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To investigate the role mitochondrial membrane lipids play in the actions of calorie restriction (CR), C57BL/6 mice were
assigned to four groups (control and three 40% CR groups) and fed diets containing soybean oil (also in the control diet),
fish oil, or lard. The fatty acid composition of the major mitochondrial phospholipid classes, proton leak, and H,O,
production were measured in muscle mitochondria following 1 month of CR. The results indicate that phospholipid fatty
acids reflected the polyunsaturated fatty acid profile of the dietary lipid sources. Capacity for Complex I- and III-linked
H,0; production was decreased with CR, although there was no difference between CR groups. The CR lard group had
lower proton leak than all other groups. The results indicate that a decreased degree of unsaturation in muscle mitochondrial
membranes is not required for reduced H,O, production with CR. However, dietary lipids do have some influence on

proton leak with CR.
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ALORIE restriction (CR) without malnutrition has
been shown to delay the onset of age-related diseases
and prolong mean and maximum life spans in variety of
species (1). However, its underlying mechanisms are not
fully understood. It has been proposed that alterations in
mitochondrial membrane composition may play a central
role in the retardation of aging with CR (2). This idea is
consistent with the membrane theory of aging which proposes
that the number of double bonds in membrane phospholipids
is inversely correlated with life span (3—6), and CR has been
reported to alter membrane composition in a manner that
decreases long-chain n—3 polyunsaturated fatty acid (PUFA)
content and decreases the degree of unsaturation of mem-
branes (7,8). This decrease in membrane unsaturation is
hypothesized to influence aging by protecting membranes
against lipid peroxidation and preventing oxidative stress
(6,9). However, alterations in membrane lipid composition
could also influence membrane proteins and membrane
properties (permeability, fluidity, etc.).
In addition to being a site of oxidative damage, the inner
mitochondrial membrane is also one of the primary cellular

locations for reactive oxygen species (ROS) production.
The mitochondrial electron transport chain (ETC) Complexes
I and III, which are embedded in the inner mitochondrial
membrane, are both major sites of ROS production (10-12),
and it is possible that alterations in membrane lipid composi-
tion could influence aging by modulating ROS production
from these complexes. It has been reported that CR decreases
mitochondrial ROS production in skeletal muscle (13,14),
liver (15,16), heart (17,18), kidneys (17), and brain (17,19).
There is also some evidence to suggest that alterations in
membrane lipid composition may influence mitochondrial
ROS production (20,21). However, it remains to be determined
if changes in membrane lipid composition contribute to
CR-induced alterations in ROS production.

CR-related changes in membrane lipid composition could
also have an influence on membrane permeability. Studies
have shown that mitochondrial proton leak shows a positive
correlation with membrane unsaturation index (UI) and n—3
PUFAs (22,23). There is also evidence that CR alters mito-
chondrial proton leak in skeletal muscle (24,25) and liver
(16,26). It is not yet known, however, if CR-related alterations
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in membrane composition play a role in changes in mitochon-
drial proton leak.

One strategy to determine the role mitochondrial membrane
lipids play in the actions of CR is to manipulate membrane
fatty acid composition by feeding CR animals diets that
differ in lipid composition. The purpose of the current study
was to determine if dietary lipid source (fish oil, soybean
oil, or lard) alters skeletal muscle mitochondrial membrane
composition, ROS production and proton leak in mice fed a
CR diet for 1 month. Skeletal muscle mitochondria were
studied because muscle is a post-mitotic tissue that accumu-
lates oxidative damage with aging, and CR has been shown
to mitigate this damage (27). This study will help determine
if specific changes in membrane fatty acid composition are
required for CR-induced alterations in mitochondrial ROS
production and proton leak.

METHODS

Chemicals

All chemicals and reagents were purchased from Sigma-
Aldrich (St Louis, MO), except for the protein assay kit
(BioRad, Hercules, CA) and bovine serum albumin (MP
Biochemicals, Santa Ana, CA).

Animals and Diets

One hundred and four male C57BL/6 mice were purchased
from the Jackson Laboratory (Sacramento, CA) at 14 weeks
of age. After 14 days on commercial rodent chow diet (Harlan
Teklad #7012, Madison, WI), the mice were randomly
assigned into four dietary groups (n = 26 per diet group) and
fed a modified AIN-93G purified diet. The control group
was fed 95% of a predetermined ad libitum intake (12.5 kcal).
This slight restriction in food intake was initiated to prevent
excessive weight gain during the study. The three CR dietary
groups were maintained on 60% of the daily allowance
of the ad libitum intake (8.6 Kcal), and these diets were
identical except for dietary lipid sources. The diets (% total
Kcal/d) contained 20.3% protein, 63.8% carbohydrate,
and 15.9% fat. The dietary fat for the control group was
soybean oil. The dietary fats for the three CR group were
soybean oil (high in n—6 PUFAs; Super Store Industries,
Lathrop, CA), fish oil (high in n—3 PUFAs: 18% eicosapen-
taenoic acid, 12% docosahexaenoic acid, Jedwards Interna-
tional, Inc. Quincy, MA), or lard (high in saturated fatty
acid [SFA] and monounsaturated fatty acid [MUFA],
ConAgra Foods, Omaha, NE). To insure adequate linoleic
acid levels, the CR fish group was supplemented with soybean
oil (Table 1). The mice were fed the control or CR diets for
1 month. The fatty acid composition of dietary lipids is
shown in Table 2. All mice were housed individually in a
vivarium maintained at 22-24°C and 40-60% relative
humidity with a 12-hour light-dark cycle and free access to
water. It should be noted that the same mice were not used
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Table 1. Dietary Composition

Dietary group (g/100 g diet)

Ingredients Control/CR soy CR fish CR lard
Corn starch 39.7 39.7 39.7
Casein 20.0 20.0 20.0
Maltodextrin 13.2 13.2 13.2
Sucrose 10.0 10.0 10.0
Soybean oil 7.0 1.0 0.0
Fish oil 0.0 6.0 0.0
Lard 0.0 0.0 7.0
Cellulose 5.0 5.0 5.0
Mineral mix 35 35 35
Vitamin mix 1.0 1.0 1.0
L-Cystine 0.3 0.3 0.3
Choline bitartrate 0.25 0.25 0.25
t-Butylhydroquinone 0.0014 0.0028 0.0014

Note: CR = calorie restriction. All diets contained AIN-93G mineral mix
and AIN-93 vitamin mix obtained from Dyets Inc. (Bethlehem, PA).

for all of the procedures, and separate groups of mice were
used for measures of membrane fatty acid composition,
proton leak kinetics and mitochondrial hydrogen peroxide
production. All experimental procedures were approved by
the University of California Institutional Animal Care and
Use Committee.

Isolation of Mitochondria From Skeletal Muscle

At the end of 1-month CR, mice were euthanized by cer-
vical dislocation after an overnight fast. Muscle mitochon-
dria were isolated as previously described (28) with
modifications. Briefly, muscle from the entire hind limb was
rapidly dissected and placed in ice-cold basic medium
containing 140 mM KCIl, 20 mM Hepes, 5 mM MgCl,, and
1 mM EGTA. Muscle was washed and trimmed of connec-
tive tissue and fat and minced into small pieces in 5 vol of
ice-cold homogenization medium containing basic medium
with 1% bovine serum albumin, 1 mM ATP, and two units
of Subtilisin A (protease) per gram muscle wet weight.

Table 2. Major Fatty Acid Composition of the Experimental Fats

Fatty acid Soybean oil (%) Fish oil (%) Lard (%)
14:0 0.1 75 14
16:0 10.2 16.5 23.7
16:1n-7 0.1 9.6 0.0
18:0 4.0 32 15.0
18:1n-9 21.2 8.7 39.2
18:1n-7 0.0 2.9 0.0
18:2n—6 55.0 1.3 15.2
18:3n-3 8.0 0.1 0.5
18:4n-3 0.0 3.0 0.1
20:4n—6 0.0 0.9 0.2
20:5n-3 0.0 17.7 0.0
22:6n-3 0.0 10.3 0.0
Other 1.3 18.4 4.7
Saturates 14.8 28.3 40.3
Total n-3 8.1 33.9 0.7
Total n—6 55.0 32 16.0
n—6/n-3 6.8 0.1 24.4
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Muscle was incubated in the homogenization medium for
2 minutes with constant swirling and then diluted sixfold
(vol/vol) using homogenization medium without Subtilisin
A. The mixture was centrifuged at 10,000g (Beckman Coulter
Model J2-21M) for 10 minutes to remove the Subtilisin
A. The supernatant was discarded, and the pellet was homog-
enized (10% wt/vol in homogenization medium) in an ice-cold
glass-Teflon motor-driven homogenizer. The homogenate
was centrifuged at 500g for 10 minutes after which the pellet
was discarded, and the supernatant was centrifuged at 10,000g
for 10 minutes. The resulting pellet was resuspended in
wash medium (basic medium with 1% bovine serum albumin)
and incubated on ice for 5 minutes (myofibrillar repolymer-
ization). Samples were then centrifuged at 500g for 10 minutes
in the above wash medium. The retained supernatant was
centrifuged at 10,000g for 10 minutes, and the pellet was
retained. This pellet was resuspended in basic medium and
centrifuged at 10,000g for 10 minutes. This final pellet was
resuspended in a minimal volume of the basic medium.
The final pellet was used for hydrogen peroxide, proton
leak, or lipid peroxidation assays. The rest was stored under
liquid nitrogen for lipid analysis.

Protein Assays

Protein concentrations of mitochondrial samples were
determined using the BioRad protein assay method, with
bovine serum albumin as the standard.

Organ Weight Measurements

Internal organs (brain, liver, heart, kidneys, and lungs) and
fat pads (subcutaneous, epididymal, perirenal, visceral, and
interscapular areas) were removed from the mice immediately
after sacrifice. All tissues were cleaned of fat or connective
tissue and weighed.

Lipid Extraction and Fatty Acid Analysis

To confirm that dietary lipid manipulations were influ-
encing membrane fatty acid composition of phosphatidyl
choline (PC), phosphatidyl ethanolamine (PE), and cardiolipin
(CL), hind-limb muscle mitochondria were used. Specifically,
isolated mitochondria from mice hind-limb skeletal muscle
were shipped on dry ice to Lipid Technologies LLC (Austin,
MN) and analyzed for membrane fatty acid composition.
Lipids were extracted from the mitochondria membrane
using the Bligh-Dyer extraction method (29). A mixture of
mitochondrial membrane, chloroform and methanol (2:1 vol/
vol), and water were prepared in order to recover the lipid in
a chloroform layer. Lipid classes were separated by prepar-
ative thin-layer chromatography, and the desired corre-
sponding lipid fractions were scraped from the thin layer plates
(Ry: PC =0.22, PE = 0.47, and CL = 0.78) and methylated
with boron trifluoride (10%) in excess methanol in an 80°C
water bath for 90 minutes. The resulting fatty acid methyl
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esters were separated and quantified with a Shimadzu capillary
gas chromatograph (model 2010) utilizing a 30-m Restek
free fatty acid phase coating (30). The instrument temperature
was programmed from 160 to 240°C at 7°C/min with a final
hold of 7 minutes. Identification of fatty acid methyl esters
was made by comparison with authentic standards (NuChek
Prep, Elysian, MN). Results were expressed as the percentage
of each individual fatty acid in relation to the total fatty acids
of each lipid class.

H>0; Production by Skeletal Muscle Mitochondria

The rate of mitochondrial H,O, production was determined
fluorimetrically (excitation 320 nm, emission 400 nm) at
37°C using p-hydroxyphenylacetate (PHPA; 500 ug),
horseradish peroxidase (four units), superoxide dismutase
(100 U/mL), and mitochondria (0.1 mg) suspended in
incubation medium (10 mM potassium phosphate buffer,
154 mM KCl, 0.1 mM EGTA, and 3 mM MgCl,, pH 7.4).
Fluorescence was measured using a Perkin-Elmer LS 55
luminescence spectrometer equipped with a peltier water
heating system and a magnetic stirring sample compartment
(31). Measurements were completed with substrates alone
(10 mM succinate or 10 mM pyruvate/5 mM malate),
substrate and rotenone (5 UM), or substrate and antimycin
A (5 uM). Rotenone (Complex I inhibitor) and antimycin
A (Complex III inhibitor) maintain Complexes I and/or III
of the ETC in reduced state. The rates of HyO, production
were expressed as pmol H,O,/min/mg protein. A standard
curve generated over a range of H>O, concentrations was
used to determine the amount of H,O, produced.

Measurement of Mitochondrial Oxygen Consumption

Mitochondrial oxygen consumption (nmol O/min/mg
protein) was measured using a previously described method
(32) with modifications. Mitochondrial respiration was
monitored using a Clark-type oxygen electrode (Hansatech,
Norfolk, UK). All measurements were completed at 30°C
using mitochondria (0.25 mg mitochondrial protein/mL) in
air-saturated incubation medium (145 mM KCIl, 5 mM
KH,POy4, 30 mM Hepes, 3 mM MgCl,, and 0.1 mM EGTA,
pH 7.4). Respiration was initiated by the addition of 5 mM
succinate (plus 5 UM rotenone) in the absence (State 4) and
in the presence (State 3) of 500 UM ADP. Respiratory control
ratios were calculated as State 3 divided by State 4 respiration
rates. The respiratory control ratio values for the four experi-
mental groups were not different from each other statistically
(Supplementary Table 1).

Measurement of Proton Leak Kinetics

Mitochondrial membrane potential (A ¥m) in nonphos-
phorylating skeletal muscle was assessed simultaneously with
oxygen consumption measurements using a methyl-triphenyl-
phosphonium (TPMP*)-sensitive electrode. All measurements
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were completed using mitochondria (0.25 mg/mL) in the
abovementioned incubation medium. A TPMP* (0-2.5 uM)
standard curve was generated in each sample prior to the initia-
tion of respiration and membrane potential measurements.
Proton leak kinetics were determined by titrating the ETC with
incremental additions of malonate (0.1-2.4 mM), an inhibitor
of Complex II, in the presence of 5 mM succinate, 5 UM rote-
none, oligomycin (8 pg/mL), and nigericin (0.08 pg/mL; (33)).
Membrane potentials were calculated using a modified Nernst
equation (33). A TPMP*-binding correction for skeletal mus-
cle of 0.35 (ul/mg protein)~! was used for membrane potential
calculations (34).

Measurement of Lipid Peroxidation Levels

Lipid peroxidation was measured by the thiobarbituric acid
reactive substances (TBARS) test (35), except 0.07 mM per
assay of butylated hydoxytoluene was added to prevent
artificial lipid peroxidation during the boiling step (36). To
1 mL of muscle mitochondrial sample (0.25-0.50 mg protein),
butylated hydoxytoluene was added, followed by the addition
of 2 mL of TCA-TBA-HCI reagent (15% wt/vol trichloracetic
acid, 0.375% wt/vol thiobarbituric acid, and 0.25 N hydro-
chloric acid) and mixed thoroughly. The solution was heated
for 15 minutes in a boiling water bath, then cooled and
centrifuged at 1000g for 10 minutes to remove the precipitate.
The absorbance of the supernatant was determined at
535 nm (¢ = 1.56 x 105/M/cm) against a blank that con-
tained all the reagents minus the mitochondria. Results were
expressed as nmol TBARS per mg protein.

Statistical Analysis

All results were expressed as the mean = SE. Normality
of the data distribution was performed using Shapiro—Wilk
tests. Comparisons between the control and CR soy group
were used to determine the influence of CR on each variable
of interest, whereas comparisons among the three CR groups
were used to determine the influence of dietary lipids on
the variables of interest. Wilcoxon/Kruskal-Wallis tests or
analysis of variance were performed as appropriate using
JMP software (SAS Institute Inc. Cary, NC).

RESULTS

Organ and Body Weights

Organ and body weights for each of the four diet groups
are summarized in Table 3. One month of CR (Control vs
CR soy) produced a decrease (p < .05) in body weight
(22.7%), liver (14.4%), kidney (21.9%), heart (16.7%), lung
(12.5%), brain (7%), and hind-limb muscle (21.8%) weights.
CR decreased the weights of all fat pads (p < .05), with the
exception of the interscapular fat pad (Table 4).

Within the CR groups, dietary lipids did produce some
differences in body and organ weights. Soybean oil-fed CR
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Table 3. Organ and Body weights (g) at the End of 1 mo calorie
restriction (CR) in Mice Consuming a Control Diet (Control n = 23)
or CR Diets Containing Soybean Oil (CR Soy n = 26), Fish Oil
(CR Fish n =25), or Lard (CR Lard n = 24)

Control CR fish CR lard CR soy
Body weight  27.7£0.4* 22.5+0.3° 22.3+0.3° 21.4+0.2¢
Liver 1.04£0.03*  095+£0.02° 0.94+0.02> 0.89+0.01°
Muscle 1.47£0.05¢  1.22£0.03° 1.13+£0.04° 1.15£0.04°
Kidney 0.32+£0.006* 0.28 £0.003> 0.23£0.002° 0.25 £ 0.002¢
Heart 0.12£0.002*  0.10£0.002®> 0.10+0.002> 0.10 £ 0.002"
Lungs 0.16 £0.007*  0.13£0.006> 0.15£0.004* 0.14 £0.005°
Brain 0.43+0.01*  0.41£0.01*®> 0.40£0.01*  0.40+£0.01°

Note: Values in a row that do not share a common superscript indicate a
significant difference (p < .05) between treatments.

mice had lower body and liver weights (p < .05) than the
other groups. This dietary group also had the lowest (p < .05)
amount of visceral fat. Kidney weights were different (p <.05)
between all three CR groups.

Mitochondrial Phospholipid Fatty Acid Composition

Hind-limb muscle mitochondrial fatty acid composition of
the phospholipids PC, PE, and CL are presented in Tables 5-7,
respectively. Lipid analysis showed that muscle mitochondrial
membrane lipids changed in a manner, which reflected the
dietary lipid sources.

When investigating the effect of CR (CR soy vs control)
on mitochondrial phospholipid fatty acid composition, it
was observed that most of the fatty acid changes occurred in
PC. In PC, CR increased the highly unsaturated fatty acid
(HUFA) composition (p < .05) in n—3 fatty acids and decreased
HUFA (p < .05) in n—6 fatty acids. This was due to CR-
induced decreases in 20:3n—6, 20:4n—6, and 22:4n—6. How-
ever, CR did not alter UI, SFA, MUFA, PUFAs, total n—3,
total n—6, and total HUFAs in any of the three phospholipids.
In PE, CR only increased (p < .05) 18:3n—6 and decreased
(p < .05) 22:5n-3 content. In CL, CR did not markedly
affect fatty acid composition.

To examine the effects of dietary lipids on the mitochondrial
membrane fatty acid composition of CR mice, comparisons
were made between the three CR dietary groups. The fish
oil group had increased levels of n—3 fatty acids and decreased

Table 4. Fat Pad Weights (g) at the End of 1 mo calorie restriction
(CR) in Mice Consuming a Control Diet (Control n = 8) or CR Diets
Containing Soybean Oil (CR Soy n =9), Fish Oil (CR Fish n = 10),

or Lard (CR Lard n = 8)

Control CR fish CR lard CR soy
Subcutaneous  0.97 £ 0.10? 0.80£0.082  0.74+0.10%>  0.61 £ 0.06"
Epididymal 0.89+£0.100  0.59+£0.07° 0.57+£0.07°  0.41+0.06"
Perirenal 0.28£0.03*  0.15+£0.02> 0.12£0.02>  0.10+0.02°
Visceral 0.45 +0.05% 0.42+0.01* 0.42+0.022 0.30 £0.02°
Interscapular ~ 0.16+0.022>  0.15+0.01* 0.12+£0.01°>  0.12+0.012>

Note: Comparisons are between the treatments within a specific fat pad
(row). Values in rows that do not share a common superscript indicate a significant
difference (p < .05) between treatments.



DIETARY LIPIDS AND CALORIE RESTRICTION

Table 5. Fatty Acid Composition (%) of Phosphatidyl Choline From
Muscle Mitochondria of Mice Consuming a Control Diet (Control
n =4) or CR Diets Containing Lard (CR Lard n = 4), Soybean Oil

(CR Soy n =5), or Fish Oil (CR Fish n =5)

Control CR fish CR lard CR soy
14:0 0.76 £0.08*  1.53+0.10® 0.90£0.122  0.95£0.142
16:0 353+0.5%  36.4+0.5 35.4+0.8% 339+1.1°
18:0 6.0+0.12 52+0.1° 6.7+0.2° 7.0%£0.3¢
20:0 0.01£0.01  0.02£0.01  0.01£0.01 0.02 +£0.01
24:0 0.12+£0.01  0.18+£0.03 0.15+0.01 0.14+£0.01
16:1n-7 3.5+0.4%0 29+£0.12 33+0.1° 2.8+0.12
18:1n-7 2.7+0.3%0 2.1£0.3° 3.6+0.4° 2.8+0.5%0
18:1n-9 49+0.32 3.6£0.1° 6.6 £0.5¢ 5.6+0.1¢
22:1n-9 0.04£0.03  0.02+£0.00 0.07+0.04 0.06 £0.03
18:2n-6 11.9+0.72 2.7+£0.2° 8.7+0.6 13.3£1.02
18:3n-6 0.10£0.008  0.08+£0.01* 0.10+0.01*®> 0.11£0.01°
20:3n-6 1.19£0.03*  0.18+£0.01° 1.13£0.01*  0.90 £0.05¢
20:4n-6 10.9+0.42 3.1+0.1° 10.8£0.22 8.7+0.7¢
22:4n-6 042+£0.01*  0.04+0.00> 0.58+0.03¢  0.36+0.02¢
22:5n-6 0.55+0.05* 0.39+0.00> 0.95£0.10°  0.55%0.06
18:3n-3 0.49£0.03*  0.15+0.01> 0.09£0.01°  0.52£0.022
20:5n-3 0.14£0.00¢0  1.73+0.08" 0.09+0.01¢  0.17£0.02¢
22:5n-3 2.7+0.12 3.3+£0.1° 2.0£0.1¢ 22+0.2¢
22:6n-3 16.1 +1.12 325+1.30 15.9+0.82 17.1+1.82
Unsaturation ~ 200.2+6.7*  251.8+7.7° 192.6 5.0 196.9 £ 12.12
Index

% SFA 423+£0.5 43.6+£0.6 433+0.9 423+1.1
% MUFA 11.6 £0.6* 9.4 +0.4° 143 +0.3¢ 12.1£0.72
% PUFA 448+ 1.12 445+1.32 40.6 £0.9° 44.1 £2.12b
% Total n—3 19.5+1.22 37.9+1.30 18.1+0.82 20.0+1.92
% Total n—6 253+0.5% 6.5+0.1° 2240594 24.1£0.9%4
HUFA 32.7+1.5° 41.7+1.4° 31.8+£0.9* 30.6 £2.5%
% n—3 HUFA*  59.5£0.9* 90.9 £0.2¢ 57.0+1.02 65.1£1.0°
% n—6 HUFA*  40.4 £0.9% 9.1£0.2¢ 42.7+1.0 34.8£1.0°

Notes: CR = calorie restriction; HUFA = highly unsaturated fatty acid;
MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid;
SFA = saturated fatty acid. Comparisons are between the treatments within a
row. Values in rows that do not share a common superscript indicate a significant
difference (p < .05) between treatments.

*Values are percent of total HUFA amount.

n—6 fatty acids in all phospholipids compared with the soy
and lard groups. The fish oil group also had increased UI
and increased levels of HUFA in PC and CL compared with
the other diet groups. However, dietary lipids did not alter
all phospholipids in the same fashion. For instance, fish oil
increased MUFA content in CL but decreased MUFA levels
in PC. Lard increased MUFA levels only in PC. Comparisons
between the lard and soy groups showed differences in HUFA
composition for both PC and CL, with the lard group showing
a decreased proportion of n—3 fatty acids and increased propor-
tion of n—6 fatty acids in HUFA. There were relatively few
fatty acid differences between the lard and soy groups in PE.

Mitochondrial H,O, Production

The influence of CR and dietary lipid composition on
mitochondrial H,O, production is summarized in Figure 1. To
examine the effects of CR on H,O, production, comparisons
were made between the control and CR soy groups. There
were no differences (p > .05) between the two groups when
H,0, production was measured in mitochondria respiring
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on succinate, a Complex II substrate (Figure 1A). Succinate
was used as a substrate to assess both electron backflow into
Complex I and forward electron transport into Complex III.
Succinate plus rotenone (Complex I inhibitor) was also
used to assess H,O, production after blocking backflow into
Complex I. There were no differences between the control
and CR soy group for the succinate plus rotenone measure-
ments. Succinate plus antimycin A (Complex III inhibitor)
was used to stimulate maximum H,O; production by main-
taining both Complex I (via backflow) and Complex IIl in a
reduced state. Under these conditions, H,O, production was
decreased by 40% (p < .05) in the CR soy compared with
control group.

When using Complex I-linked substrates (pyruvate/malate;
Figure 1B) or substrates for both Complexes I and II (pyruvate/
malate/succinate; Figure 1C), the rate of H,O, production
did not differ (p < .05) between control and CR soy groups.
However, the rate of H,O, production was lower in the CR
soy versus control group when antimycin A or rotenone was
used. When incubated with pyruvate/malate, rotenone max-
imizes ROS production from Complex I by blocking electron
transport to coenzyme Q and maintaining Complex I in a
reduced state. With pyruvate/malate plus rotenone, H,O»
production was decreased (p < .05) by 30% in the CR soy
versus control group indicating a decreased capacity for ROS
production from Complex I with CR (Figure 1B). When used
with pyruvate/malate, antimycin A blocks electron flow in
Complex III and creates an environment in which both
Complexes I and III are maintained in a reduced state.
Under these conditions, H,O, production was decreased
(p < .05) by 38% in the CR versus control group (Figure 1B).
The overall magnitude of this decrease was too large to be
explained by Complex I alone, suggesting that CR also
induces a decrease in capacity for Complex III-linked ROS
production. The results using Complex I and II substrates
(pyruvate/malate/succinate; Figure 1C) were the same as
those observed for pyruvate/malate, indicating decreased
(p < .05) H,O, production in the CR group with rotenone or
antimycin A. Overall, the substrate and inhibitor studies
indicated that CR induced a decrease in capacity for ROS
production from both Complexes I and III.

To examine the effects of dietary lipids on H,O, production
in CR mice, comparisons were made within the three CR
dietary groups. The results showed that there were no differ-
ences in H,O, production between any of the CR groups for
all the assessed conditions. These results suggested that a
specific mitochondrial membrane lipid profile (or a specific
source of dietary fat) was not required for the reduced ROS
production with CR in muscle mitochondria.

Mitochondrial Proton Leak Kinetics

Mitochondrial proton leak kinetics are summarized in
Figure 2. To examine the effects of CR on proton leak kinetics,
comparisons were made between the CR soy and the control
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Table 6. Fatty Acid Composition (%) of Phosphatidyl Ethanolamine From Muscle Mitochondria of Mice Consuming a Control Diet
(Control n =4) or CR Diets Containing Lard (CR Lard n = 4) Soybean Oil (CR Soy n =5), or Fish Oil (CR Fish n =5)

Control CR fish CR lard CR soy
14:0 1.1£0.18 4.9 £3.2b 2.4+0.8° 5.4+3.2ab
16:0 7.0£0.7 8.0+0.7 6.5£0.6 75£1.0
18:0 352+1.9 324+24 36.3+1.1 329+35
20:0 0.11 £0.022b 0.11 £0.022 0.06 + 0.02" 0.14 £ 0.042b
24:0 0.08 £0.03* 0.15+0.01° 0.10 £ 0.022b 0.12 £0.052b
16:1n-7 0.76 £0.022 0.91£0.07° 0.73 £0.042 1.08 £ 0.35%0
18:1n-7 0.82 +£0.09 0.77 £0.08 0.97 £0.08 0.98+0.12
18:1n-9 3.8+0.7 3.7£0.7 42%08 49106
22:1n-9 0.11 £0.042> 0.23 £0.042 0.06 £ 0.02° 0.24£0.112
18:2n-6 5.6 +0.2ab 32+0.8% 5.1+ 1.380 6.5+ 1.0
18:3n—6 0.21 £0.02* 0.34 £0.04° 0.19 £0.012 0.52£0.19°
20:3n-6 2.1+£0.102 1.1+£0.13> 2.1+0.142 1.8 +£0.422b
20:4n—6 16.3+£0.42 11.3+£0.9° 18.9+£0.7¢ 15.3 £3.2ab¢
22:4n-6 0.47 £ 0.168b¢ 0.13£0.012 0.80 £0.07° 0.53 £0.07¢
22:5n-6 0.60 £0.21 0.63£0.10 0.92 £0.08 1.45+£0.95
18:3n-3 0.09 £0.012 0.07 £ 0.022° 0.05 +0.02° 0.13 £0.042
20:5n-3 0.13£0.10* 0.66 £ 0.09° 0.47 £0.302b 0.12 £0.06*
22:5n-3 2.1+0.122 2.8+0.17° 1.7 £0.142¢ 1.7£0.13¢
22:6n-3 125+ 1.6* 18.1+1.8° 10.0 £ 1.6% 10.1£1.92
Unsaturation Index 183.9£10.0 1942 £8.3 180.9+£9.2 1703 £6.7
% SFA 43.6%25 46.0£3.5 473£0.6 487+ 1.1
% MUFA 9.0+£1.2 7.8+0.6 7.9+0.6 9.0+£04
% PUFA 40.3 £1.82P 38.6 + 1.2ab 40.8£1.0* 38.4+0.9°
% Total n-3 148+1.72 21.7+1.8° 122+ 1.42 12.1+£1.92
% Total n—6 253+0.5% 16.7+1.5° 28.1 £0.7¢4 26.2+2.12d
HUFA 346£1.9 353+1.6 35.6£2.0 31.8+£1.9
% n-3 HUFA* 424 +2.6% 61.3+3.6" 34.1+2.3¢d 38.6 +7.20d
% n—6 HUFA* 57.1+£2.52 384 +3.6" 64.6 £2.22 60.9 £7.02

Notes: CR = calorie restriction; HUFA = highly unsaturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; SFA = saturated
fatty acid. Comparisons are between the treatments within a row. Values in rows that do not share a common superscript indicate a significant difference (p < .05) between

treatments.
*Values are percent of total HUFA amount.

groups. State 4 oxygen consumption and membrane potential
(furthest points to the right on the proton leak kinetics plot)
were not significantly different between the CR soy and
control group, although membrane potential tended to be
higher at similar respiration rates suggesting a trend toward
a decrease in proton leak in the CR soy group. When assessing
the effects of dietary fats on proton leak, CR lard had the
lowest proton leak because this group had the highest
membrane potential at any given oxygen consumption rate
when compared with the other three groups. In particular,
State 4 respiration rate was lower (p < .05) in the lard group
than the other CR groups despite the fact that State 4 mem-
brane potential was not different between any of the diet
groups. The results of this study indicate that dietary lipid
composition does influence mitochondrial proton leak in
skeletal muscle of CR mice.

Lipid Peroxidation in Skeletal Muscle Mitochondria
TBARS were measured to assess lipid peroxidation in
skeletal muscle mitochondria from the four groups of mice
(Figure 3). Comparisons between the control and CR soy
groups indicated no change in TBARS levels with 1 month of
CR. However, comparisons between the CR groups indicated
that dietary lipids did influence the levels of TBARS. CR

mice consuming fish oil had higher mitochondrial TBARS
when compared with CR mice consuming lard (p < .05).
However, there were no differences in TBARS between the
CR fish and CR soy groups or between the CR lard and CR
soy groups. These results indicate that lipid peroxidation
is increased in the diet group that consumed the highest
amount of n—3 PUFA and had the greatest amount of n-3
PUFA in their mitochondrial membrane.

DiscussIoNs

Effect of Dietary Fats and CR on Mitochondrial
Membrane Phospholipid Fatty Acid Composition

It has been proposed that CR may increase life span by
preventing oxidative damage to membranes through a decrease
in unsaturation of membrane phospholipids (9). How-
ever, it is possible that CR-induced changes in membrane
phospholipids could also influence aging through changes in
membrane-linked processes. The purpose of this study was
to determine if mitochondrial phospholipid fatty acid com-
position influences alterations in mitochondrial ROS produc-
tion and proton leak with CR. One strategy for determining
the role membrane fatty acids play in the actions of CR is to
use dietary lipids to alter membrane fatty acid composition.
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Table 7. Fatty Acid Composition of (%) Cardiolipin From Muscle Mitochondria of Mice Consuming a Control Diet (Control n = 4) or

CR Diets Containing Lard (CR Lard n = 4) Soybean Oil (CR Soy n = 5), or Fish Oil (CR Fish n =5)

Control CR fish CR lard CR soy
16:0 6.7+ 1.820 7.4+0.5% 4.4+1.0 5.2+ 1.1
18:0 3.0+ 1.0 29+04 25%0.8 3.0£0.6
20:0 0.05£0.02 0.03 £0.01 0.01£0.01 0.08 £0.04
24:0 0.13£0.012 0.20 + 0.02° 0.10 £ 0.02% 0.32 +0.09"
16:1n-7 3.9+0.32 8.3+0.2° 5.0£0.3¢ 33+£0.22
18:1n-7 129+0.72 13.8+£0.52 12.3 £0.8b¢ 10.7 £0.4¢
18:1n-9 42+0.6 4.1+£04 4.1£0.5 45+0.7
22:1n-9 0.08 £0.03 0.12£0.05 0.09 £0.03 0.13£0.04
18:2n—6 53.1+£3.6° 35.4+1.0° 533+£2.92 55.6£2.32
18:3n-6 0.35+£0.16 0.22+£0.07 0.27£0.07 0.28 £0.08
20:3n-6 1.41£0.222 1.39 £0.022 2.19+0.20° 1.15£0.152
20:4n—6 0.9 £0.12> 0.7 £0.02 0.8 £0.0° 0.7 £0.0%0
22:4n—6 0.23 £ 0.06° 0.10+0.01° 0.34+£0.11% 0.21 £0.022
22:5n-6 0.25 £ 0.042> 0.36 £0.022 0.38 £0.032 0.22£0.01°
18:3n-3 0.87 £0.032 0.65 £0.03° 0.33£0.01¢ 0.84 £0.042
20:5n-3 0.10 £0.032 0.61 £0.04° 0.10 £0.042 0.10 £0.022
22:5n-3 0.68 £0.09% 1.10 £0.02° 0.67 £0.072 0.78 £ 0.06*
22:6n-3 6.3 £0.6 16.6 £0.7° 8.4+0.5¢ 6.4+0.42
Unsaturation Index 187.9 £ 10.12 223.7+5.1° 202.4 +7.00b 190.7 £5.72
% SFA 10.0£2.8 10.9£0.9 72%1.7 88+ 1.6
% MUFA 222+ 1.532 27.6 £0.67° 22.7+£0.97* 20.3 +£1.022
% PUFA 66.2 +4.580 59.2+1.5° 68.6 £3.22 68.4 +£2.6%
% Total n-3 8.1+£0.6* 19.7£0.6" 9.7£0.5% 8.5+ 048
% Total n—6 58.1+4.12 395+ 1.1° 589+3.12 59.8£2.52
HUFA 11.2 £ 1.0%¢ 22.5+0.7° 13.7+£0.7¢ 11.1+£0.52
% n-3 HUFA* 72.7 £1.5%¢ 87.5+0.3" 70.8 £0.6° 76.6 £1.32
% n—6 HUFA* 27.3 £ 1.5%¢ 12.54+0.3" 29.2 £ 0.6° 234 +1.32

Notes: CR = calorie restriction; HUFA = highly unsaturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; SFA = saturated
fatty acid. Comparisons are between the treatments within a row. Values in rows that do not share a common superscript indicate a significant difference (p < .05)

between treatments.
*Values are percent of total HUFA amount.

Dietary lipids have been shown to alter the fatty acid profile
of mitochondrial membranes from liver (20,37,38), heart
(37,38), brain (37), and skeletal muscle (38). Taken together,
these dietary intervention studies have demonstrated that
mitochondrial membrane composition is altered by dietary
lipids in a manner reflecting the fatty acid content of the
primary lipid source in the diets. It has been shown that
these changes occur rapidly with alterations in rat heart
mitochondrial phospholipid fatty acid composition observed
within 10 days of changing dietary lipid composition (39).
To our knowledge, however, there have been no studies using
dietary lipids to manipulate mitochondrial membrane fatty
acid composition in CR animals. It was reported that CR
diluted the effects of dietary lipid manipulations on plasma
membrane phospholipid fatty acid composition, and no
differences in total membrane n—3 fatty acid content between
animals consuming fish oil, safflower oil, or beef tallow
were observed (40). In contrast, the results of our study
indicate that CR does not prevent dietary lipids from altering
muscle mitochondrial fatty acid composition. In particular,
fish oil markedly increased n—3 fatty acid content in mitochon-
drial phospholipids from CR mice. The discrepancies between
our findings and this previous study (40) could reflect differ-
ences in plasma and mitochondrial membrane response to
dietary lipids. Also, the two studies used different tissues

(muscle vs liver), which could contribute to the disparity
in results. Nonetheless, the results of our study indicate that
mitochondrial phospholipids in CR mice can be substantially
altered by changes in diet lipid composition.

It has been reported that CR increases 18:2n—6 and
decreases long-chain PUFAs in liver (7,41), spleen (42),
and heart (43) membrane phospholipids. However, little is
known about the influence of CR on the membrane phos-
pholipid composition of skeletal muscle mitochondria. It has
been reported that CR increases 18:2n—6 and decreases long-
chain PUFAs in liver mitochondrial phospholipids, but no
significant changes in any fatty acids were observed in skeletal
muscle mitochondria with CR (8). Our results indicate that
muscle mitochondrial fatty acid alterations with short-term
(1 month) CR depend on phospholipid class. In particular,
there were no significant changes in muscle mitochondrial
PE and CL fatty acids with CR. However, the fatty acid
composition of skeletal muscle mitochondrial PC was altered
by CR. CR resulted in an increase in relative content of n—3
HUFA and a concomitant decrease in n—6 HUFA. These
changes in HUFA content were in part due to a decrease in
the relative content of 20:4n—6. Our fatty acid data indicate
that responsiveness to CR is phospholipid class dependent
in muscle mitochondria with PC showing the most noticeable
changes. These results are consistent with other studies,
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Figure 1. Hydrogen peroxide production in skeletal muscle mitochondria
from mice consuming a control diet (Control n = 10) or calorie restriction (CR)
diets containing lard (CR lard n = 6), soybean oil (CR soy n = 8), or fish oil (CR
fish n =9). All measurements were completed on freshly isolated mitochondria.
H,0; production was monitored in mitochondria respiring on succinate (Panel A),
Pyruvate/Malate (Panel B), or Succinate plus Pyruvate/Malate (Panel C). All
comparisons were within substrate only or within the substrate and inhibitor
combination. Bars that do not share a common letter indicate a significant dif-
ference (P < .05) between treatments. AA, Antimycin A; ROT, Rotenone.

which have demonstrated that CR induces minor changes in
membrane fatty acid composition in some tissues (reviewed
in (44)).

When examining the effects of dietary lipids on mito-
chondrial phospholipid fatty acid composition within the
CR groups, we found that fatty acid profiles of mitochondrial
phospholipids reflected the n—6 and n—3 fatty acid composi-
tion of the dietary lipids. Overall, fish oil had greater influence
on membrane phospholipid composition than lard or soybean
oil. Specifically, fish oil resulted in the highest relative
amount of n—3 and lowest n—6 fatty acid content in all three
PL classes and the highest UI in PC and CL. In contrast,
lard feeding resulted in the highest relative amount of n—6
HUFA and concomitant lowest n—3 HUFA in PC and CL.
These results are in line with previous work which has
shown that dietary PUFA plays a more important role in
determining membrane lipid composition than dietary satu-
rated or MUFAs (45) because mammals are able to synthesize
saturated fats and MUFAs but not n—3 or n—6 PUFAs. The
high n—3 PUFAs in fish oil translated to high n-3 levels in

CHEN ET AL.

the mitochondrial membranes of the mice consuming this
diet. Also, the high n—6/n-3 ratio in lard resulted in the
highest relative amount of n—6 in HUFAs from the lard
group. Thus, dietary lipids can be used as an effective way to
manipulate the levels of n—6 and n—3 fatty acids in skeletal
muscle mitochondria of CR mice.

Effect of Dietary Fats and CR on Mitochondrial ROS
Production by Skeletal Muscle Mitochondria

In addition to membrane lipid changes, CR has also been
reported to decrease mitochondrial ROS production in a
variety of tissues (46,47). In skeletal muscle, mitochondrial
ROS production is decreased with long-term CR (14,27) but
the time course for this CR-induced decrease in ROS
production is still not entirely clear. It has been reported that
skeletal muscle mitochondrial ROS production is not altered
following 2 months (48) or 3 months (8) of CR. In contrast,
another study found that muscle mitochondrial HO, pro-
duction was decreased after 2 weeks of CR and remained
suppressed through later assessment points (13). The results
of our study indicated that H;O, production was not altered
at 1 month of CR in mitochondria respiring on substrate
(succinate, pyruvate/malate, or succinate/pyruvate/malate)
without ETC inhibitors. However, 1 month of CR did alter
H,0O; production when the sites of the ROS production were
dissected using ETC inhibitors. Our data indicated diminished
ROS producing capacity from both Complexes I and III in
all three CR groups. These results indicate that CR produces
relatively rapid (within 1 month) changes in the mitochondrial
ETC, which could influence ROS production under condi-
tions, which increase the redox state of the ETC.

In mitochondria, the major sites of ROS production are
the Complexes I and III of the ETC (15). Because ROS are
produced by these membrane-bound proteins, it is conceivable
that mitochondrial membrane composition could influence
the rate of ROS production. However, relatively little is
known about the influence of membrane lipid composition
on mitochondrial ROS production. Previous studies (20,21)
have reported that increased n—3 HUFA content in liver
mitochondrial membrane phospholipids is associated with
decreased ROS production. In contrast, another study found
basal rates of ROS production were not associated with
membrane n—3 HUFA content in rat heart mitochondria
(49). However, it is not known if fatty acid composition of
mitochondrial phospholipids influences muscle mitochondrial
ROS production in the same manner as in liver and heart.
The results from our study indicate that alterations in mito-
chondrial phospholipid fatty acid composition do not signifi-
cantly influence H,O, production within CR regimens.
Specifically, CR uniformly decreased H,O, production regard-
less of skeletal muscle mitochondrial phospholipid fatty
acid composition. Thus, the results of this study suggest that
changes in skeletal muscle mitochondrial ROS production
induced by short-term CR are exclusively due to protein
changes.
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Figure 2. Proton leak kinetics curves in hind-limb muscle mitochondria at
the end of 1 mo calorie restriction (CR) from mice consuming a control diet
(Control n =7) or CR diets containing lard (CR lard n = 8), soybean oil (CR soy
n =7), or fish oil (CR fish n = 7). Leak-dependent respiration and membrane
potential were measured simultaneously using a Clark-type electrode and a
TPMP+*-sensitive electrode, respectively. The furthest point on the right in each
panel represents State 4 respiration. All measurements were completed using
mitochondria (0.25 mg/mL) in incubation medium (145 mM KCl, 5 mM
KH,POy4, 30 mM Hepes, 3 mM MgCl,, and 0.1 mM EGTA, pH 7.4). A methyl-
triphenyl-phosphonium (TPMP*; 0-2.5 uM) standard curve was generated in
each sample prior to the initiation of respiration and membrane potential mea-
surements. All assays were performed in the presence of 5 mM succinate, 5 UM
rotenone, oligomycin (8 pg/mL) and nigericin (0.08 ng/mL), and incremental
additions of malonate (0.1-2.4 mM).

Effect of Dietary Fats and CR on Muscle Mitochondrial
Proton Leak

Mitochondrial proton leak is a membrane property that
could be altered by CR and membrane lipid composition.
Proton leak is a process where protons bypass the ATP syn-
thase and passively cross the mitochondrial inner membrane.
Overall proton leak is thought to consist of basal H* leak
that is unregulated and inducible H* leak that is regulated by
either the uncoupling proteins or the adenosine monophosphate/
adenine nucleotide translocase pathway (50). It has been
shown that basal proton leak increases with age (51-53),
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Figure 3. Thiobarbituric acid reactive substances (nmol/mg protein) pro-
duction in hind-limb muscle mitochondria at the end of 1 mo calorie restriction
(CR) from mice consuming a control diet (Control n = 8) or CR diets containing
lard (CR lard n = 8), soybean oil (CR soy n = 8), or fish oil (CR fish n = 8). Bars
that do not share a common letter indicate a significant difference (p < .05) be-
tween treatments.
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and it has been proposed that CR may oppose age-related in-
creases in proton leak and improve mitochondrial efficiency by
inducing a sustained decrease in proton leak (54). However,
studies in liver have produced mixed results with CR inducing
a decrease (26), increase (16), or no change (33,55) in mito-
chondrial proton leak. In contrast, CR has generally been re-
ported to decrease mitochondrial proton leak in skeletal muscle
(14,24). Even very short-term CR (as little as 3 days) has been
shown to be sufficient to decrease proton leak in muscle subsar-
colemmal and intermyofibrillar mitochondria (25). The results
of the present study are consistent with these findings with all
of the CR groups showing a shift in the proton leak kinetics
curve leftward (decrease in mitochondrial oxygen consump-
tion) and upward (increase in membrane potential) indicating
at least a trend toward decreased proton leak with CR.

It has been proposed that high HUFA content can modulate
membrane packing leading to increased proton leak (56),
and it has been reported that n—3 HUFA content of inner
mitochondrial membrane phospholipids is positively corre-
lated with proton leak (22). However, the overall influence
of membrane lipid composition on proton leak is not entirely
clear because comparative studies have indicate that mem-
brane lipids play little role in proton leak differences between
mammals of different body size (23). Also, studies using
dietary (20) and genetic (21) approaches to increase n—3
HUFA content in mitochondrial phospholipids have found
that proton leak is not altered in liver mitochondria with
high levels of n—3 HUFA (20,21). The results of our study
showed a shift in the proton leak kinetics curve toward
decreased proton leak in all three CR groups regardless of
mitochondrial fatty acid composition. Thus, these results
indicate that CR-induced changes in muscle mitochondrial
proton leak are largely independent of membrane lipid
composition. However, the fact that the CR lard group had
lower proton leak than all other groups indicates that dietary
lipids do have some influence on proton leak. The CR lard
mice had the lowest relative amount of n—3 HUFA in muscle
mitochondrial phospholipids, and a decrease in proton leak
in mitochondria from these animals is consistent with a
positive association between n—3 HUFA and proton leak.
However, additional studies are needed to determine the exact
cause of the decrease in proton leak in the CR lard group.

A cornerstone of the membrane theory of aging is that
increased lipid peroxidation and oxidative damage to
membranes with increased levels of HUFA lead to a decrease
in life span. In the present study, the CR fish group had a
higher UI and increased levels of n—3 HUFAs in mitochon-
drial phospholipids than the other diet groups. Despite
consuming a diet containing twice the amount of the antioxi-
dant #-butylhydroquinone as the other groups, the fish oil
group had increased mitochondrial lipid peroxidation com-
pared with both the control and CR lard groups. It is possible
that mice may require more dietary antioxidants than rats
when consuming fish oil because the level of antioxidant
used in the present study did not produce increases in oxidative
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stress markers in rats fed a fish oil diet for six months (20).
Our results are in agreement with other studies showing that
fatty acid Ul is positively associated with level of mitochon-
drial oxidative damage (49,57). Similarly, long-term inges-
tion of fish oil increased oxidative stress and decreased life
span in senescence-accelerated mice (58). Studies of longer
duration are needed to determine if the increase in lipid per-
oxidation observed in the fish oil group translates to changes
in mitochondrial ROS production and life span.

CONCLUSIONS

The results of the present study indicate that skeletal
muscle mitochondrial membrane composition can readily
be altered in CR mice by dietary lipids. Thus, dietary lipid
manipulations can be used to determine if changes in mito-
chondrial phospholipid fatty acids contribute to specific
actions of CR. The current study indicates that membrane
lipid composition does not play a role in decreasing muscle
mitochondrial H,O, production following 1 month of CR.
However, dietary lipid composition can influence mitochon-
drial proton leak response to short-term CR. Additional
studies are needed to determine the long-term consequences
of altering mitochondrial lipid composition in skeletal muscle
and other tissues from CR animals.
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