells, to a lesser extent in cells grown on
high glucose and lowest in cells grown on galactose medium low glucose medium, and least of all in cells grown on high glucose
(Fig. 4, A-C). AOX, but not NDI1 expression further decreased ~medium. In contrast, NDI1 expression restored 7 in rotenone-
m in uninhibited cells. Although this alteration did not other-  inhibited cells regardless of the growth medium, while having no
wise perturb cell physiology, it suggests that AOX subtly altered  effect on cells treated with antimycin.
the properties of the OXPHOS system, most likely by a low Mitochondrial production of reactive oxygen species
constitutive activity diverting a proportion of the electron flow.  (mtROS) was measured by flow cytometric analysis of MitoSox
Because this decrease in m was similar in all growth media, it (a dye accumulating in mitochondria in proportion with
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superoxide generated) fluorescence (Fig. 4, D-F). Cells
grown in any of the media tested and not treated with any
inhibitor showed very low levels of mtROS production, irre-
spective of whether they carried an AOX or NDI1 transgene.
Control cells treated with respiratory chain inhibitors
showed elevated mtROS production, which was greatest in
cells grown on galactose medium and least in cells grown on
high glucose medium. Regardless of the growth medium,
NDI1 expression attenuated mtROS production in cells
treated with rotenone, but not antimycin. In contrast, the abil-
ity of AOX to attenuate mtROS production resulting from anti-
mycin treatment was dependent on the growth medium, being
highest in galactose-grown cells, less in cells grown on low glu-
cose, and not significant in cells grown on high glucose. AOX
had no effect on mtROS production after rotenone treatment.
Thus, measurements of both 7 and mtROS production were
consistent with the inference that AOX-driven respiration was
negatively regulated by growth on glucose, whereas NDI1-
driven respiration was unaffected.

Glucose Suppression of Respiration Occurs by Down-regula-
tion of Complex I—To identify the site of this glucose-depen-
dent regulation, we analyzed the antimycin-resistant respira-
tion of HEK293T cells simultaneously expressing AOX and
NDI1. Our reasoning was that the absence of glucose regulation
would suggest a control at the level of complex I (or possibly the
ATP synthase, complex V), whereas the preservation of glucose
regulation would indicate a control at another site upstream of
complex IIT or possibly AOX itself (see Fig. 64).

To distinguish AOX-expressing and NDI1-expressing cells,
the coding sequence of GFP within the pWPI-NDI1 vector was
replaced by that of BFP (Fig. 1B). AOX-expressing cells showed
green cytosolic fluorescence, whereas cells transduced with this
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new NDI1 expression vector had a blue cytosolic fluorescence
(not shown). 293T-AOX cells were then secondarily trans-
duced with pWPI-NDI1-BFP. Fluorescence microscopy and
co-immunofluorescence revealed that ~85% of the cells
expressed the cytosolic GFP (a marker for AOX expression),
~55% expressed NDI1, and ~45% expressed both transgenes
(Fig. 10).

After rotenone treatment and digitonin permeabilization,
these cells maintained a strong pyruvate- and malate-driven
oxygen consumption (Fig. 2A4), indicating that NDI1 was active
in a substantial fraction of the cells. This rotenone-resistant res-
piration was highly resistant to antimycin but sensitive to the fur-
ther addition of n-propyl gallate (Fig. 2A4), demonstrating that
most of the NDI1-expressing cells also had a functional AOX.

Intact AOX- and NDI1-expressing cells were then cultured
in the different growth media and treated with rotenone to
direct electron flow through NDI1 instead of complex I. This
rotenone-resistant respiration was set as the basal respiration
rate (100%). The subsequent inactivation of complex III by anti-
mycin revealed a strong antimycin-resistant respiration irre-
spective of the growth medium (Fig. 3C).

The negative effect on antimycin-resistant respiration pro-
duced by growth in high glucose was thus inferred to be exerted
at the level of complex I (or complex V). In the latter case,
however, complex III inhibition would be expected to increase
m in control cells because of ATP synthase inhibition. In con-
trast, m was decreased by antimycin treatment (Fig. 4, A-C),
thus eliminating complex V as a plausible site of the regulatory
effect and identifying complex I itself as the molecular target
thereof.

Complex I Inhibition Is a Fast, but Short Term Regulation—In
intact cells, glucose down-regulation of complex I occurred
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high glucose (+++) or galactose (0) medium and then antimycin-treated (30 ng/ml) for 10 min before protein extraction. For each cell type and assay
condition, n = 4. Middle and right panels, complex | and complex IV, respectively, in-gel activity from mitochondrial extracts of 293T-AOX cells grown for 24 h
in high glucose (+++) or galactose (0) medium and treated with antimycin (30 ng/ml) for 10 min before protein extraction. For each cell type and assay
condition, n = 3. Table panel, estimated changes in AOX, complex | (NDUFS3), and complex IV (COX2) amounts after antimycin treatment (30 ng/ml, 10 min) of
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7.E, glucose regulation of mitochondrial function following complex Il inhibition is HIF1 independent. Immunoblot for HIF 1« in nuclear extracts of 293T-AOX
cells grown for 24 h on high glucose (++ +) or galactose (0) medium. Cells exposed to low (1%) or atmospheric O, in presence or absence of antimycin (30
ng/ml, 10 min). Lam., lamin loading control; Normox., normoxic. Representative immunoblot, n = 3.

less than 5 min after respiratory chain poisoning (supple-
mental Figs. S2A and S4) and could be maintained through-
out the period of oxygraphic measurement (up to 45 min).
To test how this regulation developed after extended inhibi-
tion, 293T-AOX cells were exposed to antimycin for 24 h
(Fig. 3D). In high glucose medium, this treatment strongly
alleviated the inhibition of complex I, whereas in galactose-
grown cells it had no such effect. Furthermore, when cul-
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tured in the presence of antimycin for >24 h, AOX-express-
ing cells grown in high glucose exhibited an increased
growth rate compared with antimycin-treated control cells
(Fig. 2C). Glucose-dependent inhibition of complex I under
conditions of complex III or IV inhibition is thus rapidly
established but is only transient.

We next measured the antimycin-resistant respiration rate
of intact 293T-AOX cells grown in a given medium immedi-
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ately after transfer to other media. The cells were maintained in
the new medium for ~3 min before addition of antimycin,
allowing only a very short period of adaptation to the change of
carbon source. We observed (Fig. 54) an increase in the anti-
mycin-resistant respiration of glucose-grown cells when trans-
ferred to galactose medium but did not observe any inhibition
by transfer of galactose-grown cells to high glucose. Thus,
although it is rapidly detectable after treatment with a complex
Il inhibitor, the glucose-dependent inhibition of complex I can
only be established by prolonged culture in the presence of
glucose, whereas it is partially and rapidly relieved after the
removal of glucose.

Regulation of Complex I Activity by Glucose Is Indirect and
Independent of m—To test for any biochemical differences in
complex I in AOX-expressing cells grown in different media
and then treated (for 30 min) with antimycin, we analyzed
mitochondrial protein extracts by Western blotting and blue
native electrophoresis in-gel activity assays. AOX protein was
at a higher level in cells grown on high glucose (Fig. 5B), as
expected from the fact that the transgene promoter (EF1) is
responsive to Sp1 (31, 32). In contrast, the level of the NDUFS3
subunit of complex I relative to cytosolic or mitochondrial
loading controls was unaffected both by the growth medium
and by the presence of antimycin (Fig. 58 and supplemental Fig.
S1D). This results was as expected; because complex I down-
regulation occurred so rapidly after complex III or complex IV
inhibition (see supplemental Fig. S2A and S4 for example), it
was unlikely to be dependent on altered rates of protein synthe-
sis or turnover. Similarly, the growth medium had no effect on
the in-gel activity of complex I (Fig. 5B). Although this assay is
only semiquantitative and would not reveal small variations in
enzyme activity, the >2-fold decrease in respiration rate that
we measured in intact cells (Fig. 3C) should have been detected.

Cells expressing AOX and treated with antimycin showed
identical complex I activity after permeabilization with digito-
nin, whether they were grown in glucose or galactose, and even
after addition of the growth sugar to the assay buffer (Fig. 5C
and supplemental Fig. S2, Cand D), demonstrating that glucose
itself cannot inhibit complex I. However, intact 293T-AOX
cells treated with FCCP (a mitochondrial uncoupler) main-
tained the inhibition of antimycin-resistant respiration after
growth on high glucose medium (Fig. 5D). Supplementation of
the growth medium with N-acetyl cysteine (a potent antioxi-
dant that can increase the levels of glutathione) did decrease
mtROS production (supplemental Fig. S3A) but did not allevi-
ate the glucose-dependent inhibition of antimycin-resistant
respiration in intact 293T-AOX cells (supplemental Fig. S3B).
The glucose-dependent down-regulation of complex I in
response to respiratory chain dysfunction is thus inferred to be
indirect and to require cell integrity but does not depend on m
or mtROS.

Inhibition of Complex I by Glucose Is Not the Consequence of
a Hypoxia-like Response—One of the best known mechanisms
adapting respiration to glucose levels involves the stabilization
of HIF1, either in response to hypoxia or resulting from the
cytosolic accumulation of succinate (8, 9). Because the inhibi-
tion of the respiratory chain could lead to succinate accumula-
tion, we followed HIF1 nuclear accumulation in the different
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culture and treatment conditions (Fig. 5E). As a control, we first
verified that exposure of the 293T-AOX cells to low oxygen
conditions (1%) led to the relocation of HIF1 in the nucleus. In
atmospheric O, conditions, however, complex III inhibition
failed to induce nuclear translocation of HIF1, irrespective of
the growth medium used. HIF1 stabilization therefore appears
to play no role in the glucose-dependent inhibition of complex
I in response to complex III inhibition.

DISCUSSION

The alternative respiratory enzymes are naturally absent
from mammalian cells. However, by expressing them trans-
genically in human cells, we were able to detect and character-
ize a previously unknown regulatory system controlling the
activity of complex I of the respiratory chain in response to
inhibition of complexes III or IV. This regulation was transient,
but was established rapidly, and was contingent on prior
growth of the cells in a medium containing high levels of
glucose.

In permeabilized cells, transgenically expressed NDI1 and
AOX gave rise to functional bypasses, as expected, for respira-
tory complex I and complexes III and IV, respectively. The
activity of these bypasses was independent of the growth
medium in which the cells had previously been cultured. How-
ever, the behavior of intact cells was different. After rotenone
treatment, NDI1-driven respiration was functional, irrespec-
tive of the growth medium. However, following antimycin
treatment, AOX-driven respiration was fully functional only if
cells had been previously grown on galactose medium, whereas
prior growth on increasing concentrations of glucose sup-
pressed respiration under these conditions. Respiratory activity
was mirrored by predictable changes in 7 and mtROS produc-
tion under all the conditions tested, consistent with unimpeded
electron flow through NDI1 when complex I was inhibited, but
with electron flow through AOX under tight regulation when
complex III was inhibited. Our findings are consistent with a
previous report of the antioxidant effects of another AOX, from
Symplocarpus renifolius, being glucose-sensitive when the gene
was expressed on HeLa cells (33). The antioxidant effects of
C. intestinalis AOX, when expressed in a patient-derived fibro-
blast cell-line with COX10 deficiency (14), also appear to be
glucose-sensitive. The novel, glucose-dependent regulation of
respiration revealed by our findings may therefore be a general
mechanism.

It can be interpreted as a system for limiting unnecessary
damage resulting from over-reduction of the quinone pool,
when complexes Il and IV are inhibited or overloaded. Glucose
provides an alternative substrate, metabolized fermentatively
to lactate (25). In the presence of adequate levels of glucose,
electron transfer via the respiratory chain is not required to
produce ATP, or to regenerate NAD+, so it can be switched off
entirely when the respiratory chain is dysfunctional. However,
galactose cannot be metabolized fermentatively at a sufficient
rate to sustain cellular ATP levels, so down-regulation of respi-
ration under such conditions would make a bad situation
worse.

Co-expression of NDI1 and AOX abolished the glucose-de-
pendent suppression of respiration in the presence of antimy-
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cin, excluding the idea that it was exerted at a step upstream of
the respiratory chain (e.g., pyruvate entry or oxidation), and
thus limiting it, logically to complexes I or V of the OXPHOS
system. Furthermore, the observed decrease in m following
complex III inhibition excludes complex V as the site of regu-
lation, because the resulting accumulation of protons in the
intermembrane space would produce the opposite effect on .
The fact that FCCP had no effect on the glucose-dependent
regulation of respiration in intact cells also rules out complex V
as the target.

These interpretations are subject to the caveat that the alter-
native respiratory enzymes do not in themselves fundamentally
alter cellular physiology. In the absence of respiratory inhibi-
tors, substrate-driven oxygen consumption in permeabilized
cells was unaffected by NDI1 or AOX. Although the culture
media has a clear influence on intact cell respiration, none of
the transgenes tested altered this influence. These observations
are consistent with earlier findings made in AOX-expressing
HEK293 cells (26), patient-derived fibroblasts (14), and HeLa
cells (33), although they differ from a previous report showing
increased pyruvate/malate-driven respiration in NDI1-trans-
formed HEK293T cells (34). However, in the latter case NDI1
was under the control of the very strong CMV promoter, and
cells were selected for growth in rotenone-containing medium.
Our use of a weaker promoter and of a nonselected cell popu-
lation infected at a moderate multiplicity of infection (~20% of
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the cells remained uninfected) likely led to a lower expression
level, which did not disturb cell metabolism.

We found no effects of the alternative respiratory enzymes
on cell viability, cell growth, mitochondrial mass, or mtROS
production. The only relevant parameter that was observed to
alter in response to their expression was a small, but statistically
significant decrease in m in cells transduced with AOX.
Because this decrease was independent of the assay media and
because the collapse of m (using FCCP) did not alter the control
of the respiratory chain by glucose, it can be safely concluded
that the alteration of m by AOX has no influence on this
regulation.

Western blot and blue native electrophoresis in-gel histo-
chemistry revealed no differences in the amount and activity of
complex I in glucose-grown versus galactose-grown cells,
excluding a direct modification (35, 36) of complex I. The addi-
tion of glucose or galactose to permeabilized cells had no effect
on substrate oxidation. The glucose-dependent inhibition of
complex I must therefore be indirect. Briefly exposing galac-
tose-grown cells to glucose increased antimycin-resistant res-
piration rather than inhibiting it. The inhibition thus appears to
depend upon a factor accumulating slowly in glucose-grown
cells. Logically this factor could be a protein, as in the cytokine-
dependent inhibition of complex Iby STAT3 (12) or depending
on enzymatically induced modifications of complex I such as
acetylation/deacetylation known to be influenced by SIRT3
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(11) and mitochondrial acetyl transferases (37). However, the
direct mediator of inhibition must be a small molecule, because
digitonin permeabilization abolished the inhibitory effect of
prior growth in glucose. Digitonin creates small pores in cellu-
lar membranes, allowing free diffusion of small molecules but
not the release of proteins from mitochondria, such as cyto-
chrome c¢. Mitochondrial ROS are excluded from mediating the
inhibition, based on three arguments. First, mtROS production
in antimycin-treated cells was highest under the conditions of
least inhibition of complex I, despite previous reports suggest-
ing that complex I is inhibited by ROS (36). Second, in antimy-
cin-treated AOX-expressing cells, mtROS production was at
the same low level in all medium conditions. Third, the addition
of N-acetyl cysteine decreased mtROS production by ~20% but
did not alter glucose regulation. Changes in pH are also
excluded by the fact that the H" ionophore FCCP also did not
perturb the glucose regulation.

Inhibition of complex I occurred very rapidly after the addi-
tion of antimycin or cyanide (within ~3 min) and lasted at least
~45 min. However, it was lost after 24 h of continuous complex
I inhibition. This is consistent with the idea that it constitutes
an “emergency shutdown” system, limiting electron flow into a
respiratory chain that the cell perceives as defective, until alter-
ations in transcription can accommodate the stress in other
ways. Such stresses that would be minimized by an emergency
shutdown include the perturbation of the cataplerotic reactions
of the TCA cycle, depriving cells of essential metabolites, and
excess mtROS production, with extremely damaging conse-
quences. Dysfunctional mitochondria could also undergo fis-
sion followed by ubiquitination-dependent degradation (38,
39), a highly expensive outcome for the cell. They can also
release cytochrome ¢ and other proapoptotic factors, causing
cell death. All of these consequences could be prevented by the
down-regulation of complex I activity (40—-42), providing a
rationale for a physiological mechanism to reduce complex I
activity under conditions of respiratory dysfunction.

The introduction of alternative respiratory enzymes into
human HEK293T cells has revealed an intrinsic regulatory
pathway of mammalian mitochondria. We demonstrated that
glucose rapidly and transiently down-regulates complex I activ-
ity in response to downstream inhibition of the respiratory
chain (Fig. 6B). Understanding the more detailed molecular
mechanism(s) involved in this regulation is now essential
because this regulatory pathway could provide a novel thera-
peutic target for the control of cell metabolism in diverse path-
ological states.
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