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Differences in Breast Muscle Mitochondrial Respiratory Capacity,

Reactive Oxygen Species Generation, and Complex Characteristics

between 7-week-old Meat- and Laying-type Chickens
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The skeletal muscle growth rate is a major feature differentiating meat- and laying-type chickens. A large
amount of ATP is required during skeletal muscle synthesis, in which mitochondrial energy production capacities play
a significant role. Additionally, mitochondria may participate in muscle protein degradation via reactive oxygen
species generation. To investigate the differences in mitochondrial energetic characteristics between chickens
exhibiting different growth rates, this study evaluated respiratory capacities in response to different types of
respiratory substrate, protein abundances, assembly of individual respiratory complexes (I-V) and supercomplexes,
and reactive oxygen species generation rates. These characteristics were compared between mitochondria from the
breast muscle (M. pectoralis superficialis) of seven-week-old meat- and laying-type male chickens. Blue native
polyacrylamide gel electrophoresis analysis revealed that meat-type chickens exhibited a significantly lower protein
abundance of complex III (cytochrome bc1 complex), complex V (F0F1 ATP synthase), and total amount of super-
complexes than did laying-type chickens. There were no differences between chicken types in the respiration rate of
mitochondria incubated with either pyruvate/malate or succinate, each of which drives complex I- and complex II-
linked respiration. Carnitine palmitoyltransferase-1-dependent and -independent respiration during ATP synthesis
and carnitine palmitoyltransferase-2 enzymatic activity were significantly lower in meat-type chickens than in laying-
type chickens. For mitochondria receiving pyruvate/malate plus succinate, the reactive oxygen species generation rate
and its ratio to the oxygen consumed (the percentage of free radical leak) were also significantly lower in meat-type
chickens than in laying-type chickens. These results suggested that the mitochondrial energetic capacities of the
breast muscle of meat-type chickens could be lower than those of laying-type chickens at seven weeks of age.
Furthermore, the lower reactive oxygen species generation rate in meat-type chickens might have implications for
rapid muscle development, which is possibly related to their lower muscle protein degradation rates.
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Introduction

Continual genetic breeding for the promotion of meat and
egg production in chickens has led to a faster growth rate in

meat-type chickens than in laying-type chickens. Skeletal
muscles account for approximately 40% of a chicken’s body
mass; therefore, the muscle growth rate can have a great
impact on the overall growth speed of chickens. It is well
accepted that skeletal muscle mass is regulated by the
balance between the rates of muscle protein synthesis and
degradation, and it has been reported that their contribution
may vary with age between meat- and laying-type chickens
(Saunderson and Leslie, 1988).
In addition to muscle metabolism, energy balance deter-

mines animal body size. Meat-type chickens have been
reported to exhibit a lower basal metabolic rate (Kuenzel and
Kuenzel, 1977), and a higher mitochondrial coupling effi-
ciency than laying-type chickens, possibly owing to the
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lower expression of avian uncoupling protein (avUCP)
(Toyomizu et al., 2011). These findings allow us to hy-
pothesize that mitochondrial function may participate in the
skeletal muscle development of broiler chickens. Mitochon-
dria produce a large amount of ATP by oxidative phos-
phorylation (OXPHOS), which is used for the maintenance
of cell physiology as well as muscle development. Mean-
while, during electron transfer in OXPHOS, mitochondria
generate reactive oxygen species (ROS), which cause oxi-
dative damage to lipids, proteins, and nucleotides. It has
been reported that low feed efficient broilers exhibited a
higher level of oxidized proteins in their skeletal muscles
than did high feed efficient broilers (Iqbal et al., 2004).
Moreover, muscle protein atrophy is induced by the
overproduction of mitochondrial ROS (Li et al., 2003,
Furukawa et al., 2015). From these findings, it can be sug-
gested that mitochondria both inhibit and enhance muscle
development.
Intracellular aerobic ATP production is a highly complex

system consisting of i) the tricarboxylic acid (TCA) cycle; ii)
fatty acid imported by the carnitine palmitoyl transferase
(CPT) system and subsequent β-oxidation; and iii) electron
transferring through respiratory complex I (NADH: ubiqui-
none oxidoreductase), complex II (succinate dehydrogenase),
complex III (cytochrome bc1 complex), complex IV (cyto-
chrome c oxidase), and the chemiosmotic coupling to ATP
synthesis in complex V (F0F1 ATP synthase). It is likely that
the protein abundance in individual respiratory complexes
may affect the energy production efficiency in mitochon-
dria. Recent investigations have reported that the complexes
co-assemble to form supercomplexes (SCs), as illustrated in
Schon and Dencher (2009), which are able to enhance the
electron transfer between complexes by reducing the diffu-
sion distance for the mobile electron carriers ubiquinone and
cytochrome c (Dudkina et al., 2010). ROS are generated by
electron leakage from the complexes, and it was reported that
mitochondrial respiratory SC association limits ROS pro-
duction from complex I (Maranzana et al., 2013). More-
over, it has been reported that the SC assembly organizes the
electron flux to optimize the use of available respiratory
substrates (Lapuente-Brun et al., 2013), and that SC dis-
association reduces the mitochondrial respiration rate and
intracellular ATP content (Ikeda et al., 2013). These find-
ings suggest that the SC formation level might play a role in
the differences in muscle development between meat- and
laying-type chickens, possibly via enhancing ATP-depend-
ent respiration, as well as limiting ROS production in mito-
chondria.
For this purpose, the breast muscle (M. pectoralis super-

ficialis), which presents a high growth rate in chickens, was
used in this study to measure the rate of muscle growth per
week. In addition, the differences in mitochondrial respi-
ratory capacity, ROS generation, and complex characteristics
between meat- and laying-type chickens at seven weeks of
age were investigated, as differences in the rate of muscle
growth exist between the types at 3, 7, and 10 weeks of age.
Herein, we describe that the muscle mitochondria of meat-

type chickens exhibited decreased fatty acid oxidation-sup-
ported respiration rate; protein abundance of complex III,
complex V, and SCs; and mitochondrial ROS generation than
did laying-type chickens.

Materials and Methods

Ethics Statement

The Animal Care and Use Committee of the Graduate
School of Agricultural Science, Tohoku University, ap-
proved all procedures, and every effort was made to mini-
mize the pain and discomfort of animals.
Animals and Experimental Design

One-day-old male meat-type (Ross) and laying-type (White
Leghorn) chickens (Gallus gallus domesticus) were obtained
from the domestic commercial hatcheries Matsumoto Poultry
Farms & Hatcheries Co., Ltd., Miyagi and I-Hiyoko Co.,
Ltd., Niigata, respectively. They were housed in electroni-
cally heated batteries under continuous light for 14 days and
provided ad libitum access to water and a standard diet of
corn and soybean to avoid the effects of nutritionally dif-
ferent diets (Table 1). The body and breast muscle weights,
which were excised after decapitation, were measured every
week. The breast muscle gain:body weight gain ratio was
calculated from the change in the average values from the
preceding week (2, 6, and 9 weeks).
Isolation of Skeletal Muscle Mitochondria

Mitochondria were isolated from the breast muscles of
seven-week-old chickens as previously described by Kikusato
and Toyomizu (2015). The protein concentration of the
isolated mitochondria was determined using bicinchoninic
acid (BCA) assays (Sigma-Aldrich, St Louis, MO, USA),
with bovine serum albumin (BSA) as the standard. All
mitochondria were freshly prepared on the day of the ex-
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Table 1. Diet compositions

Ingredients (g/kg)

Corn 487
Soybean meal 402
Beef tallow 63 .3
DL-Methionine 2
Lysine-HCl 0 .4
Glucose 3 .7
Choline chloride 0 .7
Calcium carbonate 11 .2
Dibasic calcium phosphate hydrate 19 .3
Sodium chloride 3 .5
Vitamin mixture† 1 .0
Mineral mixture†† 1 .0

†Provided per kilogram of diet: retinol acetate, 3.4mg; cholecalci-
ferol, 0.1mg; α-tocopherol acetate, 65mg; thiamine hydrochlor-
ide, 2.5mg; riboflavin, 6.5mg; pyridoxine hydrochloride, 3.2
mg; calcium pantothenate, 18mg; 2-methyl-1,4-naphthoquinone,
3.0mg; folic acid, 1.5mg; cyanocobalamin, 0.017mg; and bio-
tin, 0.2mg. ††Provided per kilogram of diet: MnSO4･5H2O,
366.4mg; ZnSO4, 150mg; FeSO4･7H2O, 20mg; CuSO4, 20mg,
KI, 1.25mg; Na2SeO3, 0.3mg; CoCl2･6H2O, 3.92mg; and MoO3,
0.6mg.



periment, and a portion of mitochondria was stored at−80℃
for determination of the enzymatic activity and complex
analyses.
Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)

BN-PAGE was performed using the Novex® Native
PAGETM Bis-Tris Gel System (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions. For
this, the isolated skeletal muscle mitochondria (a total of 200
μg of protein) were treated with a sample buffer (50mM Bis-
Tris/HCl [pH 7.2], 50mM NaCl, 10% [w/v] glycerol, and
0.001% [w/v] Ponceau S), containing either 1% (w/v) n-
dodecyl-β-D-maltoside (DDM) or 1% (w/v) digitonin for
solubilization of the individual respiratory complexes or
respiratory SCs. After solubilization, samples were cen-
trifuged at 20,000×g for 30min at 4℃, and then 0.25%
Coomassie Brilliant Blue G-250 dye was added to the super-
natant. The solubilized protein (12 μg of each) was loaded
onto NativePAGETM NovexTM 3-12% Bis-Tris Protein Gels
(BN1001BOX; Life Technologies), with the Native MarkTM

Unstained Protein Standard (LC0725; Life Technologies)
used as a protein size marker. After electrophoresis, the gels
were incubated in a fixing solution (40% [v/v] methanol and
10% [v/v] acetic acid) for 15min at 18-23℃, and then placed
in 8% (v/v) acetic acid destaining solution overnight to
visualize the protein bands. The banding patterns were
scanned using an imaging system (VersaDocTM MP 5000
system; Bio-Rad Laboratories, Hercules, CA, USA). The
band intensity of each individual respiratory complex was
densitometrically analyzed using Quantity One® software
(Bio-Rad Laboratories, Hercules, CA, USA), with the inten-
sity expressed relative to the total band intensity in the lane.
The respiratory SC content was determined as the total area
under the densitometric curves over 1236 kDa. The values of
each complex and SCs are shown in arbitrary units.
Measurement of Mitochondrial Respiratory Capacity

The mitochondrial O2 consumption rate was measured
using a Clark-type O2 -sensitive electrode (Rank Brothers,
Bottisham, Cambridge, UK), as previously described by
Kikusato and Toyomizu (2015). The mitochondria were in-
cubated at 38℃ in an assay medium (115mM KCl, 10mM
KH2PO4, 3mMHEPES [pH 7.2], 1mM EGTA, 2mMMgCl2,
and 0.3% [w/v] defatted BSA), which was assumed to con-
tain atomic oxygen at 402 nmol/mL (Reynafarje et al., 1985).
To obtain complex I- or complex II-driven respiration rates,
the mitochondria were stimulated using 10mM pyruvate
(Pyu), 2.5mM malate (Mal) or 4mM succinate (Suc), and
5.0 μM rotenone, which inhibit the reverse electron flow
from ubiquinol. Mitochondria were incubated with 80 μM
palmitoyl-CoA, 2.5mM Mal in the presence of 2mM car-
nitine or 80 μM palmitoyl-carnitine, and 2.5mMMal to mea-
sure the fatty acid oxidation-supported respiration depending
on CPT1 (CPT1-dependent respiration) or independent
CPT1 (CPT1-independent respiration). In the assays, Mal
was added to promote the oxidation of acetyl-CoA, which
was generated by β-oxidation. In each respiration measure-
ment, the mitochondria were first incubated in the presence
of 73 μM ADP to obtain coupled respiration, in which ADP

phosphorylation occurred at the maximal rate (state 3). After
phosphorylation was completed, uncoupled respiration with-
out ADP phosphorylation but with ATP retained in the mito-
chondria (state 4) was measured continuously. The measure-
ment conditions are illustrated in Kikusato et al. (2015). The
respiratory control ratio was calculated as the ratio of the
state 3 and state 4 respiration rates to check the quality of
mitochondrial preparations (Estabrook, 1967).
CPT1 and CPT2 Enzyme Activities

The mitochondrial CPT1 and CPT2 activities were mea-
sured as previously described in Zhu et al. (2013). Briefly,
the mitochondria were incubated in an assay medium (20
mM HEPES [pH 7.4], 1mM EGTA, 220mM sucrose, 40
mM KCl, 100 μM 5,5′-Dithiobis (2-nitrobenzoic acid), 1.3
mg/mL BSA, and 40 μM palmitoyl-CoA) that was pre-
warmed to 25℃, to which 1mM carnitine was added to first
measure the total CPT activity. The absorbance of the solu-
tion at 412 nm was monitored for 8min using a spectropho-
tometer. The CPT2 activity was measured using the same
reaction but in the presence of 10 μM malonyl-CoA, which
inhibits CPT1 activity. The CPT1 activity was calculated by
subtracting the CPT2 activity from the total CPT activity.
The result was normalized according to the mitochondrial
protein content.
Determination of Mitochondrial ROS Production and Glu-

tathione Peroxidase Activity

Superoxide is a radical that is formed as primary ROS in
mitochondria. As described by Kikusato and Toyomizu
(2015), the ROS generation rate was determined as the H2O2
generation rate, which was enzymatically converted from
superoxide and fluorometrically measured by the oxidation
of 10-acetyl-3, 7-dihydroxyphenoxazine (Amplex® Red;
Invitrogen, Carlsbad, CA, USA), in the presence of horse-
radish peroxidase (HRP). For this process, the mitochondria
were incubated in an assay medium supplemented with either
complex I- and complex II-linked substrates (10mM Pyr/2.5
mM Mal/4mM Suc) or 4mM glycerol 3-phosphate (glycerol-
3-P) in the absence of ADP. The superoxide released from
the mitochondria was converted into H2O2 by 30U/mL
superoxide dismutase (S7571; Sigma-Aldrich, St Louis, MO,
USA), which was then detected by 50 μM Amplex® Red
coupled to the enzymatic reduction by 6U/mL HRP. The
rate of H2O2 production was spectrofluorimetrically deter-
mined by the change in fluorescence at excitation and
emission wavelengths of 544 and 590 nm, respectively. The
assay was carried out on a computer-controlled spectrofluor-
ometer, with the appropriate correction for background noise
and use of a standard curve generated with commercially
available H2O2 solution (081-04215; Wako Pure Chemical
Industries, Ltd., Tokyo, Japan).
The mitochondrial H2O2 production and O2 consumption

rates were measured in parallel under the same experimental
conditions, which allowed the mitochondrial free radical leak
(FRL) to be calculated. The FRL (expressed as a percentage)
was calculated as described previously by Sanz et al. (2006)
and Kikusato and Toyomizu (2013b). FRL provides a mea-
sure of the number of electrons that produce superoxide (and
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subsequently H2O2) compared with the total number of elec-
trons that pass through the respiratory chain. Two electrons
are required to reduce 1mol of O2 to H2O2, whereas four
electrons are transferred in the reduction of 1mol of O2 to
H2O. Therefore, the percentage of FRL is calculated as the
rate of H2O2 production divided by twice the rate of O2
consumption, and the result is multiplied by 100.
The mitochondrial glutathione peroxidase (GPx) activity

was measured using a commercially available kit (No.
703102; Cayman Company, Ann Arbor, MI, USA), and the
assays were performed according to the manufacturer’s in-
structions. The values are expressed per mitochondrial pro-
tein content (mg).
Measurement of Muscle Cardiolipin Content

The cardiolipin content was measured as previously de-
scribed by Barceló-Coblijn and Murphy (2008). For this
process, the total lipids were extracted from the breast muscle
according to Folch’s method (Folch et al., 1957), and dis-
solved in a known volume of a mobile phase (n-hexane/2-
propanol/water at a ratio of 56.7:37.8:5.5 [v/v]). An aliquot
was then injected into the high-performance liquid chroma-
tography system (LC-20AD; Shimadzu Co. Ltd., Kyoto,
Japan), equipped with an Inertsil ODS-80A column (4.6×
250mm, 5μm; GL Sciences Inc., Tokyo, Japan). The column
was inserted into the column oven at 40℃. The eluent was
monitored at 205 nm with a UV/Vis detector (SPD-20AD;
Shimadzu Co. Ltd., Kyoto, Japan). To calculate the car-
diolipin content, a standard curve was prepared using puri-
fied bovine heart cardiolipin (C0563; Sigma-Aldrich, St
Louis, MO, USA).
Statistical Analysis

All data are presented as the mean±standard error (SE) of
4-6 individual mitochondrial preparations or tissue samples.
Data were analyzed using Student’s t-test, with P-values less
than 0.05 considered statistically significant.

Results

Body Weight and Breast Muscle Weight

The body weight and breast muscle weights of 3-, 7-, and
10-week-old chickens are shown in Table 2. Meat-type
chickens exhibited significantly higher body weights and
breast muscle weights than did laying-type chickens, re-
gardless of age. The breast muscle gain:body weight gain
ratio per week was also significantly higher in meat-type than
in laying-type chickens. The breast muscle gain:body weight
gain ratio per week (2-3, 6-7, 9-10 weeks) was relatively
higher in laying-type chickens at the age of seven weeks,
wherein meat-type chickens exhibited higher breast growth
rates (%) among the tested weeks.
BN-PAGEAnalysis onMitochondrial Respiratory Complexes,

SC Protein Abundance, and Muscle Cardiolipin Content

The differences in the protein abundance of mitochondrial
respiratory complex I (C-I), complex II (C-II), complex III
(C-III), complex IV (C-IV), complex V (C-V), and SCs
between the skeletal muscles of laying- and meat-type
chickens were first evaluated. There were no differences in
C-I, C-II, and C-IV between the two chicken types, while C-
III and C-V were significantly lower in meat-type than in
laying-type chickens (Fig. 1A). The total protein abundance
of SCs was significantly lower in meat-type than in laying-
type chickens (Fig. 1B).
The study further examined the muscle cardiolipin con-

tent, which is one of the inducers of SC formation
(Mileykovskaya and Dowhan, 2014). Similar to the protein
abundance of SCs, the muscle cardiolipin content was
significantly lower in meat-type than in laying-type chickens
(Fig. 1C).
Mitochondrial Respiratory Capacity and CPT Enzyme Ac-

tivities

Next, we determined the mitochondrial respiratory ca-
pacity in response to the different substrates. There were no
differences in complex I-driven (Fig. 2A) or complex II-
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Table 2. Body weight, breast muscle weight, and body weight gain:breast muscle

weight gain ratio at 3, 7, and 10 weeks of age

Laying-type chicken Meat-type chicken

Three weeks old
Body weight (g) 211±9 .9 868±25***
Breast muscle weight (g) 10 .2±0 .6 83 .8±8 .0***
Breast muscle gain/body weight gain (%) 6 .2 11 .2
Seven weeks old
Body weight (g) 805±7 .2 3534±42***
Breast muscle weight (g) 41 .4±1 .8 529±24***
Breast muscle gain/body weight gain (%) 5 .2 20 .6
Ten weeks old
Body weight (g) 1149±45 5197±63***
Breast muscle weight (g) 63 .9±1 .2 875±17 .3***
Breast muscle gain/body weight gain (%) 7 .6 17 .6

Data on muscle weight and body weight are given as means±SE, n＝6-8. ***P＜0.001. Breast
muscle gain:body weight gain ratio was calculated from the change in the average values from the
preceding weeks (2, 6, and 9 weeks).
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Fig. 1. BN-PAGE analysis of the protein abundances of mitochondrial respi-

ratory complex I (C-I), C-II, C-III, C-IV, and C-V (A) and supercomplexes

(SCs) (B) in isolated breast muscle mitochondria and the muscle cardiolipin

contents (C) of laying- and meat-type chickens at seven weeks of age. Muscle
mitochondria were solubilized with either n-dodecyl-β-D-maltoside (DDM) or
digitonin to determine the individual complexes or SCs, respectively. Values are
means±SEs (n＝4-6). *P＜0.05 compared to laying-type chickens.

Fig. 2. O2 consumption rates in muscle mitochondria exhibiting complex I (C-

I) -driven (Pyr/Mal) (A), C-II-driven (succinate [Suc] plus rotenone) (B),

CPT1-dependent (palmitoyl-CoA/Mal plus carnitine) (C), and CPT1-independent

(palmitoyl-carnitine/Mal) (D) respiration, as well as the enzymatic activities of

CPT1 (E) and CPT2 (F), each of which were expressed per mitochondrial

protein content (mg). Values are means±SEs (n＝4-6). *P＜0.05 compared to
laying-type chickens.



driven (Fig. 2B) respiration rates between laying- and meat-
type chickens. In CPT1-dependent respiration, meat-type
chickens showed a significantly lower state 3 respiration rate
than did laying-type chickens; however, this difference was
not observed in the state 4 respiration rate (Fig. 2C). In a
similar manner, the CPT1-independent state 3 respiration rate
was significantly lower in meat-type than in laying-type
chickens, and no difference in state 4 respiration was ob-
served between types. In these mitochondria, no difference
in CPT1 activity was observed between the types, while the
CPT2 activity was significantly lower in meat-type than in
laying-type chickens (Fig. 2E, 2F).
Mitochondrial ROS Production, FRL, and GPx Activity

The mitochondrial superoxide production rates in response
to complex I- and complex II-linked substrates (Pyu/Mal/
Suc) and glycerol-3-P were evaluated. In muscle mitochon-
dria receiving Pyr/Mal/Suc, meat-type chickens exhibited a
significantly lower superoxide production rate than did
laying-type chickens (Fig. 3A). There was no difference in
superoxide production due to glycerol-3-P supplementation
between the chicken types. Superoxide is formed by the one-
electron reduction of an oxygen molecule. Radical genera-
tion could be increased with increasing respiration rates in
the mitochondria because of the incomplete electron trans-
ferring system. FRL is the percentage of ROS generated per
oxygen consumed and indicates incomplete electron transfer
in the mitochondria. FRL values in the mitochondria re-
ceiving Pyr/Mal/Suc were significantly lower in meat-type
than in laying-type chickens, but this decrease was not ob-
served with glycerol-3-P supplementation (Fig. 3B). There
was no difference in mitochondrial GPx activity between the
chicken types (Fig. 3C).

Discussion

Several studies have used transgenic manipulation tech-
niques for cultured cells to clarify the role of SCs in in-
tracellular bioenergetics and metabolism (Acín-Pérez et al.,
2008; Ikeda et al., 2013; Lapuente-Burn et al., 2013). Re-
cently, investigations focusing on the physiological role of
SC formation are gradually increasing. The formation levels
of SCs vary with age and long-term exercise patterns in
mammals (Lombardi et al., 2009, Greggio et al., 2017).
However, there are no comparative investigations on the
protein abundance of mitochondrial SCs in avian skeletal
muscles. One of the aims of this investigation was to com-
pare mitochondrial respiratory capacities between chicken
types that exhibit different muscle growth rates. We hy-
pothesized that in terms of increased energy production, the
muscle mitochondria of meat-type chickens would exhibit a
higher abundance of protein complexes than would laying-
type chickens. However, this study obtained the opposite
results, with meat-type chickens exhibiting lower C-III, C-V,
and total SC levels than laying-type chickens (Fig. 1). A
similar investigation was previously conducted using broilers
with different feed efficiencies within a single genetic line,
and found that the mitochondrial proteins that were com-
ponents of C-III and C-IV were lower in high feed efficiency
broiler chickens than in low feed efficiency broiler chickens
(Iqbal et al., 2004). The results suggest that the protein
abundance of mitochondrial complexes or its components
might be negatively correlated with the body size of chickens.
This study found that meat-type chickens exhibited lower

CPT1-dependent and CPT1-independent state 3 respiration
rates than did laying-type chickens (Fig. 2C, 2D). One can
assume that this lower respiration rate in meat-type chickens
may be due to the lower CPT2 enzymatic activity (Fig. 2F).
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Fig. 3. Superoxide generation rate (A) and free radical leak (B) in

mitochondria receiving complex I (C-I)-linked and C-II-linked sub-

strates (Pyr/Mal/Suc) and glycerol-3-phosphate as well as the enzy-

matic activity of GPx (C). Values are means±SEs (n＝4-6). *P＜
0.05 compared to laying-type chickens.



It has been reported that fast-growing chickens exhibited
lower mRNA expression levels of fatty acid degradation-
related genes (including CPT2) in the breast muscle than did
slow-growing chickens at the neonatal stage (Lin et al.,
2017). In our investigation using younger (3-week-old)
chickens, the fatty acid oxidation-driven respiration rate was
also lower in meat-type than in laying-type chickens (Sup-
plemental Fig. 1C, 1D). From the results, it is conceivable
that the breast muscle of fast-growing chickens may have a
lower fatty acid oxidation capacity than slow-growing
chickens. Moreover, a study using recombinant human CPT2
protein reported that the enzymatic activity was stimulated in
the presence of cardiolipin (Motlagh Scholle et al., 2018).
We found that meat-type chickens exhibited a lower muscle
cardiolipin content than did laying-type chickens (Fig. 1C).
The results suggest that decreased CPT2 activity might be
attributed to the lower cardiolipin content in meat-type
chickens.
Meanwhile, it is also necessary to consider the differences

in the respiratory complex protein abundance between types
to determine the respiratory properties. Fatty acids are
incorporated into the mitochondrial matrix through the CPT
system and subsequently undergo β-oxidation, from which
NADH and FADH2 are produced. Acyl-CoA is first me-
tabolized by mitochondrial acyl-CoA dehydrogenase to
produce FADH2 in the matrix, which then reduces coenzyme
Q through the activity of electron transferring flavoprotein:
ubiquinone oxidoreductase and subsequently donates the
electrons to C-III (Tahara et al., 2009). The systemic path-
way indicates that C-III is one of the most important factors
in reducing the equivalents from β-oxidation. Therefore, it
could be suggested that the decrease in fatty acid oxidation-
supported respiration rate in meat-type chickens might be
associated with the decrease in C-III protein abundance.
However, this idea may not be widely applicable as there was
no difference in C-I-driven and C-II-driven respiration rates
between meat- and laying-type chickens (Fig. 2A, 2B). This
study found no differences in the protein abundance of C-I
and C-II between the chicken types, which might be
associated with the respiratory outputs. Considering that C-
III and C-V are essential factors for the respiratory pathways
initiated by C-I and C-II, the lower protein abundance of C-
III and C-V in meat-type chickens should have reflected the
results of the C-I- and C-II-driven respiration rates in the
chicken types. For this discrepancy, we also need to focus
on the constituents of SCs formed in each chicken type but
not the formation levels in mitochondria. One might assume
that SCs in the muscle mitochondria of laying-type chickens
contain a higher proportion of factors that relate to fatty acid
oxidation. However, the BN-PAGE analysis did not address
the constituent analyses, such as 2D-electrophoresis and sub-
sequent immunoblotting, because of the non-reliable anti-
bodies for mitochondrial proteins. The protein electrophore-
sis analysis did not determine the coenzyme Q and cyto-
chrome c contents, each of which are essential factors of
oxidative phosphorylation. Moreover, the additional con-
centration of TCA metabolites used for evaluating the

respiration rate may be due to the physiological levels in the
muscle tissues of each chicken type. Thus, further in-
vestigations are required to verify the relationship between
the protein abundance of respiratory complexes and the mus-
cle mitochondria respiratory capacities in meat- and laying-
type chickens.
One of the features differentiating between the muscle

mass of meat- and laying-type chickens is the muscle pro-
teolysis rate. It has been reported that the mRNA expression
levels of proteasome C2 subunit and atrogin-1 were lower in
meat-type than in laying-type chickens (Nakashima et al.,
2009). A previous study using broiler chickens with dif-
ferent feed efficiencies reported that low feed efficiency
chickens showed a higher level of oxidized proteins than did
high feed efficiency chickens, from which proteolytic
activity might be induced (Iqbal et al., 2004). Considering
the evidence and the finding that the atrogene mRNA level
was induced by superoxide generated from mitochondria in
chicken muscle cells (Furukawa et al., 2015), it can be
hypothesized that mitochondrial ROS generation may be
lower in meat-type than in laying-type chickens. As ex-
pected, this study demonstrated that meat-type chickens
exhibited a lower superoxide generation rate and FRL value
in response to Pyr/Mal/Suc (Fig. 3A, 3B). It has been
proposed that mitochondrial SC formation can attenuate ROS
production via the improvement of the electron transfer
process (Maranzana et al., 2013). In contrast, the results of
this study suggest that the SC formation level might not be
associated with the ROS production rate in chicken muscle
mitochondria. Moreover, it can be assumed that the larger
SC formations in laying-type chickens is a compensatory
response to suppress ROS generation in the mitochondria.
Superoxide needs to be released into the intermembrane

space to act as a transcriptional-related factor that upregu-
lates proteolytic genes, as the radicals cannot move across the
membrane because of low water-solubility; however, it is
permeable to the outer membrane. Superoxide is mainly
formed at C-I and C-III, and the superoxide generated from
C-III is released into both sides of the inner membrane in
mitochondria. Glycerol-3-P is metabolized by mitochondrial
glycerol-3-P dehydrogenase, wherein the superoxide gener-
ated is also released into the intermembrane space (Mráček et
al., 2013). However, this study found no difference in the
superoxide generation rates between the chicken types.
Therefore, it can be suggested that the lower C-III protein
abundance may contribute to the superoxide production rate
and possibly affect the proteolytic gene expression in meat-
type chickens.
This study showed that the muscle cardiolipin content was

lower in meat-type than in laying-type chickens (Fig. 1C).
Considering that both chicken types were fed the same diet
during the study, it is likely that the SC protein abundance in
the chicken muscle mitochondria may be metabolically
regulated. This study found that meat-type chickens ex-
hibited lower fatty acid oxidation-supported respiration due
to decreased CPT2 activity, and similar metabolic features
were also found in the mitochondria of broiler skeletal
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muscles, which consist entirely of oxidative muscle fibers
(type I) (Hakamata et al., 2018). This finding allows us to
suggest that muscle fiber compositions in the breast muscle
might induce different energetic properties between chicken
types: However, the muscle of meat-type and laying-type
chickens have the same compositions: 100% fast-glycolytic
muscle fiber (type IIB) (Ueda et al., 2005, Hakamata et al.,
2018). Meanwhile, previous studies have shown that the
diameter of muscle fibers with a lower oxidative capacity is
smaller than that of fibers with a higher capacity (van der
Laarse et al., 1989, van Wessel et al., 2010). Moreover, a
co-transcription factor, peroxisome proliferator-activated
receptor gamma coactivator 1-α (PGC-1α), is a marker that
differentiates muscle fiber type and mitochondrial contents,
and we previously found that the mRNA expression of this
marker tended to be higher in laying-type than in meat-type
chickens (Kikusato et al., 2013a). Therefore, it could be
assumed that muscle fiber morphology and mitochondrial
contents are also associated with differences in the metabolic
characteristics of meat- and laying-type chickens.
Our previous investigation showed that the C-II-driven

respiration rate was higher in the meat-type than in the
laying-type chickens when the muscle mitochondria were
isolated from birds aged 17 to 21 days (Toyomizu et al.,
2011). However, in this study, meat-type chickens at 3, 7,
and 10 weeks of age exhibited lower respiratory capacities
(including C-II-driven respiration) than did laying-type
chickens at the same ages (Supplemental Fig. 1). The reason
for this discrepancy between the previous and current
investigations remains unclear. Differences in the nutritional
value of the diets used in the studies and/or genetic selection
over the past decade might be involved in this discrepancy.
This study also found that mitochondrial ROS production
was significantly lower in meat-type than in laying-type
chickens at 3 and 10 weeks of age (Fig. 3C, Supplemental
Fig. 2). Based on these results, the difference in breast
muscle development between the chicken types may be
attributable to the rate of mitochondrial ROS generation
rather than the respiratory capacity.
This study revealed differences in the mitochondrial re-

spiratory capacity and complex characteristics (including
SCs) between meat- and laying-type chickens at seven weeks
of age. This suggests that the rate of mitochondrial ROS
generation plays an important role in the development of the
breast muscle at this age. Further investigations are required
to explore the role of mitochondrial functions (including SC
formation) in the control of skeletal muscle growth and mass,
in terms of protein electrophoretic analysis and chicken age.

Acknowledgments

This work was supported by the Japan Society for the
Promotion of Science (JSPS) KAKENHI (grant nos.
25850182/16H06205 [M.K.] and 15H04582 [M.T.]) and the
JSPS Core-to-Core Advanced Research Networks Program,
entitled “Establishment of international agricultural immu-
nology research-core for a quantum improvement in food
safety.” The authors also acknowledge the Japan Poultry

Science Association for providing a travel grant to Y.H. to
allow for the presentation of some of these findings at the
11th Asian Pacific Poultry Conference, Bangkok, Thailand.

Conflict of Interest

The authors declare no conflict of interest.

References

Acín-Pérez R, Fernández-Silva P, Peleato ML, Pérez-Martos A and
Enriquez JA. Respiratory active mitochondrial supercomplexes.
Molecular Cell, 32: 529-539. 2008.

Barceló-Coblijn G and Murphy EJ. An improved method for
separating cardiolipin by HPLC. Lipids, 43: 971-976. 2008.

Dudkina NV, Kouril R, Peters K, Braun HP and Boekema EJ.
Structure and function of mitochondrial supercomplexes. Bio-
chimica et Biophysica Acta, 1797: 664-670. 2010.

Estabrook RW. Mitochondrial respiratory control and the polaro-
graphic measurement of ADP:O ratios. Methods Enzymol, 10:
41-47. 1967

Folch J, Lees M and Sloane Stanley GH. A simple method for the
isolation and purification of total lipides from animal tissues.
Journal of Biological Chemistry, 226: 497-509. 1957.

Furukawa K, Kikusato M, Kamizono T, Yoshida H and Toyomizu
M. Possible involvement of mitochondrial reactive oxygen
species production in protein degradation induced by heat
stress in avian muscle cells. Journal of Poultry Science, 52:
260-267. 2015.

Greggio C, Jha P, Kulkarni SS, Lagarrigue S, Broskey NT, Boutant
M, Wang X, Conde Alonso S, Ofori E, Auwerx J, Cantó C and
Amati F. Enhanced respiratory chain supercomplex formation
in response to exercise in human skeletal muscle. Cell Metabo-
lism, 25: 301-311. 2017.

Hakamata Y, Watanabe K, Amo T, Toyomizu MT and Kikusato M.
Characterization of mitochondrial content and respiratory
capacities of broiler chicken skeletal muscles with different
muscle fiber compositions. Journal of Poultry Science, 55:
210-216. 2018.

Ikeda K, Shiba S, Horie-Inoue K, Shimokata K and Inoue S. A sta-
bilizing factor for mitochondrial respiratory supercomplex
assembly regulates energy metabolism in muscle. Nature Com-
munications, 4: 2147. 2013.

Iqbal M, Pumford NR, Tang ZX, Lassiter K, Wing T, Cooper M and
Bottje W. Low feed efficient broilers within a single genetic
line exhibit higher oxidative stress and protein expression in
breast muscle with lower mitochondrial complex activity.
Poultry Science, 83: 474-484. 2004.

Kikusato M and Toyomizu M. Heat stress-induced overproduction
of mitochondrial reactive oxygen species is down-regulated in
laying-type chickens. Energy and protein metabolism and
nutrition in sustainable animal production. EAAP publication,
134: 267-268. 2013a.

Kikusato M and Toyomizu M. Crucial role of membrane potential in
heat stress-induced overproduction of reactive oxygen species
in avian skeletal muscle mitochondria. PLOS ONE, 8: e64412.
2013b.

Kikusato M and Toyomizu M. Moderate dependence of reactive
oxygen species production on membrane potential in avian
muscle mitochondria oxidizing glycerol 3-phosphate. Journal
of Physiological Sciences, 65: 555-559. 2015.

Kikusato M, Sudo S and Toyomizu M. Methionine deficiency leads
to hepatic fat accretion via impairment of fatty acid import by

Journal of Poultry Science, 57 (4)326



carnitine palmitoyltransferase I. British Poultry Science, 56:
225-231. 2015.

Kuenzel WJ and Kuenzel NT. Basal metabolic rate in growing
chicks Gallus domesticus. Poultry Science, 56: 619-627. 1977.

Lapuente-Brun E, Moreno-Loshuertos R, Acín-Pérez R, Latorre-
Pellicer A, Colás C, Balsa E, Perales-Clemente E, Quirós PM,
Calvo E, Rodríguez-Hernández MA, Navas P, Cruz R,
Carracedo Á, López-Otín C, Pérez-Martos A, Fernández-Silva
P, Fernández-Vizarra E and Enríquez JA. Supercomplex
assembly determines electron flux in the mitochondrial electron
transport chain. Science, 340: 1567-1570. 2013.

Li N, Ragheb K, Lawler G, Sturgis J, Rajwa B, Melendez JA and
Robinson JP. Mitochondrial complex I inhibitor rotenone in-
duces apoptosis through enhancing mitochondrial reactive
oxygen species production. Journal of Biological Chemistry,
278: 8516-8525. 2003.

Liu L, Cui H, Fu R, Zheng M, Liu R, Zhao G and Wen J. The
regulation of IMF deposition in pectoralis major of fast- and
slow- growing chickens at hatching. Journal of Animal Science
and Biotechnology, 8: 77. 2017.

Lombardi A, Silvestri E, Cioffi F, Senese R, Lanni A, Goglia F, de
Lange P and Moreno M. Defining the transcriptomic and
proteomic profiles of rat ageing skeletal muscle by the use of a
cDNA array, 2D- and Blue native-PAGE approach. Journal of
Proteomics, 72: 708-721. 2009.

Maranzana E, Barbero G, Falasca AI, Lenaz G and Genova ML.
Mitochondrial respiratory supercomplex association limits
production of reactive oxygen species from complex I. Anti-
oxidants & Redox Signaling, 19: 1469-1480. 2013.

Mileykovskaya E and Dowhan W. Cardiolipin-dependent formation
of mitochondrial respiratory supercomplexes. Chemistry and
Physics of Lipids, 179: 42-48. 2014.

Motlagh Scholle L, Thaele A, Beckers M, Meinhardt B and Zierz S.
Lack of activation of the S113L variant of carnitine palmitoyl-
transfersase II by cardiolipin. Journal of Bioenergetics and
Biomembranes, 50: 461-466. 2018.

Mráček T, Drahota Z and Houštěk J. The function and the role of the
mitochondrial glycerol-3-phosphate dehydrogenase in mamma-
lian tissues. Biochimica et Biophysica Acta, 1827: 401-410.
2013.

Nakashima K, Ishida A and Katsumata M. Comparison of proteo-
lytic-related gene expression in the skeletal muscles of layer
and broiler chickens. Bioscience, Biotechnology, and Bio-
chemistry, 73: 1869-1871. 2009.

Reynafarje B, Costa L and Lehninger A. O2 solubility in aqueous
media determined by a kinetic method. Analytical Biochemis-
try, 145: 406-418. 1985.

Sanz A, Caro P, Ayala V, Portero-Otin M, Pamplona R and Barja G.
Methionine restriction decreases mitochondrial oxygen radical
generation and leak as well as oxidative damage to mitochon-
drial DNA and proteins. FASEB Journal, 20: 1064-1073.
2006.

Saunderson CL and Leslie S. Muscle growth and protein degrada-
tion during early development in chicks of fast and slow
growing strains. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology, 89: 333-337.
1988.

Schon EA and Dencher NA. Heavy breathing: energy conversion by
mitochondrial respiratory supercomplexes. Cell Metabolism, 9:
1-3. 2009.

Tahara EB, Navarete FD and Kowaltowski AJ. Tissue-, substrate-,
and site-specific characteristics of mitochondrial reactive oxy-
gen species generation. Free Radical Biology and Medicine,
46: 1283-1297. 2009.

Toyomizu M, Kikusato M, Kawabata Y, Azad MAK, Inui E and
Amo T. Meat-type chickens have a higher efficiency of
mitochondrial oxidative phosphorylation than laying-type
chickens. Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 159: 75-81. 2011.

Ueda M, Watanabe K, Sato K, Akiba Y and Toyomizu M. Possible
role for avPGC-1α in the control of expression of fiber type,
along with avUCP and avANT mRNAs in the skeletal muscles
of cold-exposed chickens. FEBS Letters, 579: 11-17. 2005.

van der Laarse WJ, Diegenbach PC and Elzinga G. Maximum rate
of oxygen consumption and quantitative histochemistry of
succinate dehydrogenase in single muscle fibres of Xenopus
laevis. Journal of Muscle Research and Cell Motility, 10:
221-228. 1989.

van Wessel T, de Haan A, van der Laarse WJ and Jaspers RT. The
muscle fiber type-fiber size paradox: hypertrophy or oxidative
metabolism? European Journal of Applied Physiology, 110:
665-694. 2010.

Zhu Y, Soto J, Anderson B, Riehle C, Zhang YC, Wende AR, Jones
D, McClain DA and Abel ED. Regulation of fatty acid
metabolism by mTOR in adult murine hearts occurs independ-
ently of changes in PGC-1α. American Journal of Physiology-
Heart and Circulatory Physiology, 305: H41-51. 2013.

Hakamata et al.: Muscle Mitochondria of Broilers and Layers 327


