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A B S T R A C T

Skeletal muscle (SKM) requires a large amount of energy, which is produced mainly by mitochondria, for their
daily functioning. Of the several mitochondrial complexes, it has been reported that the dysfunction of complex
II is associated with several diseases, including myopathy. However, the degree to which complex II contributes
to ATP production by mitochondria remains unknown. As complex II is not included in supercomplexes, which
are formed to produce ATP efficiently, we hypothesized that complex II-linked respiration was lower than that of
complex I. In addition, differences in the characteristics of complex I and II activity suggest that different factors
might regulate their function. The isolated mitochondria from gastrocnemius muscle was used for mitochondrial
respiration measurement and immunoblotting in male C57BL/6J mice. Student paired t-tests were performed to
compare means between two groups. A univariate linear regression model was used to determine the correlation
between mitochondrial respiration and proteins. Contrary to our hypothesis, complex II-linked respiration was
not significantly less than complex I-linked respiration in SKM mitochondria (complex I vs complex II, 3402 vs
2840 pmol/[s × mg]). Complex I-linked respiration correlated with the amount of complex I incorporated in
supercomplexes (r = 0.727, p < 0.05), but not with the total amount of complex I subunits. In contrast,
complex II-linked respiration correlated with the total amount of complex II (r = 0.883, p < 0.05), but not with
the amount of each complex II subunit. We conclude that both complex I and II play important roles in mi-
tochondrial respiration and that the assembly of both supercomplexes and complex II is essential for the normal
functioning of complex I and II in mouse SKM mitochondria.

1. Introduction

Skeletal muscle (SKM) requires a large amount of energy in the form
of ATP to support daily activities, and the mitochondria within SKM
play a key role in production of the necessary ATP. As tissues that re-
quire a large energy supply are vulnerable to mitochondrial dysfunction
[1], perturbations in mitochondrial content or function might affect
SKM function and consequently whole-body health [2]. It was reported
that SKM mitochondrial function was impaired, not only in SKM dis-
eases [3,4], but also in several diseases of other organs, e.g., type 2
diabetes, heart failure, and chronic obstructive pulmonary disease
[5–9]. Moreover, reduced muscle mitochondrial function might con-
tribute to age-associated muscle dysfunction [10].

Among the electron transport chain (ETC) complexes, complexes I,
III, and IV form supermolecular structures called supercomplexes to

enhance the efficiency of electron transfer, and this organization is
strongly conserved across a wide range of species, i.e., fungi, plants,
mice, and humans [11–13]. Unlike complexes I, III, and IV, complex II
appears not to be a component of supercomplexes [14,15]. Complex II
is a component of both the tricarboxylic acid (TCA) cycle and the ETC.
In the context of the TCA cycle, complex II catalyzes the oxidation of
succinate to fumarate in the mitochondrial matrix, with the reduction
of ubiquinone to ubiquinol [16–18]. Thus, complex II is unique and
important among eukaryotic ETC complexes.

Moreover, it was recently reported that complex II dysfunction may
be associated with several diseases. For example, Birch-Machin et al.
identified a family with complex II deficiency and late-onset neurode-
generative disease with progressive optic atrophy, ataxia, and myo-
pathy [19]. They reported that their patients demonstrated a 50% de-
crease in complex II activity in SKM mitochondrial fractions, which
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showed normal activity levels of complex I, complex III, and complex
IV. In addition, Jackson et al. reported a patient with early progressive
encephalomyopathy, in whom they found severe complex II deficiency
owing to succinate dehydrogenase D (Sdhd) gene mutations [20]. The
role of complex II has been reported in various diseases, ranging from
cancer to neurodegenerative diseases. Indeed, complex II has been
implicated in a diverse range of neurological dysfunction [21].

As described above, complex II has been widely studied [22].
However, the degree to which complex II contributes to ATP production
by mitochondrial oxidative phosphorylation (OXPHOS) remains un-
clear. We hypothesize that complex II might not function to produce
ATP to the same degree as complex I, as complex II is not a component
of supercomplexes [23]. In this study, we therefore analyzed and
compared the function of complex I and II in isolated SKM mitochon-
dria and permeabilized SKM fibers.

In addition, it is reasonable to assume that the factors regulating the
function of complexes I and II are different. That is, the function of
complex II, which is not incorporated in supercomplexes, might be
regulated by the expression level of complex II, whereas the function of
complex I, which is a component of supercomplexes, might be affected
by the assembly of supercomplexes. We tested this hypothesis by ana-
lyzing the expression levels of both complexes and their subunits.

2. Materials and methods

2.1. Experimental animals

Male C57BL/6J mice (9–12 weeks old; CLEA Japan, Tokyo) were
bred in a pathogen-free environment and housed in an animal room
maintained at 23–25 °C under controlled conditions on a 12-hr light/
dark cycle. Diet (CE-2; CLEA Japan) and water were provided ad li-
bitum. Heart samples were collected from the mice under deep an-
esthesia with Avertin (250 mg/kg body weight i.p.) before euthanasia.

2.2. Preparation of isolated mitochondria

Mitochondria were isolated from the SKM (gastrocnemius, soleus,
and extensor digitorum longus [EDL]) of different mice (n = 8). The
SKM was quickly harvested from the hind legs, and mitochondria were
isolated as previously described [6,24,25]. Briefly, SKM tissues were
minced on ice and then incubated for 2 min in mitochondrial isolation
buffer (100 mmol/L sucrose, 100 mmol/L KCL, 1 mmol/L KH2PO4,
0.1 mmol/L EGTA, 0.2% bovine serum albumin (BSA), and 50 mmol/L
Tris-HCl [pH 7.4]) containing 0.1 mg/mL proteinase (Sigma-Aldrich,
St. Louis, MO). Tissues were gently homogenized with six strokes using
a motor-driven Teflon pestle in a glass chamber. The homogenate was

Fig. 1. Respiration of isolated skeletal muscle (SKM) mitochondria
A: Representative O2 concentration (blue line) and O2 flux (red line) measured in isolated SKM mitochondria by Oxygraph-2k high-resolution respirometry. After the
addition of isolated mitochondria to the chamber of the respirometer, substrates, adenosine diphosphate (ADP), and inhibitors were added in the following order: (1)
ADP (10 mmol/L), (2) malate (2 mmol/L/step), (3) glutamate (10 mmol/L/step), (4) pyruvate (5 mmol/L/step), (5) succinate (10 mmol/L/step), (6) rotenone
(0.5 μmol/L), and (7) succinate (10 mmol/L/step). To measure maximum respiration without insufficiency of substrate, each substrate was added by stepwise
titration until no further increase in O2 flux was detected. In fact, it was necessary to add each substrate several times to achieve maximum respiration. The black
arrows indicate the point at which each substrate was added. Yellow and blue horizontal dotted lines indicate the maximum respiration of complex I and complex II,
respectively.
B: Comparison of maximum respiration measured in isolated SKM (gastrocnemius) mitochondria with substrates of complex I and II. Data are shown as means ± SE.
N.S., not significant.
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centrifuged at 700 g for 10 min. The supernatant was then centrifuged
at 10,000 g for 10 min, and the pellet was washed and centrifuged at
7000 g for 3 min. The final pellet was suspended in suspension buffer
(containing 225 mmol/L mannitol, 75 mmol/L sucrose, 10 mmol/L
Tris, and 0.1 mmol/L EDTA [pH 7.4]). Finally, the mitochondrial pro-
tein concentration was measured using the bicinchoninic acid assay.

2.3. Immunoblotting

Immunoblotting was performed as described previously [26].
Samples of mitochondrial protein from SKM tissues were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-
Rad, Hercules, CA). The membrane was blocked for 1 h at room tem-
perature in Tris-buffered saline containing 0.1% Tween 20 (TBS-T)
buffer containing 3% milk, and then incubated with the primary anti-
bodies (SDHA, SDHB, SDHC, SDHD, and GRIM19; Abcam, Cambridge,
MA) at a dilution of 1:1000 overnight at 4 °C. After three washings with

TBS-T, the membrane was incubated with a horseradish peroxide-con-
jugated secondary antibody at a dilution of 1:5000 for 1 h at room
temperature. After washing, the membrane was developed with ECL,
ECL Prime, or SuperSignal West Dura Reagent (GE Healthcare Life
Sciences, Piscataway, NJ) and then processed for detection with Che-
miDoc XRS+ (Bio-Rad). The density of the band signals was quantified
using Image J software (U.S. National Institutes of Health, Bethesda,
MD). The expression levels of proteins are shown as values normalized
to total mitochondrial protein levels (Coomassie Brilliant Blue, CBB
staining).

2.4. Blue native polyacrylamide gel electrophoresis (BN-PAGE)

BN-PAGE was performed as described previously [13]. The proteins
from SKM mitochondria were extracted with 5% digitonin (Invitrogen,
Carlsbad, CA; protein:detergent ratio of 1:10) and 4 × buffer on ice for
30 min. After centrifugation at 10,000 g for 10 min at 4 °C, the su-
pernatants were collected. The remaining lysate was combined with

Fig. 2. Correlation between complex I-linked respiration and the amount of complex I incorporated into supercomplexes or the subunit of complex I
Mitochondria isolated from SKM (gastrocnemius) of different mice were used (n = 8).
A: BN-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against GRIM19.
B: SDS-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against GRIM19 (17 kDa).
C: BN-PAGE followed by CBB staining showing the amount of proteins loaded onto each lane.
D: SDS-PAGE followed by CBB staining showing the proteins loaded in each lane.
E: Correlation between the content of complex I involved in supercomplexes analyzed by immunoblotting using an antibody against GRIM19 and complex I-linked
respiration.
F: Correlation between the content of the GRIM19 subunit and complex I-linked respiration.
G: Correlation between the content of complex I analyzed by immunoblotting with an antibody against GRIM19 and the content of the GRIM19 subunit.
Sizes of the molecular mass markers are indicated on the left in kDa. The Pearson correlation coefficient and P-value are shown. BN-PAGE, blue native-poly-
acrylamide gel electrophoresis; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; CBB, Coomassie Brilliant Blue; N.S., not significant.
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Coomassie blue G-250 dye (Invitrogen; protein:detergent ratio of 1:10)
and added to 3%–12% NativePAGE Novex Bis-Tris Gel (Invitrogen),
then separated by electrophoresis using Anode and Cathode buffer
(Invitrogen) at 10 mA for 1 h and at 150 V for 2 h on ice. The protein
complex in the samples after the electrophoresis was denatured by
denaturing buffer (Tris [20 mmol], glycine [200 mmol], 1% SDS). The
gels were then transferred by electroblotting to PVDF membranes (Bio-
Rad) using transfer buffer at 25 V for 2 h.

2.5. Measurement of mitochondrial OXPHOS capacity

The mitochondrial respiratory capacity was measured in isolated
mitochondria at 37 °C with a high-resolution respirometer (Oxygraph-
2k; Oroboros Instruments, Innsbruck, Austria) [13,27–29]. The re-
spirometer chamber was filled with 2 mL of MiR05 medium, and then
the isolated mitochondria (approx. 30–100 μg) were added, followed by
the substrates, ADP, and inhibitors in the following order: (1) ADP
(10 mmol/L), (2) malate (2 mmol/L/step), (3) glutamate (10 mmol/L/
step), (4) pyruvate (5 mmol/L/step), (5) succinate (10 mmol/L/step),
(6) rotenone (0.5 μmol/L), and (7) succinate 10 (mmol/L/step). The O2

consumption rates (i.e., respiratory rates) were expressed as O2 flux
normalized to the mitochondrial protein concentration (μg/μL). DatLab
software (Oroboros Instruments) was used for data acquisition and data
analysis. O2 flux per mitochondrial protein was measured after the
addition of ADP, malate, glutamate, and pyruvate, and after the addi-
tion of succinate and rotenone, as complex I-linked and complex II-
linked respiration, respectively. To measure maximum respiration
under conditions of sufficient substrate, each substrate was added by
stepwise titration until no further increase in O2 flux was observed.

2.6. Measurement of O2 consumption in isolated mitochondria with
inhibitors of complex I and II

The mitochondrial O2 consumption in states 3 and 4 was measured
in isolated mitochondria at 37 °C with a high-resolution respirometer
(Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria). To measure
complex I-linked and II-linked respiration more accurately, we added
rotenone and malonate as inhibitors of complex I and II, respectively.
The respirometer chamber was filled with 2 mL of MiR05 medium, and
then the isolated mitochondria (approximately 30–100 μg) were added,
followed by the substrates, ADP, and inhibitors in the following pro-
tocol. O2 consumption rates (i.e., respiratory rates) were expressed as
O2 flux normalized to the mitochondrial protein concentration (μg/μL).

Protocol for complex I: (1) ADP (10 mmol/L), (2) malonate
(5 mmol/L), (3) malate (2 mmol/L/step), (4) glutamate (10 mmol/L/
step), (5) pyruvate (5 mmol/L/step), and (6) oligomycin (10 mmol/L).

Protocol for complex II: (1) ADP (10 mmol/L), (2) rotenone
(0.5 μmol/L), (3) succinate (10 mmol/L/step), and (4) oligomycin
(10 mmol/L).

2.7. Preparation of permeabilized fibers

After the careful dissection of muscle tissue, fiber bundles were
permeabilized by gentle agitation for 30 min in an ice-cold relaxing
BIOPS solution (in mmol/L: CaK2EGTA [2.77], K2EGTA [7.23], Na2ATP
[5.77], MgCl2・6H2O [6.56], taurine [20], Na2phosphocreatine [15],
imidazole [20], dithiothreitol [0.5], MES hydrate [50], pH 7.1) with
saponin (50 μg/mL), as previously described [27,30]. After permeabi-
lization, the fibers were rinsed twice by agitation for 10 min in an ice-
cold respiration medium, MiR05 (in mmol/L: sucrose [110], K-lacto-
bionate [60], EGTA [0.5], MgCl2 [3], taurine [20], KH2PO4 [10], 4-(2-
hydroxyethyl)-piperazineethanesulfonic acid [20]), 1% BSA [pH 7.1]).

Fig. 2. (continued)
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2.8. Measurement of mitochondrial OXPHOS capacity in permeabilized
fibers

Mitochondrial respiratory capacity was measured in permeabilized
fibers at 37 °C with a high-resolution respirometer (Oxygraph-2k)
[27,30]. The respirometer chamber was filled with 2 mL of MiR05
medium and permeabilized fibers (approximately 1.5–3.0 mg of gas-
trocnemius muscle) were added, followed by the substrates, ADP, and
inhibitors in the following order: (1) ADP (10 mmol/L), (2) malate
(2 mmol/L/step), (3) glutamate (10 mmol/L/step), (4) pyruvate
(5 mmol/L/step), (5) succinate (10 mmol/L/step), (6) rotenone
(0.5 μmol/L), and (7) succinate (10 mmol/L/step). We tested the in-
tegrity of the outer mitochondrial membrane by adding cytochrome c,
and the data was disregarded when the increase in the oxygen con-
sumption rate was> 10% as a sign of damaged outer mitochondrial
membranes. The O2 consumption rates (i.e., respiratory rates) were
expressed as O2 flux normalized to the muscle weight (pmol/sec/mg
wet weight of muscle tissue). DatLab software (Oroboros Instruments)
was used for data acquisition and data analysis. We measured O2 flux
per muscle weight after the addition of ADP, malate, glutamate, and
pyruvate and after the addition of succinate and rotenone as complex I-
linked and II-linked respiration, respectively.

2.9. Statistical analysis

Data are expressed as the mean ± standard error of the mean (SE).
Student paired t-tests were performed to compare means between two
groups. A univariate linear regression model was used to determine the
correlation between mitochondrial respiration and proteins. P-values
less than 0.05 were considered to indicate a statistically significant
difference between groups.

3. Results

3.1. Comparable levels of mitochondrial complex I-linked and complex II-
linked respiration in state 3

We first measured mitochondrial respiration in isolated mouse SKM
(gastrocnemius) mitochondria using an Oxygraph-2k high-resolution
respirometer. Fig. 1A shows the O2 flux and O2 concentration of re-
presentative raw data. We used malate, glutamate, and pyruvate as
substrates for complex I, succinate as the substrate for complex II, and
rotenone as the inhibitor for complex I. If necessary, substrates were
added by stepwise titration until the maximum respiration was
achieved. In fact, we needed to add each substrate several times to

Fig. 3. Correlation between complex II-linked respiration and the content of complex II or the subunit of complex II
Mitochondria isolated from SKM (gastrocnemius) of different mice were used (n = 8).
A: BN-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against SDHA.
B: BN-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against SDHB.
C: SDS-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against SDHA (black arrow, 70 kDa).
D: SDS-PAGE of isolated SKM mitochondria followed by immunoblotting with an antibody against SDHB (28 kDa).
E: Correlation between the content of complex II analyzed by immunoblotting using an antibody against SDHA and complex II-linked respiration.
F: Correlation between the content of complex II analyzed by immunoblotting using an antibody against SDHB and complex II-linked respiration.
G: Correlation between the content of the SDHA subunit and complex II-linked respiration.
H: Correlation between the content of the SDHB subunit and complex II-linked respiration.
I: Correlation between the content of complex II and that of the SDHA subunit.
J: Correlation between the content of complex II and that of the SDHB subunit.
Sizes of molecular mass markers are indicated on the left in kDa. The Pearson correlation coefficient (R) and P-values are shown. BN-PAGE, blue native-poly-
acrylamide gel electrophoresis; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; N.S., not significant.
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achieve maximum respiration (Fig. 1A). Contrary to our expectations,
the level of complex II-linked respiration in state 3 was not lower than
that of complex I-linked respiration (P = 0.06) (Fig. 1B). We measured
respiration of mitochondrial complex I after addition of malonate (an
inhibitor of complex II) or complex II after addition of rotenone (an
inhibitor of complex I). Similar to our data in Fig. 1, complex II-linked
respiration was equivalent to that of complex I (P = 0.26) (suppl.
Fig.1). Moreover, we added malonate to quantify complex I-linked re-
spiration more accurately. Correspondingly, complex II-linked respira-
tion was equivalent to that of complex I (P = 0.09) (suppl. Fig. 2).
Similar results were obtained when we measured mitochondrial re-
spiration using permeabilized fibers instead of isolated mitochondria.
The level of complex II-linked respiration in state 3 in permeabilized
fibers was also comparable to that of complex I-linked respiration
(P = 0.12) (suppl. Fig. 3B). On the other hand, with respect to the
respiratory control ratio (RCR), complex I was significantly superior to
complex II (suppl. Fig. 3C). This reflected the result that the level of
complex II-linked respiration in state 4 was significantly higher than

that of complex I (suppl. Fig. 3A). Similar results were observed when
we investigated mitochondrial respiration of other muscles (soleus and
extensor digitorum longus [EDL]) (suppl. Fig. 4 and 5).

3.2. Amount of complex I incorporated into supercomplexes significantly
correlated with complex I-linked respiration

Next, we investigated our hypothesis that the content of complex I
correlates with the level of complex I-linked respiration in state 3. For
this purpose, we analyzed the expression level of complex I by BN-
PAGE analysis followed by immunoblotting using antibodies against a
complex I subunit (GRIM19). The bands detected with an antibody
against GRIM19 were ladder-like bands (Fig. 2A). These bands might
indicate complex I involved in supercomplexes, as the same bands were
found when we used an antibody against a complex III subunit
(UQCRC2) (data not shown). In addition, whereas the amount of
complex I that was a constituent of supercomplexes significantly cor-
related with complex I-linked respiration (Fig. 2E), the amount of the

Fig. 3. (continued)
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complex I subunit (GRIM19) was not correlated with respiration
(Fig. 2B and F).

Amount of complex I incorporated into supercomplexes did not
significantly correlate with the total amount of the complex I subunit.

From our results described above, we assumed that the amount of
supercomplexes was not correlated with the total amount of the com-
plex I subunit (GRIM19). As expected, a significant correlation was not
found between the amount of complex I that was included in super-
complexes and the total amount of the complex I subunit (GRIM19)
(Fig. 2G).

3.3. Complex II content significantly correlated with complex II-linked
respiration

We next investigated whether the content of complex II correlated
with complex II-linked respiration in state 3. The expression level of
complex II was analyzed by BN-PAGE followed by immunoblotting
using antibodies against SDHA (Fig. 3A) or SDHB (Fig. 3B). As the
bands observed with antibodies against SDHC or SDHD were not as
clear as the bands detected with antibodies against SDHA or SDHB
(data not shown), we chose to use antibodies against SDHA and SDHB
to analyze the expression levels of complex II. Regardless of which
antibody was used, the content of complex II significantly correlated
with complex II-linked respiration (Fig. 3E and F).

Amount of the complex II subunit (SDHB) in supercomplexes cor-
related with complex II-linked respiration.

Following our above-described finding that the total amount of
complex II significantly correlated with complex II-linked respiration,
we investigated whether the amounts of complex II subunits (SDHA and
SDHB) correlated with complex II-linked respiration in state 3. The
expression levels of the SDHA subunit and SDHB subunit were analyzed
by SDS-PAGE followed by immunoblotting using antibodies against
SDHA (Fig. 3C) and SDHB (Fig. 3D), respectively. The results showed
that the amount of the SDHB subunit significantly correlated with
complex II-linked respiration (Fig. 3H), but no correlation was observed
between the amount of the SDHA subunit and complex II-linked re-
spiration (Fig. 3G).

3.4. Amount of the SDHB subunit correlated with the amount of complex II

As the content of the SDHB subunit significantly correlated with
complex II-linked respiration, we were interested in whether the
amount of complex II subunits and SDHA and SDHB within complex II
subunits correlated with total amounts of complex II. As illustrated in
Fig. 3I and J, the amount of the SDHB subunit within complex II sig-
nificantly correlated with total amounts of complex II, whereas the
amount of the SDHA subunit did not.

4. Discussions

The contraction of muscle fibers requires a large amount of energy
in the form of ATP produced mainly by mitochondria. Tissues with a
high energy demand, such as SKM, heart, and the nervous system, are
most vulnerable to mitochondrial dysfunction [1]. We therefore con-
sidered that it would be meaningful to analyze the ability of mi-
tochondria to produce ATP in SKM. As it was previously reported that
the rate of ATP production significantly correlated with the amount of
mitochondrial respiration in state 3 [31,32], in this study we analyzed
complex I-linked and II-linked respiration in state 3.

We measured complex I-linked and II-linked respiration in state 3
and compared them in isolated mouse SKM mitochondria. Contrary to
our expectations, our results demonstrated that the level of complex II-
linked respiration in state 3 was comparable to that of complex I-linked
respiration (Fig. 1). A similar result was obtained when we measured
respiration in state 3 using permeabilized fibers instead of isolated
mitochondria (suppl. Fig. 2). On the other hand, the RCR of complex I

was significantly higher than that of complex II (suppl. Fig. 3, 4, and 5).
We considered the meaning of this dissociation between respiration in
state 3 and RCR. Based on reports demonstrating that the rate of ATP
production was significantly correlated with mitochondrial respiration
in state 3 in isolated mitochondria [31,32], our results showing that the
level of complex II-linked respiration in state 3 was comparable to that
of complex I suggested that complex II might produce ATP at a level
comparable to complex I per mitochondria. The higher RCR of complex
I might reflect the ability of individual complex Is to produce ATP more
efficiently in comparison to individual complex IIs by forming super-
complexes; e.g., Quarato et al. reported different activities of complex
IV depending on whether complex I was linked or not [33]. Although
we did not investigate protein amounts in this study, it has been re-
ported that the complex I:II protein ratio is 1:1.5–3 [34–37]; that is,
that the amount of complex II is higher than that of complex I. From
these findings, we speculate that the inefficiency of individual complex
IIs to produce ATP compared with supercomplexes might be compen-
sated for by the amount of complex II, and consequently, the complex
II-linked respiration in state 3 per mitochondria is equivalent to that of
complex I, that is, ATP production by complex II might be comparable
to that of complex I per mitochondria. Therefore, we believe it is worth
evaluating the function of complex II as well as that of complex I when
estimating the mitochondrial ability to produce ATP.

We observed that complex I-linked respiration in state 3 sig-
nificantly correlated with the expression level of complex I in-
corporated into supercomplexes, but not with that of a complex I sub-
unit (GRIM19) (Fig. 2E and F). These results suggested that complex I-
linked respiration might be affected by the amount of supercomplexes
rather than the amount of the complex I subunit. In addition, no cor-
relation was observed between the amount of supercomplexes and the
content of complex I subunits (Fig. 2G). These results indicate that the
amount of supercomplexes might not be regulated by the content of
complex I subunits and there might be some other factors regulating the
assembly of supercomplexes.

The level of complex–II–linked respiration in state 3 was sig-
nificantly correlated with the expression of complex II (Fig. 3E and F).
This result indicates that supercomplex assembly is essential for com-
plex II to function properly. Although complex II-linked respiration in
state 3 was correlated with the content of the SDHB subunit, no cor-
relation was found between respiration and the content of the SDHA
subunit (Fig. 3G and H). Moreover, the content of SDHB subunits cor-
related with the content of complex II, but the content of SDHA sub-
units did not correlate with complex II content (Fig. 3I and J). From
these results, we speculate that the SDHA and SDHB subunits may not
be entirely equivalent in terms of their behavior or roles in mitochon-
dria. That is, the ratio of the SDHA subunit included in complex II to the
total amount of the SDHA subunit may be lower than the corresponding
ratio for the SDHB subunit. In fact, it has been reported that the SDHA
subunit might not only be a component of complex II but might be a
component of mitochondrial ATP-sensitive potassium channels [38].

From these results, not only complex I-derived but also complex II-
derived respiration should be analyzed when measuring mitochondrial
function. Moreover, the question of whether disassembly of super-
complexes or complex II is associated with diseases induced by mi-
tochondrial dysfunction should be investigated.

5. Conclusions

We conclude that both complex I and II play important roles in
mitochondrial respiration and that the assembly of both super-
complexes and complex II is essential for the normal functioning of
complex I and II in mouse SKM mitochondria.
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