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Abstract
The French-Canadian variant of Leigh Syndrome (LSFC) is an autosomal recessive oxidative phosphorylation (OXPHOS) disor-
der caused by a mutation in LRPPRC, coding for a protein involved in the stability of mitochondrially-encoded mRNAs. Low
levels of LRPPRC are present in all patient tissues, but result in a disproportionately severe OXPHOS defect in the brain and
liver, leading to unpredictable subacute metabolic crises. To investigate the impact of the OXPHOS defect in the liver, we ana-
lyzed the mitochondrial phenotype in mice harboring an hepatocyte-specific inactivation of Lrpprc. Loss of LRPPRC in the liver
caused a generalized growth delay, and typical histological features of mitochondrial hepatopathy. At the molecular level,
LRPPRC deficiency caused destabilization of polyadenylated mitochondrial mRNAs, altered mitochondrial ultrastructure, and
a severe complex IV (CIV) and ATP synthase (CV) assembly defect. The impact of LRPPRC deficiency was not limited to
OXPHOS, but also included impairment of long-chain fatty acid oxidation, a striking dysregulation of the mitochondrial per-
meability transition pore, and an unsuspected alteration of trans-membrane H2O2 diffusion, which was traced to the ATP
synthase assembly defect, and to changes in the lipid composition of mitochondrial membranes. This study underscores the
value of mitochondria phenotyping to uncover complex and unexpected mechanisms contributing to the pathophysiology of
mitochondrial disorders.
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Introduction
Leigh syndrome is the most common pediatric presentation of
autosomal recessive oxidative phosphorylation (OXPHOS) dis-
eases. This syndrome is an early onset, subacute neurodegener-
ative disorder accompanied by characteristic brain stem
lesions, psychomotor regression, hypotonia, ataxia, and lactic
acidosis (1–3). The so-called classical form of the syndrome can
be caused by mutations in subunits of the pyruvate dehydroge-
nase (PDH) complex, or more frequently, by mutations in the
structural subunits of OXPHOS complexes, or of factors required
for their assembly, resulting in isolated or multi-complex defi-
ciencies affecting Complex I, II, IV (CI, CII, CIV) and the ATP syn-
thase (CV) (4,5).

In addition to classic LS, a variant known as Leigh Syndrome
French Canadian (LSFC; OMIM #220111) has a characteristic pat-
tern of tissue involvement, and a different clinical evolution,
with acute metabolic crises usually leading to very early fatality
(6–8). LSFC is caused by a mutation in LRPPRC, which codes for
an RNA-binding protein involved in the stabilization of most
mtDNA-encoded mRNAs (9–11). Most patients examined to date
are homozygous for a single missense mutation, which results
in low (i.e. less than 20% of normal levels) steady state amounts
of LRPPRC protein in all tissues (9,12,13). This causes a pro-
nounced complex IV (C-IV) deficiency in the liver and brain (20%
of normal activity), a moderate C-IV deficiency in fibroblasts
and heart (50% of normal activity) and a combined C-IV and
complex I (C-I) defect in the skeletal muscle (40% of normal ac-
tivity) (8,9,12,13). LSFC fibroblasts recapitulated several alter-
ations in mitochondrial function including mitochondrial
fragmentation, a decrease mitochondrial membrane potential,
and reduced ADP-stimulated respiration (13,14). Consistent
with these findings, a case-control prospective metabolic profil-
ing study in LSFC patients revealed a metabolic signature of dis-
rupted oxidative phosphorylation, which include markers
reflecting changes in NADþ, lipid and amine metabolism (15).
Additional mutations in the LRPPRC gene have recently been
identified outside the French-Canadian population, resulting in
similar multi-systemic and neurological phenotypes (13). The
reasons underlying this spectrum of biochemical defects re-
main unclear, but is likely related to differences in the way mi-
tochondrial mRNAs are handled in different tissues, and the
ability of some cell types, but not others, to compensate for the
absence of LRPPRC through adaptive changes in their mitochon-
drial translation machinery (12).

The aim of the present study was to examine the impact of
LRPPRC deficiency on key aspects of the liver mitochondrial
phenotype. We generated an hepatic knockout mouse model to
investigate in detail the impact of LRPPRC deficiency on the
phenotype of liver mitochondria. Our results reveal that loss of
hepatic LRPPRC triggers a multi-faceted phenotypic remodelling
that extends beyond OXPHOS impairment, and includes mito-
chondrial ultrastructure abnormalities, impaired lipid metabo-
lism, dysregulation of the permeability transition pore, and
changes in ROS dynamics, thus highlighting the complex patho-
genesis of OXPHOS disorders.

Results
Loss of hepatic LRPPRC results in growth delay, and
pronounced liver histopathological abnormalities

Homozygous knockout mice were viable, had a normal appear-
ance and locomotor activity under normal cage bound

conditions, but had reduced body weight at 5 weeks-old com-
pared to littermate controls (Fig. 1A). After an overnight fast,
only 2% (2 out of 98) of H-Lrpprc�/� mice were found lethargic in
their cage due to hypoglycaemia (� 3.1 mmol/l), indicating a rel-
atively preserved capacity to sustain hepatic glucose produc-
tion. Of note, immunoblot analysis indicated the presence of
residual amounts of LRPPRC (Fig. 2A), which is likely attributable
to liver regeneration as previously observed in liver-specific
COX10 knockout mice (16).

Livers of H-Lrpprc�/� mice displayed several macroscopic ab-
normalities. Liver mass was 25% greater than in control animals
(Fig. 1B), liver lobes displayed scattered pale coalescing areas,
characteristic of multifocal hepatic necrosis, and the gall blad-
der was severely swollen. Microscopically, the geometry of liver
lobules was disrupted and numerous blood vessels were dilated
(Fig. 1C). Cholestasis, focal necrosis, infiltration of inflammatory
cells and microvesicular steatosis was also evident following
H&E and Oil Red O staining (Fig. 1C and D). Consistent with a C-
IV deficiency, a severe reduction of COX staining was present in
liver sections from H-Lrpprc�/� mice. Furthermore, the normal
peri-portal zonation of nuclear encoded CII (e.g. SDH) activity
was lost in favour of a more homogeneous distribution across
liver lobules (Fig. 1E).

Transmission electron microscopy showed the presence of
notable abnormalities in mitochondria from H-Lrpprc�/� livers.
In general, mitochondria appeared larger than in control mice,
and many displayed altered cristae morphology characterized
by loss of cristae ridges, and the presence of large vacuolar
structures or patches of stacked cristae (Fig. 1F).

Loss of hepatic LRPPRC induces a multi-faceted bioener-
getic phenotype

LRPPRC deficiency resulted in the reduction of the steady state
levels of most mtDNA-encoded transcripts in mice at ten weeks
of age, particularly COX1-3 and ATP6, while rRNA levels were
normal (Fig. 2E). Furthermore, in H-Lrpprc�/� mice, a high pro-
portion (70–91%) of transcripts for COX1, COX2 and ND3 were
oligo adenylated with less than 10A’s, or lacked stop codons,
and had short and variable chain lengths (Fig. 2F). However,
there was no relationship between the severity of mRNA down-
regulation and the polyA tail length" based on ND3 analysis.

In five weeks old mice, SDS-PAGE experiments indicated a
near complete absence of LRPPRC in whole liver extracts (Fig.
2A), which was accompanied by a drastic reduction of the
LRPPRC binding partner SLIRP (Fig. 2B). The abundance of the
mitochondria-encoded CIV subunit COX1 was also significantly
reduced as compared to control mice, while the abundance of
CI (NDUFA9) and CII (SDHA) subunits were normal (Fig. 2A and
B). Measurement of enzyme activities and BN-PAGE analysis
confirmed a severe (>80%) decrease in the activity (Fig. 2C), and
assembly of CIV (Fig. 2D). At this age, the activity of the TCA-
cycle enzyme CS, and the amounts of assembled CI, CII, and CIII
were similar to controls (Fig. 2C and D). However, at ten weeks
of age, the amount of all three complexes was higher in H-
Lrpprc�/� mice, suggesting a compensatory upregulation of
other electron transport chain complexes over time
(Supplementary Fig. S1).

We also investigated whether or not in addition to a CIV defi-
ciency, mitochondria from H-Lrpprc�/� mice also displayed ab-
normalities at the level of the phosphorylation machinery,
particularly the ATPsynthase (CV). As shown in Fig. 3A, CV ac-
tivity was similar in the two experimental groups. However, an
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important loss of sensitivity to inhibition by oligomycin was
noted in H-Lrpprc�/� samples, suggesting a CV defect. BN-PAGE
analysis in DDM-solubilized mitochondrial extracts indicated a
reduction in the amount of assembled CV monomers in
H-Lrpprc�/� samples (Fig. 3B). Moreover, lower molecular weight

ATPa immuno-reactive bands were visible, suggesting an accu-
mulation of sub-assembled CV (Fig. 3B). CN-PAGE and in-gel ac-
tivity measurements were also performed in digitonin-
solubilized mitochondria to resolve CV dimers (Fig. 3C). These
experiments confirmed the assembly defect, and further

Figure 1. General phenotype and liver histology in normal and liver-specific LRPPRC deficient mice. Panels A and B show mean body weight (n¼30), and ratio of liver to

body weight (n¼ 16–17) in H-Lrpprcþ/þ and H-Lrpprc�/�mice. Panel C shows representative images of H&E staining. Loss of lobular structure and dilated vessels (top), fo-

cal necrosis and infiltration of inflammatory cells (middle), and cholestasis (bottom) are visible in the H-Lrpprc�/� samples (arrows). Panel D shows the quantification of

Oil Red’O staining intensity in individual hepatocytes from H-Lrpprcþ/þ and H-Lrpprc�/� livers (n¼10). Panel E shows representative images of serial liver sections

stained for COX (brown staining) and SDH (blue staining) activity. Panel F shows transmission electron micrographs from both mouse strains. Arrows point to large

vacuolar structures and stacked cristae, which were commonly observed in H-Lrpprc�/�mitochondria. Difference between H-Lrpprcþ/þ and H-Lrpprc�/� was assessed

with a Student t-test: **P<0.01; ***P<0.001.
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indicated an important reduction in amount of assembled CV
dimers in H-Lrpprc�/�mice.

Respirometry studies were performed to examine the bioen-
ergetic consequences of these OXPHOS defects. While subtle
differences in baseline state 2 respiration were apparent, the
most striking abnormality was a 40–60% reduction of maximal
ADP-stimulated respiration in the presence of CI or CII sub-
strates (Fig. 4A). This reduction was attributable to the ATP

synthase defect, rather than to loss of CIV activity, since mito-
chondria from control and H-Lrpprc�/� mice had similar maxi-
mal respiration rates following uncoupling with CCCP (Fig. 4A).
Since the activity of CIV measured in solubilized extracts was
reduced by 80% in H-Lrpprc�/� mitochondria (Fig. 3A), the sur-
prizing capacity of residual CIV to support normal rates of respi-
ration was investigated by monitoring CIV activity in its native
membrane environment using TMPD/Ascorbate as a respiratory

Figure 2. Impact of LRPPRC deficiency on the OXPHOS system. Panel A and B: SDS-PAGE blots and densitometry analysis (n¼4–6 mice per group) showing the impact of

LRPPRC deficiency on SLIRP and selected components of CI (NDUFA9), CII (SDHA), CIV (COX1), and outer membrane (Porin). SDH and Actin were used as loading con-

trols. Panel C: Activity of OXPHOS (CI, CII, CIV) and TCA cycle (CS) enzymes in isolated liver mitochondria. Enzyme activity measured spectrophotometrically (n¼4–8

mice per experimental group). Panel D: BN-PAGE blot of OXPHOS complexes in normal and H-Lrpprc�/� mice. Antibodies to detect OXPHOS complexes were NDUFA9

(CI), SDHA (CII), UQCRC2 (CIII), COXIV (CIV) and ATP5A1 (CV). Data are representative of 4 independent experiments. Panel E: Expression of mitochondrial ribosomal

subunits, and of selected mitochondrial and nuclear encoded transcripts in wild type and H-Lrpprc�/� mice. Data were obtained at 10 weeks of age (n¼3–5). Panel F:

Polyadenylated tail length analysis for COX1, COX2 and ND3 mRNA. Data shows the proportion of mRNA 3’ end displaying PolyA short,>10 and>35 chain length in

wild type and Lrpprc-knockout mice. Data were obtained at 10 weeks of age (3 experimental replicates per group, using pooled RNA from 3 WT and 3 KO mice).

Difference between H-Lrpprcþ/þ and H-Lrpprc�/�was assessed using one-way ANOVA: *P<0.05; **P< 0.01, ***P<0.001.
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substrate (Fig. 4B). Under those conditions, CIV activity of H-
Lprrpc�/� mitochondria was only 30% lower than in controls
(P¼ 0.07), indicating that the detergent extraction step used for
the spectrophotometric assessment of CIV activity amplifies the
defect in H-Lrpprc�/� mitochondria. Interestingly, CIV was sig-
nificantly more sensitive to cyanide (Fig. 4C) in H-Lrpprc�/�mito-
chondria compared to controls, indicating a greater
vulnerability to inhibition.

Mitochondria from H-Lrpprc�/� mice also showed a 50% re-
duction in ADP-stimulated respiration in the presence of
palmitoyl-CoA (Fig. 4A). Because the respiration rates observed
with palmitoyl-CoA, are less than half those achieved with CII
substrates, this result suggest that in addition to causing
OXPHOS defects, Lrpprc deficiency has a direct impact on mito-
chondrial fatty acid oxidation capacity.

The ATP synthase assembly defect associated with
LRPPRC deficiency alters the mitochondrial permeability
transition pore

Recent studies suggest that ATP synthase dimers may consti-
tute the structural core of the PTP (17,18). In the presence of in-
creased Ca2þ concentrations and Pi, which are key triggers of
pore opening, Ca2þ is suggested to displace Mg2þ from catalytic
sites on the F1 sector. Under this condition, CV would adopt a
conformation that induces pore formation at the interface be-
tween the two CV monomers. In this model, the OSCP subunit,

Figure 3. Impact of LRPPRC deficiency on ATP synthase (CV) activity and assem-

bly. Panel A: Enzyme activity measured spectrophotometrically in mitochon-

drial extracts in absence and presence of the CV inhibitor Oligomycin (1.2 mM).

Data are expressed as fold changes vs wild type values (n¼6–8). Panel B: BN-

PAGE blot of DDM-solubilized mitochondria from wild type and H-Lrpprc�/�

mice. Membranes were probed with anti-ATPa Mono: CV monomers, Sub: Sub-

assembled CV complexes. Panel C: Supramolecular assembly of CV revealed by

in gel activity measurement. CN-PAGE was performed in duplicates for each

sample. The first gel was used for in gel activity measurements (right lanes for

each sample), while the other gel was stained with coomassie blue. Experiments

were performed following extraction with DDM, which fully dissociates CV into

monomers or with digitonin to preserve dimeric, and oligomeric CV complexes.

Blots are representative of at least 3 independent experiments. Significantly dif-

ferent from the H-Lrpprcþ/þ group: **P<0.01.

Figure 4. Impact of LRPPRC deficiency on the mitochondrial bioenergetics phe-

notype. Panel A: Baseline state 2, state 3 (1 mM ADP), and CCCP (0.03 mM)-

uncoupled respiration in liver mitochondria energized with CI (glutamate/ma-

late [GM: 5/2.5 mM]), CII (Succinate 5 mM) substrates, or following stimulation of

long-chain fatty acid oxidation (palmitoyl-CoA [20lM]) (n¼ 5–9). Panel B:

Maximal state 3 respiration in isolated liver mitochondria energized with CIV

substrates (ascorbate/TMPD: 9mM/0.9mM) (n¼5). Panel C: Titration of CIV-

driven (Ascorbate/TMPD 9/0.9 mM) state 3 respiration with potassium cyanide

(KCN) in wild type and H-Lrpprc�/� mitochondria. Best fit and 95% confidence in-

tervals are shown for each dataset (n¼5).
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located on the lateral stalk of CV is suggested to act as a nega-
tive modulator of PTP opening, presumably by limiting access of
the Ca2þ binding sites on the F1 ATPase (17,18). Importantly,
this negative modulation is suggested to be relieved when
Cyclophilin-D (CypD), a key pore-sensitizing protein present in
the mitochondrial matrix, is recruited to OSCP (17,18).

Given the CV assembly defect observed in H-Lrpprc�/� mice,
Ca2þ retention capacity (CRC) experiments were performed in
the presence of Pi to determine whether pore regulation was al-
tered. As shown in Figure 5A and D, CRC was nearly two-fold
greater in mitochondria from H-Lprrpc�/� mice, indicating a
striking resistance to PTP opening. CRC was also performed in
the presence of Mg2þ, ADP, and oligomycin, to delineate the na-
ture of this resistance. Under this condition, CRC was increased
by 2.3–2.5 fold in both experimental groups, indicating normal
sensitivity in H-Lrpprc�/� mitochondria to ligands of the cata-
lytic F1 sector, and the OSCP subunit (Fig. 5C and D).
Furthermore, OSCP levels in the whole mitochondrial lysate and
extracts used for CN-PAGE were similar between the two experi-
mental groups (Fig. 5F). CRC experiments were also performed
in the presence of Cyclosporin-A (CsA), which delays PTP open-
ing by preventing recruitment of CypD to OSCP (17,18). As ex-
pected, CsA increased resistance to Ca2þ-induced PTP opening
by more than 2.5 fold in control mice. In contrast, mitochondria
from H-Lrpprc�/� mice were largely insensitive to CsA (Fig. 5B
and D). Lack of sensitivity to CsA is normally observed in cells
that express low levels of CypD (19,20), and in tissues from
CypD-KO mice (21). However, this was not the case in H-
Lrpprc�/� mice since total mitochondrial CypD content was two-
fold higher than in controls (Fig. 5E). Together, these data indi-
cate that in H-Lrpprc�/� mitochondria the CV assembly defect
leads to intrinsic resistance to pore opening, through a loss of
regulation by CypD.

Hepatic LRPPRC deficiency induces pronounced changes
in mitochondrial H2O2 dynamics

An important factor believed to underlie cellular dysfunction in
genetic mitochondrial diseases is enhanced production of mito-
chondrial ROS, which can disrupt normal ROS-dependent cellu-
lar signal transduction, and trigger oxidative damage to cellular
components (22,23). To address whether LRPPRC deficiency had
an impact on mitochondrial ROS dynamics, net mitochondrial
H2O2 release was measured in respiring mitochondria.
Strikingly, mitochondria from H-Lrpprc�/� mice released tenfold
less H2O2 compared to controls in conditions where superoxide
production is promoted through reverse electron flow (i.e. dur-
ing state 2 respiration with succinate 6 glutamate/malate) (Fig.
6A). To investigate factors underlying this striking difference,
mitochondrial membrane potential, which is an important de-
terminant of superoxide production, was measured. As shown
in Figure 6B, membrane potential was reduced by 2–3 mV in H-
Lrpprc�/�, which can account for no more than �7% of the differ-
ence in H2O2 release observed vs wild type (24,25).

To determine whether enhanced ROS scavenging was re-
sponsible for the dramatic reduction of mitochondrial H2O2 re-
lease in H-Lrpprc�/� mice, the capacity to scavenge a pulse of
exogenous H2O2 was also measured directly in respiring mito-
chondria. This scavenging rate represents the sum of the rate of
all mitochondrial H2O2 consuming systems. Surprisingly, mito-
chondria from H-Lrpprc�/�mice were completely unable to scav-
enge exogenous H2O2 (Fig. 6C). The level of key antioxidant
enzymes was therefore measured. The expression of SOD2 was

similar in the two groups, while the levels of catalase were mod-
estly reduced, suggesting no major collapse of the antioxidant
machinery (Fig. 6D). This observation was overall compatible
with the results of the H2O2 release experiment, since a collapse
of antioxidant systems would have caused an increase in H2O2

release, not a drastic reduction as observed. Together, the lack
of endogenous H2O2 emission and exogenous H2O2 scavenging
pointed to a major barrier hindering H2O2 diffusion in and out of
mitochondria in Lrpprc-deficient mice.

To address this possibility, respiring mitochondria were ti-
trated with increasing concentration of digitonin (0.01 to 0.03%)
to achieve progressive membrane permeabilization. As shown
in Figure 6E, addition of digitonin to H-Lrpprc�/� mitochondria
progressively raised the amount of H2O2 released in the media
to the level observed in non-permeabilized mitochondria from
control mice, suggesting trapping of H2O2 in mitochondria from
H-Lrpprc�/� mice. To test this hypothesis, H2O2 production was
measured in inside-out sub-mitochondrial, where respiratory
chain complexes generate H2O2 directly in the incubation me-
dium, bypassing the normal diffusion step across the lipid bi-
layer. In this condition, H2O2 release was actually higher in H-
Lrpprc�/� compared to control (Fig. 6F), confirming that LRPPRC
deficiency induced a strong reduction of mitochondrial perme-
ability to H2O2.

To investigate the underlying mechanism, the expression of
aquaporin-8 channels, which are known to facilitate the diffu-
sional transport of H2O2 across the inner mitochondrial mem-
brane (26,27) was measured. AQP-8 content was 35% higher in
H-Lrpprc�/� mice, indicating that changes in AQP8 expression
were not responsible for the altered H2O2 diffusion (Fig. 6G).
Non-targeted lipidomic analysis was also performed to examine
potential changes in the membrane lipid composition. In H-
Lrpprc�/� mitochondria, 65 features reached the established sig-
nificance threshold (FC> 2 and FDR< 5%, corresponding to a p
value of 0.01) (Fig. 7A). From these features, thirty-three distinct
lipids were identified in H-Lrpprc�/� mitochondria of which 14
were upregulated and 18 downregulated. Interestingly, in-
creased lipids were essentially glycerophospholipids mostly
represented by phosphatidylcholines (PC) and few phosphati-
dylethanolamine (PE), while decreased lipid species were more
diversified. The latter included in particular 7 triglycerides, 2 di-
glycerides, 6 sphingomyelins, as well as cholesterol and choles-
terol sulfate (Fig. 7B). Together, these results indicated that loss
of LRPPRC triggers broad changes in the lipid composition of mi-
tochondrial membranes, which likely underlie the impairment
of H2O2 diffusion in and out of mitochondria.

Discussion
Our results reveal that specific loss of LRPPRC in the liver indu-
ces a generalized growth delay, and typical histological features
of severe mitochondrial hepatopathy. At the molecular level,
LRPPRC deficiency causes destabilization of polyadenylated mi-
tochondrial mRNAs, resulting in a severe CIV and CV assembly
defect that compromises OXPHOS capacity. Importantly, our
data show that the impact of LRPPRC deficiency is not limited to
OXPHOS, but also includes impairment of long-chain fatty acid
oxidation, a striking dysregulation of the mitochondrial perme-
ability transition pore, and an unsuspected alteration of trans-
membrane H2O2 diffusion. Dysregulation of the PTP and
changes in mito-cellular H2O2 exchanges can be traced to the
ATP synthase assembly defect, and to changes in the lipid com-
position of mitochondrial membranes, revealing novel
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intricacies of mitochondrial OXPHOS deficiencies that have po-
tential clinical impact.

Bioenergetics phenotype of hepatic LRPPRC deficiency

Previous studies have shown that CIV activity is reduced by 80%
in liver samples from LSFC patients (8,12), which is expected to
have severe bioenergetic consequences. Yet, some patients sur-
vive several years, with no signs of chronic liver dysfunction de-
spite the presence of steatosis (6). Our data suggest that this

may be explained in part by the fact that biochemical measure-
ment of CIV activity following detergent extraction exaggerates
the actual severity of the enzyme defect. Indeed, when mea-
sured in intact mitochondria, our data show that CIV activity
was only reduced by 30% in LRPPRC-deficient livers, as op-
posed to 80% when measured following detergent extraction.
This significant residual activity was sufficient to sustain nor-
mal respiration with substrates feeding the ETC at the level of
CI or CII, albeit at a higher percentage of maximal CIV capacity,
which likely put cells at greater risk of bioenergetic crisis in

Figure 5. Impact of LRPPRC deficiency on the permeability transition pore: Panel A-C: Representative tracings of mitochondrial calcium retention capacity (CRC) in iso-

lated liver mitochondria exposed to consecutive pulses of calcium (2.5 lmole/mg protein per pulse). All experiments were performed in the presence of Succinate

(5 mM), Rotenone (1 mM) and Pi (10 mM). In panel B and C, the incubation buffer was respectively supplemented with Cyclosporin-A (1mM), or a combination of ADP (12

mM), MgCl2 (0.6 mM) and Oligomycin (27 mM). Panel D: Average Calcium Retention Capacity observed in the three experimental conditions described in A-C (n¼8–11).

Panel E: Immunoblot and densitometric analysis of Cyclophilin-D (CypD) content in isolated liver mitochondria from wild type and H-Lrpprc�/� mitochondria.

Mitochondrial lysates from wild-type and CypD deficient Ppif�/�mice were run as controls control (n¼6). Panel F: Immunoblot and densitometric analysis of OSCP con-

tent in whole mitochondrial lysates and OXPHOS extracts obtained following digitonin treatment. Significantly different from wild type mice: **P<0.01, ***P<0.001;

Significantly different from control condition: U: P<0.001.
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Figure 6. Impact of LRPPRC deficiency on mitochondrial H2O2 dynamics: Panel A: Net H2O2 release from mitochondria under state 2 and state 3 (1 mM ADP) conditions

in the presence of substrates for CIþCII (G/M/Succ: 5/2.5/5 mM) (n¼8–16). In some experiments (n¼3), net H2O2 release was measured in the presence of succinate

alone (Succ: 5 mM) and rotenone (1 mM) was added to confirm that H2O2 release occurred mainly through reverse electron backflow to CI. Panel B: Mitochondrial mem-

brane potential measured on respiring isolated liver mitochondria energized with complex Iþ II (G/M/Succ: 5/2.5/5 mM) or complex II (succinate 5mM) substrates.

(n¼6). Panel C: Immunoblot and densitometric analysis of SOD2 and catalase content in mitochondria from wild type and H-Lrpprc�/� mice (n¼6). Panel D: Kinetics of

scavenging of an exogenous H2O2 load (3 nmoles) by mitochondria energized with CI substrates (Gutamate/Malate: 50/20 mM) (n¼6). Panel E: Net H2O2 release from mi-

tochondria under state 2 conditions in the presence of substrates for CIþCII (G/M/Succ: 5/2.5/5 mM). Following baseline measurements, digitonin was progressively

added and changes in H2O2 release were monitored (n¼6). Insets in panel E shows progressive inhibition of respiration in H-Lrpprcþ/þ(black tracing) H-Lrpprc�/� (grey

tracing) in response to progressive permeabilization with digitonin. Panel F: H2O2 production measured in sub-mitochondrial particles (SMP) in the presence of succi-

nate (5 mM) alone, or with Antimycin-A (AA: 2 mM) (n¼ 4). Panel G: Immunoblot and densitometric analysis of AQP8 content in mitochondria from wild type and H-

Lrpprc�/�mitochondria (n¼6). Significantly different from wild type mice: *P<0.05, **P<0.01, ***P<0.001.
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the presence of factors that negatively modulate CIV activity
in vivo (14).

Sensitivity of CIV to inhibition in the presence of detergents
has been reported previously in cells from Surf1 patients (28), al-
though the underlying mechanisms were not established. One
factor that likely plays a role is membrane lipids, which are
known to be crucial for proper assembly, and function of ETC
complexes (29,30). For CIV in particular, mass spectrometry cou-
pled with X-ray structure analysis has identified thirteen lipids
including CL, PCs, PEs, PGs and TGs that are integral to the com-
plex, and likely play a structural and functional role (31).
Interestingly, one intrinsic PC [PC(16:1/18:2)], and three TGs
[TG(16:0/18:1/18:1); TG(16:0/18:1/18:2) believed to stabilize the di-
meric state of CIV, and the assembly between the three core
subunits (COX1-3), and the nuclear encoded subunits were sig-
nificantly reduced in H-Lrpprc�/� mitochondria. These results
suggest that the reduced abundance in key structural lipids
could increase the lability of CIV in LRPPRC-deficient mitochon-
dria, making the enzyme more vulnerable to inhibition in the
presence of detergents. An interesting question that remains to
be investigated is whether the reduced abundance of these

lipids is simply a consequence of the lower level of assembled
CIV. However, the fact that several other lipids are also modified
in H-Lrpprc�/� mitochondria suggests that it is part of a more
global remodelling of membrane lipid composition.

Results from our study also show that the impact of LRPPRC-
deficiency in the mouse liver is not limited to CIV but also in-
cludes a CV assembly defect that was largely responsible for the
impairment of OXPHOS capacity we observed. While a similar
CV defect was reported following Cre-mediated inactivation of
Lrpprc in the mouse heart (32), recent results from our group in-
dicate that this abnormality is likely absent in the liver and
heart from LSFC patients. Indeed, the only defect observed is a
severe (80%) reduction in CIV assembly in the liver, and a more
moderate (50%) reduction in the heart (12) with no signs of other
OXPHOS complexes being affected. Absence of CV defect was
also recently reported in patients with a mutation of LRPPRC
that is distinct from the one causing LSFC (13). This difference
could be explained by the presence of greater residual amounts
of LRPPRC in patient tissues compared to knockout mouse tis-
sues, which would be sufficient to allow proper assembly of CV.
However, we consider this possibility to be unlikely since in
both organs is either undetectable, or extremely low (<10%) (12).
Moreover, when the level of LRPPRC is further decreased in pa-
tient fibroblasts using siRNAs, it is the assembly of all OXPHOS
complexes, not just CV, that is compromised (9) Therefore, the
CV assembly defect reported in the liver and heart likely repre-
sents a species-specific response to LRPPRC deficiency.

In addition to affecting OXPHOS directly, our data show that
LRPPRC deficiency impairs mitochondrial long-chain acyl-CoA
oxidation which is consistent with our recent metabolic profil-
ing of plasma from LSFC patients (15). Indeed, we identified ele-
vated circulating acylcarnitines irrespective of chain length
suggesting the existence of multiple defects in mitochondrial
fatty acid b-oxidation. Because oxidation of long-chain fatty
acid is controlled by steps located upstream of the ETC (33,34),
this impairment is unlikely to be explained by the reduction of
OXPHOS capacity per se. Although we did not pursue this fur-
ther, previous studies indicate that knockdown of Lrpprc in pri-
mary hepatocytes does not lower the expression of key genes
involved in mitochondrial fatty acid uptake and b-oxidation, de-
spite reducing overall cellular fatty acid uptake, and oxidation
(35,36). It is therefore likely that post-translational changes sec-
ondary to the OXPHOS defect, or broader changes in lipid me-
tabolism revealed by our lipidomic analysis, underlie the
reduced fatty acid uptake/oxidation capacity and drive steatosis
in the Lrpprc-deficient liver.

PTP dysregulation in LRPPRC-deficient mitochondria

The PTP, located in the mitochondrial inner membrane, plays
an important role in the physiological regulation of ROS produc-
tion, mitochondrial Ca2þ release, and cellular differentiation, as
well as pathological activation of cell death (see (37) for recent
review). Despite being well characterized functionally, the mo-
lecular identity of the PTP continues to be a subject of debate.
Several molecular candidates have been proposed including
ANT (38), VDAC (39) and the Pi carrier (40). However, none of
these putative pore components has survived experimental
scrutiny. Recently, studies in yeast, and mammalian cell models
have provided strong evidence that CV acts as the core constitu-
ent of the PTP (18,41,42). Our study, by showing a striking dysre-
gulation of the PTP in a mouse model of primary CV defect,
provides support for this model. Interestingly, in fibroblasts

Figure 7. Impact of LRPPRC deficiency on mitochondrial membrane lipid compo-

sition: Panel A: Volcano plot showing entities that were identified as differen-

tially expressed, either up or downregulated, in H-Lrpprc�/� mitochondria

according to the following selection criteria: fold change>2 and corrected p val-

ue<0.05. Panel B: Individual lipid species found to be significantly up or down-

regulated on H-Lrpprc�/� mitochondria. Each dot represents a Log2-transformed

ratio of an individual H-Lprrpc�/� mitochondria relative to the mean value ob-

tained in the wild type group (n¼6 per group).
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from LSFC patients, we previously reported an enhanced sensi-
tivity to PTP opening in the presence of Ca2þ(14), which may be
due to the absence of CV assembly defects in patient cells.

The molecular mechanism by which CV shifts from an ATP
synthetizing unit to a high conductance non-specific pore re-
mains largely unknown (17,43). One model proposes that the
PTP forms at the interface of CV dimers (17,44). At this level,
several subunits of the Fo sector (a, e, f, g and A6L) bind to-
gether, and stabilize the central c-ring of the Fo sector, and the
lateral stalk of the F-ATPase (45–48), which contributes to the
formation of 86

�
-angled CV dimers that define areas of high

membrane curvature at the level of cristae ridges (49–51). In the
presence of increased Ca2þ concentrations, Ca2þ is suggested to
displace Mg2þ from catalytic sites on the F1 sector. Under this
condition, CV would adopt a conformation that induces pore
formation at the interface between the two CV monomers
(17,44). The exact mechanism of pore formation currently re-
mains unclear. The c-ring was initially proposed as the pore-
forming channel (42), but recent studies strongly argue against
this possibility (52). Subunits of the Fo sector that are required
for the stabilization of CV dimers (53) however remain serious
candidates (17). Results showing that knockout of subunits e
and g induces a strong resistance to PTP opening argue in favour
of this model (41). Irrespective of the exact mechanism of pore
formation, studies show that CV is regulated by binding of CypD
to the OSCP subunit of the lateral stalk, which induces a confor-
mational change that facilitates pore formation (18,54).

Our data show that the CV assembly defect associated with
the loss of LRPPRC induces a marked resistance to PTP opening
that can be explained by a loss of control of PTP sensitization by
CypD. This effect is not related to reduced CypD expression, as
the protein level is upregulated twofold in the absence of
LRPPRC. Since OSCP levels were comparable across the two ex-
perimental groups, and that OSCP is present in CV monomers
and dimers following cardiac inactivation of Lrpprc (32), it is also
unlikely that lack of CypD binding sites on CV is responsible for
pore desensitization in LRPPRC deficient mitochondria. One
possibility is that post-translational modifications of OSCP,
such as a reduction of K40 acetylation, could impair CypD re-
cruitment, as recently shown (55). Alternately, loss of
mitochondrially-encoded subunits a (ATP6) and A6L (ATP8) (Fig.
2A and (32)) and potentially other associated Fo subunits may
lead to alterations in the assembly between the Fo sector, and
the peripheral stalk which prevent CypD binding from exerting
its pore-promoting conformational changes. More detailed
structure-function studies are required to elucidate the precise
mechanisms involved.

Altered ROS dynamics in LRPPRC-deficient mitochondria

Oxidative stress is considered a significant contributor to the
pathogenesis of OXPHOS defects (22,23). Mitochondrial ROS pro-
duction, and its consequences on signalling pathways, and mi-
tochondrial/cellular injury is generally viewed as the result of a
disequilibrium between the production of ROS by dysfunctional
ETC complexes, and their elimination by various mitochondrial
antioxidant systems. However, our results show the importance
of considering mitochondrial membranes as potential diffusion
barriers that can affect mito-cellular ROS dynamics in patholog-
ical states. Indeed, we show that lack of LRPPRC drastically re-
duced the capacity of mitochondria to release and take-up
H2O2. This effect occurred in the absence of major remodelling
of key antioxidant enzymes (Catalase and SOD2) and was

abolished by progressive permeabilization with small amounts
of digitonin. Furthermore, mitochondrial O�•

2 and H2O2 produc-
tion was higher in LRPPRC-deficient mice when measured in
inside-out submitochondrial particles, suggesting that reduced
membrane permeability to H2O2 in LRPPRC-deficient livers con-
fined ROS to the mitochondrial compartment.

Although H2O2 is generally considered to diffuse freely
across membranes, increasing evidence suggest that this pro-
cess may be regulated. One of the mechanisms involves
diffusion-facilitating channels of the aquaporin family, particu-
larly AQP8 isoforms, which are expressed in mitochondrial
membranes, where they are thought to assist diffusion of water,
NH3, and H2O2 (26,27). Knockdown of AQP8 was shown to inhibit
mitochondrial H2O2 release (27), and cause mitochondrial dys-
functions including oxidative stress, respiratory impairments,
and loss of membrane potential (26,27). Based on these results,
lower expression of AQP8 might have been expected in H-
Lrpprc�/� mitochondria; however, our results indicate that AQP8
expression was in fact higher in the absence of LRPPRC, indicat-
ing that this is not the primary mechanism responsible for the
impaired diffusion of H2O2. In fact, our results would suggest
that in the absence of LRPPRC AQP8 expression may be upregu-
lated in an attempt to compensate the H2O2 diffusion deficit.

In view of our results, changes in the lipid composition of
membranes in LRPPRC-deficient mitochondria appear as the
main factor responsible for the impaired diffusion of H2O2.
Although the precise mechanism remains unclear, one possibil-
ity is that loss of membrane cholesterol, which is already pre-
sent at low levels in mitochondrial membranes (56), contributes
to the H2O2 diffusion impairment. Lipid composition and their
arrangement in the bilayer, as well as physicochemical parame-
ters of lipids surrounding cholesterol molecules, might have an
impact on lipid packing density and thickness which could
eventually lead to a packing defect. In H-Lrpprc�/�mitochondria,
the significant decrease in cholesterol as well as the increase
amount in PC-containing polyunsaturated FA highlighted per-
turbations on mitochondrial membranes physical properties
thereby promoting increased membrane fluidity, decreased
thickness and major packing defects (57,58), which could inter-
fere with H2O2 diffusion. Support for a role of cholesterol and its
lipid interactome in affecting trans-membrane H2O2 diffusion
comes from studies in yeast showing that downregulation of er-
gosterol (the main sterol in in fungi and protozoa) during the
stationary phase reduces H2O2 diffusion into cells, while upre-
gulation of ergosterol content during exponential growth facili-
tates H2O2 diffusion out of cells (59,60). Studies in yeast also
showed that gain of function mutation of the ergosterol synthe-
sis pathway enhanced H2O2 permeability (61). Together, these
data have led to the suggestion that in yeast, modulation of er-
gosterol content is part of a cellular strategy to manage oxida-
tive stress in the face of pronounced metabolic transitions (59–
61). Interestingly, in mammalian erythrocytes, upregulation of
membrane cholesterol content was found to decrease the trans-
membrane diffusion of oxygen (62), which is compatible with a
role of cholesterol in facilitating the diffusion of small mole-
cules. As for cholesterol sulphate, it is suggested to play a role
in the stabilization of erythrocyte membrane (63), but whether
its downregulation could alter diffusion is unknown. It should
however be noted that under normal healthy conditions, mito-
chondrial membranes may not constitute a major diffusion bar-
rier, since in our experiments progressive permeabilization of
mitochondrial membranes with digitonin did not reveal evi-
dence of H2O2 trapping in wild-type mitochondria. Pathological
loss of cholesterol and specific changes in the lipid composition
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of mitochondrial membranes may be required to observe a dif-
fusion limitation.

In summary, our mouse model of hepatic LRPPRC deficiency
reveals that genetic OXPHOS defects can be accompanied by
broad and surprising phenotypic alterations that cannot easily
be predicted based on knowledge of the causal genetic defect.
From a clinical perspective, our results also indicate that the in-
vestigation of PTP dysregulation is warranted in patients har-
bouring CV assembly defects. Furthermore, the substantial
remodeling of the lipid composition of mitochondrial mem-
branes in our mouse model suggests that membrane lipidomics
should be performed in patients with genetic OXPHOS defects
as this might assist diagnostic and have significant impact on
mitochondrial functions and the disease phenotype.

Materials and Methods
Animal care and generation of conditional Lrpprc
knockout mice

All experiments on animals were approved by the Université de
Montréal Institutional Animal Care Committee and conducted
according to the directives of the Canadian Council on Animal
Care. Mice were maintained in ventilated cage racks by groups
of 4–6 mice. All mice were kept on a regular 12–12h light-dark
cycle, and had access to food and water ad libitum. To disrupt
LRPPRC expression in the liver, the Lrpprc knock-out mice line
Lrpprctm1a(K�MP)Wtsi produced in C57BL/6N embryonic stem (ES)
cells was acquired from KOMP repository (University of
California, California). The mutated locus was transmitted
through the germline to obtain heterozygous Lrpprcþ/l�x-ne� ani-
mals. These animals were then bred with flp producing animal
B6(C3)-Tg(Pgk1-FLPo)10Sykr/J (The Jackson Laboratory) in order
to excise the neomycin resistance cassette, recreating a LRPPRC
protein producing locus having lox sites in intron 3 and 5. The
resulting Lrpprcþ/l�xP mice were then mated to get homozygous
Lrpprc l�xP/l�xP mice and only animals that were exempt of the flp
allele were kept. To achieve liver specific inactivation of Lrpprc,
Lrpprc l�xP/l�xP mice were crossed with B6.Cg-Tg(Alb-cre)21Mgn/J
(The Jackson Laboratory) mice producing the Cre recombinase
under the control of the albumin promoter and bred to homozy-
gous state, Hep-Crecre/cre. These mice were then bred with the
Lrpprc l�xP/l�xP to generate double homozygous mice Hep-
Lrpprcl�xP/l�xP;cre/cre. However, in order to simultaneously generate
homozygous knockout and wild type littermate controls, Hep-
Lrpprcl�xP/l�xP;cre/0 individuals were inter-crossed.

All animals were genotyped at weaning via tail biopsies
(20 mg/ml), which were incubated at 55 �C for 4 h in buffer (50 mM
Tris, 30 mM EDTA, and 0.25% SDS) containing (1,000 lg/ml) pro-
teinase K (Sigma, St. Louis, MO). After digestion, the samples
were diluted 1:250 in DNAse/RNAse free water along with 15 mg
chelex-resin (Bio-Rad Laboratories, Hercules, CA) and heated at
95 �C for 5 min. They were then analyzed in duplicate by quantita-
tive qPCR with 2X Platinum SYBR Green qPCR Supermix-UDG, ac-
cording to the manufacturer’s specifications (Invitrogen Life
Technologies, Carlsbad, CA). Cycling was achieved in a MX3005p
cycler (Stratagene, Mississauga, Ontario, Canada) with the follow-
ing conditions: 95 �C for 10 min and 40 cycles of 95 �C for 30 s,
47 �C for 45 s, and 72 �C for 45 s. The primers for qPCR were de-
signed to target the Cre gene cassette (reverse: CCAGCT
TGCATGATCTCC; forward: CGCTAAGGATGACTCTGG), and the
corresponding PCR signal was expressed relative to cyclophilin
A (Ppia) genomic DNA (reverse: GCCGCCAGTGCCATTATG; for-
ward: CCGATGACGAGCCCTTGG). Lox allele containing LRPPRC

was detected by end-point PCR. The primers for PCR were de-
signed to target the lox containing neighbouring sequences lo-
cated in the third LRPPRC intron (reverse: ATGAGTTCGATTCCCA
GCAAC; forward: CGTAGGCAGTATCCACAC). The lox-containing
PCR amplicon is 474 bp while the endogenous amplicon is 386 bp.
Animals used (males and females) for experiments were eutha-
nized by cervical dislocation at 5 or 10 weeks of age following an
overnight fast. Unless indicated otherwise, results presented
were obtained using 5 weeks-old mice.

Histology

Haematoxylin/Eosin. For a general assessment of histopathology,
livers were rapidly excised and fixed overnight in 10% formalin.
Samples were embedded in paraffin and 5lm thick sections
were stained with Haematoxylin and Eosin.

Oil Red’O. To quantify steatosis, livers were snap frozen in
liquid nitrogen for Oil red’O staining. 10lm thick sections were
fixed in 10% neutral buffered formalin for 5 min, washed 4 times
in distilled water and stained for 30 min at room temperature
with either Oil Red’O (working solution: 0,5% Oil Red’O in pro-
pylene glycol) or propylene glycol. Following thorough rinsing
with distilled water, slides were mounted using Pro-long Gold
anti-fade reagent with DAPI (Invitrogen) and examined by con-
focal microscopy. Lipid droplet number and morphology in indi-
vidual hepatocytes was quantified using ImageJ (NIH).

COX/SDH activity. Cytochrome c oxidase (COX) and succinate
dehydrogenase (SDH) activity staining was adapted from (64).
Serial cryostat sections were cut 10lm thick, brought to room
temperature and were left to air dry for 1 hour. The first section
of each sample was incubated for COX activity staining (in mM:
3.75 DAB, 0.1 Cytochrome C, pinch of catalase in 0.1 NaPi buffer,
pH 7,0) for 30 min at 37 �C. The second section was incubated for
SDH activity staining (in mM: 130 Na- Succinate, 0,2 PMS, 0.1
Sodium Azide, 1.5 NBT in 0.1 NaPi buffer, pH 7,0) for 30 min at
37 �C. The third section was incubated for COX activity staining
buffer first, washed with distilled water and incubated for SDH
activity staining buffer to achieve double staining. Sections
were washed with distilled water and mounted with glycerol
gelatine. Slides were examined by light microscopy.

Transmission electron microscopy

Following anaesthesia (8% chloral hydrate; 600 mg/kg), mice
were perfused with 10ml PBS and 5ml 2,5% glutaraldehyde via
the vena cava. Livers were excised, sliced and fixed over night at
4 �C in 2,5% glutaraldehyde in phosphate buffer. After sample
preparation, 90–100 nm thick sections were mounted onto a 200
mesh copper grid (Electron Microscopy Sciences) and imaged
with a FEI Tecnai 12 120 kV transmission electron microscope
equipped with an AMT XR80C 8 megapixel CCD camera as pre-
viously described (65).

Preparation of isolated liver mitochondria

Liver mitochondria were isolated as described by Debray (2)
with slight modifications. Following cervical dislocation, livers
were rapidly excised and transferred to cold isolation buffer (in
mM: 300 sucrose, 10 Tris-HCl, 1 EGTA-Tris Base; pH 7,2). The tis-
sue was minced using scissors and 4mm2 pieces were allowed
to sediment. The decanted suspension was transferred in 15ml
Potter-Elvehjem homogeniser and homogenised with 5 strokes,
the pestle rotating at 500rpm. The homogenate was centrifuged
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10 min at 1000Xg, 4 �C and the supernatant was transferred in a
clean tube and re-centrifuged at the same speed. The resulting
supernatant was transferred using a syringe attached to a metal
filling cannula and centrifuged 10 min at 8000Xg, 4 �C. The su-
pernatant was aspirated and the pellet was re-suspended in
suspension buffer (in mM: 300 sucrose, 10 Tris-HCl, 0.05 EGTA-
Tris Base; pH 7,2). The suspension was centrifuged 10 min at
8000Xg, 4 �C; and the last two steps repeated twice. The final
pellet was re-suspended in 300ll suspension buffer and kept on
ice until use.

Preparation of sub-mitochondrial particles

Submitochondrial particles were prepared as in the previously
published literature (3–5). Frozen isolated liver mitochondria
were thawed on ice and centrifuged for 10 min at 8000Xg, 4 �C.
The pellet was re-suspended in sonication buffer (in mM: 250
sucrose, 10 K-phosphate, 10 Tris-HCl, 2 EGTA, 2 MgCl2; pH 7,4)
and sonicated 5�15 s using a Branson sonicator at 50% ampli-
tude. The suspension was centrifuged 10 min at 10 000Xg, 4 �C;
the supernatant was transferred and centrifuged 60 min at
100 000Xg, 4 �C in a swinging-bucket rotor. The final pellet was
re-suspended in a small volume (25ll or less) of suspension buf-
fer (in mM: 1 EDTA, 1 MgCl2, 75 sodium phosphate; pH 7,4) and
kept on ice until use.

Mitochondrial functions

Respirometry. Respiration was measured using Clark-type elec-
trodes at 23 �C under continuous stirring based on previous pro-
tocols (66). Mitochondria (0.3 mg prot./ml) were suspended in
respiration buffer (in mM: 10 KCl, 5 K2HPO4, 10 MOPS, 9 Pi, 2,5
MgCl2, 1mg/ml BSA; pH 7,4). Following baseline recording, respi-
ration was measured following sequential additions: i) gluta-
mateþmalate (5:2.5 mM) for Complex-I (CI) or succinate (5 mM)
for complex-II (CII), ii) ADP (1 mM), and iii) and carbonyl cyanide
m-chlorophenylhydrazone (CCCP: 0.03 mM). To measure to oxi-
dation of long-chain fatty acids, respiration was measured fol-
lowing supplementation with palmitoyl-carnitine (20 mM) in the
presence of malate (2.5 mM) and ADP (1 mM). To measure the
activity of complex-IV (CIV) under native conditions, maximal
ADP stimulated respiration was measured in the presence of
TMPD/Ascorbate (5/0.3 mM), and titrated with increasing con-
centrations of potassium cyanide, which allowed to correct res-
piration values for the auto-oxidation of TMPD/Ascorbate.

Ca2-induced opening of the permeability transition pore (PTP).
Mitochondria (0.5 mg prot./ml) were incubated in a sucrose buf-
fer (in mM: 250 sucrose, 0.005 EGTA-Tris base, 10 Tris-MOPS; pH
7.55) containing succinate (5 mM), rotenone (1 lM) and Pi
(10 mM). Changes in extra-mitochondrial calcium concentration
were monitored fluorimetrically (Hitachi, F4500 spectrofluorom-
eter) using Calcium-green 5N (1 lM, ex–em: 505–535 nm) as de-
scribed previously (67). Residual calcium concentration was
adjusted to the same level at the beginning of every experiment
by adding a small amount of EGTA. Calcium pulses (2.5 mmol/
mg protein) were added at 2 min intervals until a Ca2þ-induced
Ca2þ release was observed. In some experiments, the following
PTP inhibitors were added prior to Ca2þ pulses: Cyclosporin-A
(1 mM), MgCl2þADPþOligomycin (1.2, 0.6, and 0.00127 mM re-
spectively). In all experiments, Calcium Retention Capacity
(CRC) was taken as the total amount of Ca2þ accumulated by mi-
tochondria prior to the Ca2þ pulse triggering Ca2þ release.

Mitochondrial membrane potential. Mitochondria (0.25mg prot./
ml) were incubated at room temperature in a K-MES buffer (in
mM: 110 K-MES, 35 KCl, 1 EGTA, 5 K2HPO4, 3 MgCl2, 0.5mg/ml
BSA) supplemented with the potentiometric probe Rhodamine
123 (0.2 mM, ex-em: 503–525 nm) and either glutamate:malate (5:
2.5 mM) or succinate (5 mM). Membrane potential (DW) was cal-
culated from changes in the concentration of extra-
mitochondrial Rhodamine 123 as per (68) using the equation
DW¼59 � log [Rhodamine]in/[Rhodamine]out. To calculate the
intra-mitochondrial concentration of Rhodamine, the amount
of Rhodamine taken-up by mitochondria was determined by
measuring changes in fluorescence following addition of respi-
ratory substrates. A matrix distribution volume of 1 ml/mg pro-
tein, and a non-specific binding of rhodamine to mitochondria
of 30% was assumed in all groups (68).

Mitochondrial H2O2 release and membrane permeabilization.
Mitochondria (0.2 mg prot./ml) were incubated at room temper-
ature in a K-MES buffer (in mM: 110 K-MES, 35 KCl, 1 EGTA, 3
MgCl2,10 K2HPO4, 0.5mg/ml BSA; pH 7,55) supplemented with
the H2O2-sensitive probe Amplex red (1.5lM; ex-em: 563–
587nm) and horseradish peroxidase (1.2U/ml), as previoulsly de-
scribed (69). Net mitochondrial H2O2 release was measured: i)
under state 2 conditions in the presence of succinate (5 mM)
alone or with glutamate-malate (5:2.5 mM) to elicit reverse elec-
tron flow, ii) under state 3 conditions following the addition of
ADP (1 mM) and iii) under state 2 following inhibition of reverse
electron flow with rotenone (1 mM). To assess mitochondrial
H2O2 trapping, net H2O2 release was first measured under state
2 conditions and membranes were subsequently permeabilized
by adding increasing pulses of digitonin (0.01% per pulse) at reg-
ular interval. An increase in H2O2 emission above basal levels
was used as an indicator of H2O2 entrapment.

H2O2 Scavenging. H2O2 scavenging was measured fluorimetri-
cally in a 96 well plate reader using a protocol modified from
(69). Briefly, mitochondrial aliquots (0.1 mg prot/ml) were dis-
tributed in 7 wells in K-MES buffer supplemented with gluta-
mate (50 mM) and malate (20 mM). A pulse of 3 nmoles of H2O2

was added to the first well at t¼ 0 s, and to each subsequent
well at 20 s intervals. At t¼ 100 s, 100 ml of K-MES buffer supple-
mented with 10 lM Amplex Red, and 0.5U/ml horseradish per-
oxidase was added to all wells, and fluorescence corresponding
to the amount un unscavenged H2O2 remaining in each well
was immediately measured in end-point measurement mode.
In all experiments a control well containing no mitochondria
was used as the baseline control.

Immunoblotting

SDS-PAGE. Whole liver extracts or isolated mitochondria were
extracted in 1% lauryl maltoside/PBS, and 10, 20 or 50 mg of pro-
tein per sample were loaded and run on 12 or 15% polyacrylam-
ide gels, then transferred to PVDF membrane and used for the
detection of LRPPRC (1/1000; in house), SLIRP (1/50; in house),
COX I (1/2000; Abcam #ab14705), NDUFA9 (1/1000; Abcam
#ab14713), SDHA (1/1000; Abcam #ab14715), SOD2 (1/2000;
Abcam #ab16956), CoreII (1/100; in house), Catalase (1/1000;
Abcam #ab52477), Cyclophilin-D (1/1000; Pierce Thermos-Fisher
#PA1-028), AQP8 (1/1000; Abcam #203682), OSCP (1/1000; Santa
Cruz #365162), Porin (1/2000; Abcam #14734), and Actin (1/1000;
Genescript #A00702). LRPPRC polyclonal antibodies were pre-
pared by immunizing rabbits with peptides of 22 amino acids
corresponding the sequence CEPPESFEFYAQQLRKLRENSS (anti-
body 295–313; Zymed Laboratories, San Francisco, CA). The
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density of immunoreactive bands was determined using
ImageJ. Unless indicated in the figure legend, all results were
normalised by ponceau staining of the membranes.

Clear-Native-PAGE and in gel ATPase activity. OXPHOS com-
plexes were extracted from isolated mitochondria using either
Dodecylmaltoside (DDM: 2%) or digitonin (2g digitonin/1g mito-
chondrial protein) in extraction buffer (in mM: 30 HEPES, 150 K-
acetate, 2 6-aminocaproic acid, 1 EDTA, 12% glycerol; 10ll buf-
fer/100lg protein). The suspension was incubated on ice for
30 min and centrifuged for 45 min at 20 400Xg at 4 �C. The super-
natant was supplemented with 750lM 6-aminocaproic acid, and
separated by Clear Native (CN)-PAGE on 3–12% Bis-Tris Novex
gels (Life Technologies). Half of gel was stained with coomasie
blue. The other half of the gel was incubated in an ATP synthase
activity buffer (in mM: 50 glycine, 5 MgCl2, 50 HEPES, 30 CaCl2, 10
ATP; pH 7,8) overnight at 4 �C under agitation to resolve native
ATP synthase complexes.

Blue-Native-PAGE. Mitochondria extracts were solubilised in
1% lauryl maltoside, 10 mg of protein was loaded on 6–15% poly-
acrylamide gradient gel and then transferred to nitrocellulose
membrane. Individual structural subunits of complexes I
(NDUFA9; 1/1000; Abcam #ab14713), II (SDHA; 1/1000; Abcam
#ab14715), III (CoreII; 1/100; in house), IV (COX I; 1/2000; Abcam
#ab14705) and V (ATP5a; 1/5000; Abcam #ab14748) were detected.

Enzyme activities

Activities of CI (NADH-CoQ reductase), CII (succinate dehydro-
genase), CIV (cytochrome oxidase), CV (ATP synthase) and cit-
rate synthase (CS) were measured spectrophotometrically in a
plate reader using standard coupled enzyme assays adapted
from (66) and from (70) for CV. Activities were expressed in
mU.min�1.mg mitochondrial prot�1. To facilitate comparisons,
all enzyme activities were subsequently expressed as fold dif-
ference vs H-Lrpprcþ/þ.

Mitochondrial polyadenylation tail length assay (MPAT)

The MPAT assay was performed as per (71). A universal linker
DNA oligonucleotide 5’-phospho-ATG TGA GAT CAT GCA CAG
TCA TA-3’-NH2 was ligated to the 3’ termini of total RNA (2.5 lg)
by T4 RNA ligase (New England Biolabs) at 37 �C for 3h. The li-
gated RNA was subjected to phenol/chloroform extraction and
ammonium acetate/ethanol precipitation and then amplified
using one-step RT-PCR kit (QIAGEN) with anti-linker primer (5’
TAT GAC TGT GCA TGA TCT CAC AT 3’). A first round of PCR (35
cycles) was applied using a gene-specific upper primer and the
anti-linker primer, followed by a second round of 10-cycle PCR
using a gene-specific lower primer and the anti-linker primer.
Half of the reaction product was resolved by 10% polyacrylam-
ide gel electrophoresis in TBE buffer, dyed with SYBR green
(Invitrogen) and visualized by PhosphorImage, and the remain-
ing half was cloned in TOPO TA cloning vector (Invitrogen) and
a large number of clones were subjected to Sanger sequencing.

Mitochondrial membrane lipid composition using LC-
MS analysis

Procedures for lipid extraction and analysis were adapted as
previously described (72,73). Briefly, lipids were extracted from
isolated mitochondria (200 mg protein), which had been spiked
with six internal standards. Samples (equivalent to 2.6 mg of pro-
tein extract) were injected onto a 1290 Infinity HPLC coupled

with a 6530 accurate mass QTOF (Agilent, Santa Clara, USA) via
a dual electrospray ion source. Lipids were eluted on a Zorbax
Eclipse plus C18, 2.1 � 100 mm, 1.8mm (Agilent, Santa Clara,
USA) kept at 40 �C with a gradient of 83 min and were analysed
in both negative and positive scan mode. Each feature or entity
characterized by a specific mass and retention time, were iden-
tified using Mass Hunter B.07.00 software (Agilent, Santa Clara,
USA). A frequency filter of 100% was applied and signal intensi-
ties were normalized using Quantile algorithm with Mass
Profiler Pro. software (MPP, Agilent, Santa Clara, USA). MS enti-
ties that discriminated the two conditions based on a false dis-
covery rate of 5% and a fold change>2, were subjected to
tandem mass spectrometry for lipid identification. Note that for
cholesterol, identification was also confirmed by LC-MS analysis
of the corresponding standard.

Statistical analyses

Unless indicated, data are presented as mean 6 SEM. Unpaired
student’s t-test or a one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni multiple comparison post hoc analysis was
used to determine significant difference between two or among
multiple groups, respectively. Statistically significant differ-
ences were considered for P< 0.05. All analyses were performed
on Prism 6.0 for Mac OS-X. For lipidomics analysis, data were
analyzed with Mass Profiler Professional (MPP) using unpaired
student’s t-test followed by Benjamini Hochberg correction and
statistical significance was set at a false discovery rate of 5%;
data are depicted as a volcano plot.
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Supplementary Material is available at HMG online.

Acknowledgements
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