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Abstract
Aims—The purpose of the study was to establish if enzyme activities from key metabolic
pathways and levels of markers of oxidative damage to proteins and lipids differed between
distinct liver mitochondrial sub-populations, and which specific sub-populations contributed to
these differences.

Main methods—Male C57BL/6J mice were fed non-purified diet for one month then separated
into two groups, control and calorie-restricted (CR). The two groups were fed semi-purified diet
(AIN93G), with the CR group receiving 40% less calories than controls. After two months,
enzyme activities and markers of oxidative damage in mitochondria were determined.

Key findings—In all mitochondrial sub-populations, Enzyme activities and markers of oxidative
damage, from control and CR groups, showed a pattern of M1 > M3 > M10. Higher acyl-CoA
dehydrogenase (β-oxidation) and β-hydroxybutryate dehydrogenase (ketogenesis) activities and
lower carbonyl and TBARS levels were observed in M1 and M3 fractions from CR mice. ETC
enzyme activities did not show a consistent pattern. In the Krebs cycle, citrate synthase and
aconitase activities decreased while succinate dehydrogenase and malate dehydrogenase activities
increased in the M1 mitochondria from the CR versus control mice.

Significance—CR does not produce uniform changes in enzyme activities or markers of
oxidative damage in mitochondrial sub-populations, with changes occurring primarily in the heavy
mitochondrial populations. Centrifugation at 10,000 g to isolate mitochondria likely dilutes the
mitochondrial populations which show the greatest response to CR. Use of lower centrifugal force
(3,000 g or lower) may be beneficial for some studies.
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Introduction
Chronic calorie restriction (CR) has been reported to induce shifts in metabolism towards
increased capacity for gluconeogenesis (Dhahbi et al., 2001; Dhahbi et al., 1999; Hagopian
et al., 2003a) and fatty acid oxidation (Bruss et al., 2010), and decreased capacity for
glycolysis (Dhahbi et al., 1999; Hagopian et al., 2003b). Alterations in liver mitochondria
have been proposed to play an important role in the metabolic adaptations to CR (Anderson
and Weindruch, 2010). In particular, CR-induced mitochondrial changes could influence
capacity for β-oxidation, ketogenesis and utilization of proteins for gluconeogenesis.
However, it is not known if CR induces uniform changes in all liver mitochondria or if
particular sub-populations are primarily responsible for the metabolic changes observed with
CR.

Mitochondria are composed of heterogeneous populations that can be separated by
differential centrifugation into distinct sub-populations. Previous studies have separated rat
(Lanni et al., 1996) and mouse (Hagopian et al., 2011) liver mitochondria into three distinct
fractions, with the heaviest showing the highest respiration rates. An association between
mitochondrial biogenesis and mitochondrial fractions has been proposed, indicating the
presence of a growth cycle where lighter mitochondria are considered to be the precursors of
the heavy mitochondria (Gianotti et al., 1998; Justo et al., 2005; Koekemoer and Oelofsen,
2001; Lombardi et al., 2000). Previous results from brown adipose tissue (BAT) studies
support this idea, showing that acute cold exposure or fasting influence the lighter
mitochondria primarily (Gianotti et al., 1998; Moreno et al., 1994) whereas overfeeding,
chronic fasting or cold acclimation also affects the heavy mitochondria (Gianotti et al.,
1998; Matamala et al., 1996; Moreno et al., 1994).

Previous studies have indicated that biochemical differences exist between the heavy and
light mitochondria. For example, higher oxygen consumption rates, ROS generation and
lower antioxidant capacity have been observed in liver heavy mitochondria compared to
lighter ones (Venditti et al., 2002; Venditti et al., 1996). Additionally, several enzymes from
key metabolic pathways have been reported to display increased activities in heavy
compared to light mitochondria from both liver and white adipose tissue (Koekemoer and
Oelofsen, 2001). Specifically, cytochrome c oxidase activity has been reported to be
increased in heavy versus light mitochondria from liver (Koekemoer and Oelofsen, 2001;
Lanni et al., 1996), white adipose tissue (Koekemoer and Oelofsen, 2001) and brown
adipose tissue (Moreno et al., 1994). In addition, we reported recently (Hagopian et al.,
2011) that H2O2 was generated by M1 and M3 fractions, with M1 showing higher rates than
M3.

In the current study, our aim was to establish if enzyme activities from several intermediary
metabolism pathways, levels of markers of oxidative damage to proteins and lipids, and the
activities of the ETC enzymes differed between distinct liver mitochondrial sub-populations.
Furthermore, a goal of the study was also to determine which specific mitochondrial sub-
populations contributed to changes in enzyme activities and oxidative stress with CR.

Materials and Methods
Animals and Diets

Male mice of the C57BL/6J strain were purchased from Jackson Laboratories (West
Sacramento, CA) at three months of age and housed singly. Animal maintenance and care
protocols were approved by UC Davis Institutional Animal Care and Use Committee and
were in accordance with all local and federal guidelines. Mice were kept at 22°C on a 12h
dark 12h light cycle with lights on from 0600 to 1800h, with free access to water. All mice
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were fed a 7012 Teklad non-purified diet (Harlan Laboratories, Madison, WI), ad libitum for
one month until they were four months old. At four months of age, the mice were assigned
to either a control or CR group and fed a semi-purified diet (AIN93G) with the CR group
being fed 40% less calories than the control group. All mice were on their respective diets
for two months, which made them six months old when sacrificed for the experiments.

Chemicals
All chemicals were purchased from Sigma Chemical Company (St Louis, MO). Bio-Rad
protein assay kit was from Bio-Rad laboratories (Hercules, CA) and Pierce BCA protein
assay kit was from Thermo Scientific (Waltham, MA).

Liver mitochondrial isolation
Mice were sacrificed by cervical dislocation, body weights recorded and livers were
removed immediately, weighed and processed for mitochondrial isolation. Livers were
placed in ice-cold isolation medium (220 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl, 1
mM EDTA and 0.1% (w/v) fatty acid-free BSA, pH 7.4 at 4°C) and minced with scissors
into small pieces. The buffer was aspirated and fresh buffer added to rinse the liver pieces
and help in the removal of blood. This step was repeated three times and the final liver
suspension was homogenized, using a cold glass/Teflon homogenizer using isolation
medium (at 1:10 w/v ratio), with 4-6 strokes of the Teflon pestle at 500rpm. The
homogenizer was kept in an ice-packed beaker during the homogenization process. The
homogenate was centrifuged at 500g for 10 minutes at 4°C and the resulting supernatant was
kept for further analysis while the pellet was discarded. The crude supernatant from above
was centrifuged at 1000g for 10 minutes at 4°C and the resulting supernatant (S1) was
retained while the pellet was washed twice in suspension medium (same as the isolation
medium but without BSA) and re-suspended in a minimal volume of suspension medium,
labeled M1 and kept on ice. The supernatant S1 was centrifuged at 3000g for 10 minutes at
4°C and the resulting supernatant S3 was retained while the pellet was washed twice in
suspension medium and re-suspended in a minimal volume of suspension medium, labeled
M3 and kept on ice. The supernatant S3 was centrifuged at 10000g for 10 minutes at 4°C
and the resulting pellet was washed twice in suspension medium and re-suspended in a
minimal volume of suspension medium, labeled M10 and kept on ice. The final supernatant
from this step was used for assays of lactate dehydrogenase and citrate synthase as marker
enzymes.

Electron transport chain (ETC) enzyme assays
The activities of ETC enzymes (Complexes I-IV) were determined in all three mitochondrial
fractions. All assays were performed at 30°C using 25mM potassium phosphate assay
buffer, pH 7.2, in a final volume of 1ml, using a PerkinElmer Lambda 25 UV/VIS
spectrophotometer equipped with a Peltier heating system, as described before (Hagopian et
al., 2010). Briefly, complex I (NADH:ubiquinone oxidoreducatse, EC 1.6.5.3) activity was
measured at 340nm (ε = 6.22 mM−1.cm−1) in the assay buffer containing (final
concentrations) 5mM MgCl2, 0.13mM NADH, 65μM ubiquinone-1, 2.5mg/ml BSA and
5μg/ml Antimycin A. Activity was measured for 1-2 minutes after which rotenone (5μg/ml)
was added and activity measured for a further 2 minutes, allowing the determination of
rotenone-sensitive activity. Complex II (succinate:ubiquinone oxidoreductase, EC 1.3.5.1)
activity was measured at 600nm (ε = 19.1 mM−1.cm−1) by initially incubating the sample in
the assay buffer containing 20mM succinate for 10 minutes at assay temperature, followed
by the addition of (final concentrations) 5mM MgCl2, 2mM KCN, 5μg/ml antimycin A,
5μg/ml rotenone, 50μM dichlorophenolindophenol and 65μM ubiquinone-1 to start the
assay. Complex III (ubiquinol:ferricytochrome c oxidoreductase, EC 1.10.2.2) activity was
measured at 550nm (ε = 19.1 mM−1.cm−1) in the assay buffer containing (final
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concentrations) 5mM MgCl2, 2mM KCN, 5μg/ml rotenone, 2.5mg/ml BSA, 50μM oxidized
cytochrome c and mitochondrial sample. Assays were started by adding 60μM
decylubiquinol, in the presence (5μg/ml) or absence of antimycin A to distinguish the
reduction of ferricytochrome c by decylubiquinol from the non-enzymic reduction.
Decylubiquinol was prepared as previously described (Trounce et al., 1996). Complex IV
(cytochrome c oxidase, EC 1.9.3.1) activity was determined at 550nm (ε = 19.1
mM−1.cm−1) in the assay buffer containing 15μM reduced cytochrome c and mitochondrial
sample, for 2 minutes. Reduced cytochrome c was prepared as previously described
(Trounce et al., 1996). The activities of the ETC enzymes were expressed as μmol/min/mg
protein and presented as Mean ± SEM (n = 6).

Metabolic enzyme activities
Mitochondrial enzymes from several metabolic pathways were also measured in the three
fractions. From the Krebs cycle, the activities of citrate synthase (CS) (EC 2.3.3.1),
aconitase (ACO) (EC 4.2.1.3) and malate dehydrogenase (MDH) (EC 1.1.1.37) were
measured at 412nm (ε = 13.6 mM−1.cm−1), 240nm (ε = 3.6 mM−1.cm−1) and 340nm (ε =
6.22 mM−1.cm−1), respectively, as previously described (Hagopian et al., 2004). Succinate
dehydrogenase (SDH; complex II of the ETC) was also measured, as described in the
previous section. Acyl-CoA dehydrogenase (ACDH) (β–oxidation pathway, EC 1.3.99.13)
was assayed at 600nm (ε = 21 mM−1.cm−1), using palmitoyl-Co-A as substrate and β-
hydroxybutyrate dehydrogenase (HBDH) (ketogenesis pathway, EC 1.1.1.3) was measured
at 340nm (ε = 6.22 mM−1.cm−1), as previously described (Hagopian et al., 2012). Also
measured was lactate dehydrogenase (LDH) (EC 1.1.1.27), at 340nm (ε = 6.22 mM−1.cm−1),
as described before (Hagopian et al., 2011). CS and LDH were used as marker enzymes to
confirm mitochondrial purity.

Mitochondrial protein carbonyl measurements
Mitochondrial protein carbonyls were measured in all three fractions. Protein carbonyls
were determined by using 2,4-dinitropheylhydrazine (DNPH) (Levine et al., 1990). Briefly,
mitochondrial fractions were treated with streptomycin sulfate (1% final concentration),
incubated at room temperature for 15 minutes to remove nucleic acids, centrifuged (6000g,
10 minutes) and supernatants kept for assays. For assays, 250μl sample was mixed with
250μl DNPH and allowed to stand for 1 hour in the dark. Blanks were treated the same way
with samples mixed with HCl instead of DNPH. After incubation, the protein was
precipitated with 77μl of 75% TCA solution to give 10% final concentration and allowed to
stand on ice. This was followed with centrifugation at 16,000g for 10 minutes at 4°C. The
resulting pellet was washed three times with ethanol:ethyl acetate (1:1, v:v) to remove free
reagent and centrifuged as above. The final pellet was dissolved in 20mM potassium
dihydrogen phosphate, pH 2.3, containing 6M guanidine-HCl and allowed to stand
overnight. Carbonyl concentrations were measured spectrophotometrically at 366nm using a
molar absorption coefficient (ε) of 22,000 M−1.cm−1.

Mitochondrial lipid peroxidation
Lipid peroxidation of the mitochondrial membranes was determined from all three fractions
as levels of thiobarbituric acid reactive substances (TBARS), as previously described
(Buege and Aust, 1978). Prior to the assay, mitochondrial fractions were treated as described
previously (Ramsey et al., 2004), to remove the sucrose buffer which interferes with the
assay, followed by treatment with butylated hydroxytoluene (BHT) to avoid generation and
overestimation of artificial peroxidation developed during the heating step (Guerrero et al.,
1999). TBARS were measured spectrophotometrically at 535nm (ε = 1.56 × 105 M−1.cm−1),
and values expressed as nmole TBARS per mg protein.
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Protein assays
Protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA) with BSA as standard, for all procedures except for protein
carbonyls. For protein carbonyl assays, in the presence of high levels of guanidine
hydrochloride, protein concentrations were determined using the BCA protein assay kit
(Thermo Scientific, Waltham, MA), with BSA as standard.

Statistical analysis
All data were expressed as means ± SEM. Normality of the data distributions were checked
using the Shapiro-Wilk test. Comparisons between diet groups (control vs. CR) and
mitochondrial subpopulations within a diet group were made using the Student's t-test, with
values of P < 0.05 taken as statistically significant. All statistical comparisons were made
using JMP software (SAS Institute, Cary, NC).

Results
Mitochondrial sub-population preparations

The three mitochondrial sub-populations were assessed for their integrity and purity by
measuring the activity levels of CS and LDH (Fig. 1). These results were similar to those
obtained previously (Hagopian et al., 2011), with CS activity of the fractions being M1 >
M3 > M10 and negligible in the supernatant, in both control and CR mice (Fig. 1A). M1 and
M3 fractions from CR mice were significantly lower (P < 0.05) than those of control mice,
while M10 and supernatant activities were not different between the two groups. LDH
activities (Fig. 1B), on the other hand, were very low in all three fractions from both control
and CR mice, with the activities being M1 < M3 = M10 in both the control and CR groups.
There were no differences when control mitochondrial fractions were compared with the CR
fractions. As expected, the supernatants showed the greatest activities, with the levels being
lower in the CR group (P < 0.05).

Mitochondrial metabolic enzyme activities
The activities of several representative enzymes from key metabolic pathways were
measured. The activities of all enzymes showed a pattern of M1 > M3 > M10 (Figures 2-4).
From the Krebs cycle the activities of CS, ACO, SDH and MDH were measured. CS
activities (Fig. 2A) were the same as those presented in Figure 1A and discussed in the
previous section, but without the cytosolic fraction. The activity of ACO (Fig. 2B) in the M1
fraction was lower (P < 0.05) in the CR compared to control mice while the M3 and M10
fractions did not differ between the two groups. In the case of SDH (Fig. 2C), which is also
part of the ETC, as complex II, activities in the M1 and M3 fractions from the CR group
were higher (P < 0.05) than controls, but the M10 fractions were not different. MDH (Fig.
2D) activities were higher (P < 0.05) in the M1 fraction from the CR group compared to the
controls, while the M3 fraction from CR showed a trend towards an increase (P = 0.074). No
differences were observed between the M10 fractions of the two groups.

In the CR group, ACDH (β-oxidation pathway) activity (Fig. 3), was increased (P < 0.05) in
the M1 and M3 fractions compared to controls, while the M10 fractions were not different.
As for HBDH (Fig. 4) from the ketogenesis pathway, the CR mice showed the same pattern
of change as observed for ACDH activity, with higher activities (P < 0.05) in the CR M1
and M3 fractions.
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Mitochondrial protein carbonyls and lipid peroxidation (TBARS)
Mitochondrial protein carbonyl and TBARS levels were measured in all fractions (Fig. 5).
Carbonyl levels (Fig. 5A) were significantly different (P < 0.05) between the three fractions
from control mice, with M1 > M3 > M10. However, for the CR mice, carbonyl levels were
M1 > M3 = M10. Carbonyl levels of the CR mice were significantly lower for the M1 and
M3 fractions (P < 0.05) while M10 fractions were unchanged, when compared with
controls.

In the control mice, TBARS levels (Fig. 5B) were lower (P < 0.05) in M10 compared with
M1 while trends towards a decrease were observed between M1 and M3 (P = 0.07) and
between M3 and M10 (P = 0.064. In the CR mice, TBARS levels showed a significant
decrease (P < 0.05) between M1 and M3 and between M1 and M10, but no differences
between M3 and M10. When comparisons were made between control and CR fractions,
TBARS levels of the CR mice were significantly lower for the M1 and M3 fractions (P <
0.05) when compared with controls, while M10 fractions were unchanged.

Electron transport chain enzyme activities
The activities of the four ETC enzymes are shown in Figure 6. In both control and CR
groups, the activities of the ETC enzymes were M1 > M3 > M10. Comparing control and
CR fractions, complex I activities (Fig. 6A) from CR mice were significantly lower (P <
0.05) for M1 and M3 while M10 was unchanged. Complex II (Fig. 6B) is part of the ETC
and Krebs cycle and activity results have already been described in the preceding section as
SDH (Fig. 2C). Complex III activity (Fig. 6C) showed that M1 and M10 fractions from CR
mice were not different from the control group, while the M3 fraction showed a trend
towards a decrease (P = 0.08). For complex IV (Fig. 6D), CR mice were not different from
controls for the M1 and M10 fractions while M3 was significantly higher (P < 0.05).

Protein content of mitochondrial sub-populations
Total protein levels of each mitochondrial sub-population, as well as the overall total protein
levels of the three fractions combined, were determined in both control and CR mice (Fig.
7). Results showed the highest total fractional protein levels were observed in M1, followed
by M3 and M10 fractions, respectively, in both control and CR mice, with significant
differences (P < 0.05) between all fractions within a group. Moreover, in the CR group,
protein levels of the M1 and M3 fractions were lower (P < 0.05) than their corresponding
control fractions while the M10 fraction of the CR group showed a trend towards a decrease
(P = 0.08) compared to control. The overall total protein levels of the three fractions in the
CR group was also lower (P < 0.05) compared to controls. The results showed that in the
control group, 65.6%, 24.5% and 9.9% of total protein was in the M1, M3 and M10 fraction,
respectively. In the CR group, 69.2%, 21.6% and 9.2% of total protein was in the M1, M3
and M10 fractions, respectively. This indicates that the bulk of protein, almost two-thirds, in
both control and CR groups, is in the M1 fraction.

Discussion
Mitochondrial populations are heterogeneous and can be separated into distinct sub-
populations by differential centrifugation, as previously reported (Hagopian et al., 2011;
Lanni et al., 1996). The purpose of this study was to determine which mitochondrial
populations were responsible for the majority of the changes in enzyme activities and
markers of oxidative stress in liver.

There were two major conclusions from this study. First, the enzymatic activities of key
metabolic pathways and markers of oxidative stress differ between heavy and light
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population of mitochondria. Second, CR-induced changes in enzyme activities and markers
of oxidative stress occur primarily in the heavy mitochondrial populations (M1 and M3).
The results clearly showed a pattern of overall activity with M1 > M3 > M10. The high
activities in the M1 fraction likely reflect the fact that this fraction contains the greatest
amount of mitochondrial protein, as reported in this study (Fig. 7) and previous studies
(Hagopian et al., 2011; Lanni et al., 1996; Venditti et al., 2004). The higher percentage of
total mitochondrial protein in the M1 fraction indicates that this fraction is responsible for
the majority of total enzyme activities and markers of oxidative stress. In contrast, the low
activities in the M10 fraction at least partially reflect the fact that this fraction contains the
lowest amount of mitochondrial protein and some contamination by other organelles
(Hagopian et al., 2011). CR-induced changes in enzyme activities were limited to the heavy
mitochondria, with no changes observed in the M10 fraction. It has been proposed that
mitochondria undergo a growth cycle with the light mitochondria serving as precursors for
the more differentiated heavy mitochondria (Gianotti et al., 1998; Justo et al., 2005;
Koekemoer and Oelofsen, 2001; Lombardi et al., 2000). Therefore, the lack of difference in
enzyme activities between the CR and control M10 mitochondria may indicate that the
enzyme activity changes induced with sustained CR require time to develop and may only
occur in more mature mitochondria. Alternatively, light mitochondria may also include
some dysfunctional mitochondria which have been fragmented and targeted for mitophagy
(Chen and Chan, 2009; Seo et al., 2010). Damage to these mitochondria may dampen CR-
related changes in enzyme activities. Nonetheless, CR-induced changes in liver
mitochondrial enzyme activities are restricted to alterations in the M1 and M3 fractions.

One factor that needs to be considered with enzyme activity measurements is normalization
of the activity values. In the present study, enzyme activities were normalized by protein
level. This approach was used because our primary goal was to determine which fractions
made the greatest contribution to overall liver enzyme activities. Another approach would be
to normalize enzyme activities for mitochondrial content using standard approaches, such as
dividing by citrate synthase activity (Larsen et al., 2012). However, the use of citrate
synthase activity can be problematic when normalizing data from the M10 fraction. This
reflects the fact that the M10 fraction contains some damaged mitochondria which has lost
matrix enzymes. Thus, use of citrate synthase activities to normalize data in this fraction can
lead to overestimation of other enzyme activities in the M10 fraction.

It has been shown previously (Hagopian et al., 2004) that liver Krebs cycle enzyme
activities are influenced differentially by CR, with the cycle being divided into two blocks.
In the first block (CS, ACO, SDH) the enzymes show decreased activities while the second
block (containing all the other enzymes) show increased or no change in activities.
Decreased liver glycolysis has also been demonstrated in CR mice (Hagopian et al., 2003b),
and this would lead to decreased supply of substrates to the first block of Krebs cycle.
Moreover, we have also reported that CR results in increased gluconeogenesis and
transamination (Hagopian et al., 2003a), leading to the entry of substrates into the second
block of the cycle at several points (Hagopian et al., 2004). The results of the present study
are consistent with this differential change in Krebs cycle enzyme activities with CR.
However, this pattern of change in enzyme activities is not uniform among all mitochondrial
subpopulations and only the M1 fraction showed significant CR-induced changes in the
activities of the four Krebs cycle enzymes analyzed. If mitochondria undergo a growth cycle
with the heavy mitochondria being the most differentiated (Gianotti et al., 1998; Justo et al.,
2005; Koekemoer and Oelofsen, 2001; Lombardi et al., 2000), the results of the present
study suggest that CR-induced changes in Krebs cycle enzymes occur only in the final
stages of mitochondrial differentiation/maturation. Similarly, CR-induced increases in the
activities of β-oxidation (ACDH) and ketogenic (HBDH) enzymes occurred only in the M1
and M3 fractions. These results indicate a range of responses to CR, with the M10 fraction
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showing no changes in enzyme activities, the M1 fraction showing the greatest changes and
the M3 fractions showing changes intermediate to those of the other fractions. Additional
time course studies are needed to determine to determine if these enzyme changes are
influenced by mitochondrial maturation or if they simply indicate differences in
responsiveness to CR between mitochondrial subpopulations.

Relatively little is known about the influence of CR on the activities of liver mitochondrial
ETC enzymes. The results of the present study indicate that CR-induced no overall pattern
of up- or down-regulation of ETC enzyme activities. Also, CR did not induce uniform
changes in ETC activities among mitochondrial subpopulations. It has previously been
reported that 25% CR induces a decrease in the amount of liver mitochondrial ETC proteins
(Gomez et al., 2007). Decreased Complex I activity in the M1 and M3 fractions is consistent
with a decrease in amount of ETC proteins. However, increased Complex II (SDH) activity
in the M1 and M3 fractions and increased Complex IV activity in the M3 fraction are not
consistent with an overall decrease in ETC activity due to low levels of ETC proteins. Post-
translational modification of mitochondrial ETC proteins by acetylation (Ahn et al., 2008;
Cimen et al., 2010; Finley et al., 2011; Shinmura et al., 2011), phosphorylation (Huttemann
et al., 2007), or oxidative damage (Andersen, 2004; Danielson and Andersen, 2008;
Musatov and Robinson, 2012; Ryan et al., 2012) can influence the activity of these enzymes.
However, studies investigating the role post-translational modifications play in the
regulation of ETC enzyme activities have only been completed on whole tissue
homogenates or standard mitochondria preparations. It is not known if these protein
modifications occur uniformly across mitochondrial subpopulations. The results of the
current study are consistent with the idea that regulation of ETC activity may differ between
populations of mitochondria. Additional studies are needed to determine if differences in
response to CR between mitochondrial sub-populations are related to differences in ETC
post-translational modifications between these populations of mitochondria.

A side product of oxidative metabolism is the production of ROS. We have previously
shown that CR decreases ETC Complex I–linked ROS production in M1, M3 and M10
fractions (Hagopian et al., 2011). The results of the present study, however, indicate that CR
only induces decreases in protein (carbonyls) and lipid (TBARS) oxidative damage in the
heaviest (M1 and M3) mitochondrial fractions. These results are consistent with several
previous studies which have reported that CR decreases liver mitochondrial protein (Gomez
et al., 2007; Hagopian et al., 2005; Li et al., 2012) and lipid (Gomez et al., 2007; Laganiere
and Yu, 1987; Li et al., 2012) oxidative damage, although the current study suggests that
observed changes in markers of oxidative damage are not due to uniform changes in all
mitochondrial sub-populations. The current study also found that oxidative damage is
greatest in the M1 compared to the other mitochondrial fractions. This finding is consistent
with the idea that the M1 fraction may represent the oldest, most differentiated
mitochondria. The current study was only completed on relatively young mice (6 months of
age when mitochondria were isolated) that were maintained on CR for 2 months. Thus, it
remains to be determined if the same pattern of change in markers of oxidative damage
would be observed in older animals that have greater levels of oxidative damage.

Conclusions
The results of the present study indicate that CR does not produce uniform changes in
enzyme activities or markers of oxidative damage in all mitochondrial subpopulations. The
heaviest mitochondrial fractions are exclusively responsible for the CR-induced changes in
enzyme activities (and oxidative stress) observed in the present study. These results have at
least two key implications. First, many studies routinely use centrifugation at 10,000 g to
isolate all mitochondrial populations. This approach likely dilutes the mitochondrial
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populations which show the greatest response to CR and may mask some changes which
occur in the M1 or M3 populations. The use of lower centrifugal force (3,000 g or lower)
may be beneficial for some studies. Second, very few CR studies have investigated the
influence of this intervention on specific mitochondrial sub-populations. Since these sub-
populations show different responses to CR, it is worthwhile to consider which specific
populations are responsible for these changes.
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Figure 1.
Mitochondrial fraction purity from control and CR mice as assessed by the distribution of
the activities of (A) citrate synthase and (B) lactate dehydrogenase. Enzyme activities were
determined in the three mitochondrial fractions, as well as the cytosol, as described in the
text, and expressed as μmol/min/mg protein. All values were presented as mean ± SEM (n =
6). Bars within a group, and between groups, that do not share the same letter are
significantly different (P < 0.05). Black bar, M1; Gray bar, M3; Light gray bar, M10; White
bar, cytosol.
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Figure 2.
Activities of Krebs cycle enzymes of the mitochondrial fractions from control and CR mice.
Four representative enzymes from the cycle were assayed as described in the text. A, citrate
synthase; B, aconitase; C, succinate dehydrogenase (complex II); D, malate dehydrogenase.
All enzyme activities were expressed as μmol/min/mg protein and presented as mean ± SEM
(n = 6). Bars within a group, and between groups, that do not share the same letter are
significantly different (P < 0.05). The symbol (~) is used to indicate a trend towards an
increase or a decrease (P < 0.10) when the difference is not significant. Black bar, M1; Gray
bar, M3; Light gray bar, M10.
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Figure 3.
Activity of acyl-CoA dehydrogenase of the β-oxidation pathway from mitochondrial
fractions of control and CR mice. Activity was expressed as μmol/min/mg protein and
presented as mean ± SEM (n = 6). Bars within a group, and between groups, that do not
share the same letter are significantly different (P < 0.05). The symbol (~) is used to indicate
a trend towards an increase or a decrease when the difference is not significant. Black bar,
M1; Gray bar, M3; Light gray bar, M10.
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Figure 4.
Activity of β-hydroxybutyrate dehydrgenase of the ketogenic pathway from mitochondrial
fractions of control and CR mice. Activity was expressed as μmol/min/mg protein and
presented as mean ± SEM (n = 6). Bars within a group, and between groups, that do not
share the same letter are significantly different (P < 0.05). Black bar, M1; Gray bar, M3;
Light gray bar, M10.
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Figure 5.
Markers of oxidative damage of mitochondrial proteins and membrane lipids from control
and CR mice. A, Protein carbonyl levels of mitochondrial fractions from control and CR
mice. All values were expressed as nmol/mg protein and presented as mean ± SEM (n = 6).
B, Mitochondrial membrane lipid peroxidation levels (TBARS) of the fractions from control
and CR mice. All values were expressed as nmol/mg protein and presented as mean ± SEM
(n = 6). Bars within a group, and between groups, that do not share the same letter are
significantly different (P < 0.05). The symbol (~) is used to indicate a trend towards an
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increase or a decrease (P < 0.10) when the difference is not significant. Black bar, M1; Gray
bar, M3; Light gray bar, M10.
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Figure 6.
Activities of the electron transport chain enzymes of the mitochondrial fractions from
control and CR mice. A, Complex I activities; B, Complex II activities; C, Complex III
activities; D, Complex IV activities. All activities were expressed as μmol/min/mg protein
and presented as mean ± SEM (n = 6). Bars within a group, and between groups, that do not
share the same letter are significantly different (P < 0.05). The symbol (~) is used to indicate
a trend towards an increase or a decrease (P < 0.10) when the difference is not significant.
Black bar, M1; Gray bar, M3; Light gray bar, M10.
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Figure 7.
Total protein levels of different fractions and the overall total protein levels from control and
CR mice. Protein levels were determined and were expressed in mg. All values were
expressed as mg protein and presented as mean ± SEM (n = 6). Bars within a group, and
between groups, that do not share the same letter are significantly different (P < 0.05). The
symbol (~) is used to indicate a trend towards an increase or a decrease (P < 0.10) when the
difference is not significant. Black bar, M1; Gray bar, M3; Light gray bar, M10; white bars,
overall total protein (sum of the three fractions).
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