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One-year high fat diet affects muscle-but not brain
mitochondria
Tenna Jørgensen, Niels Grunnet and Bjørn Quistorff

It is well known that few weeks of high fat (HF) diet may induce metabolic disturbances and mitochondrial dysfunction in skeletal
muscle. However, little is known about the effects of long-term HF exposure and effects on brain mitochondria are unknown. Wistar
rats were fed either chow (13E% fat) or HF diet (60E% fat) for 1 year. The HF animals developed obesity, dyslipidemia, insulin
resistance, and dysfunction of isolated skeletal muscle mitochondria: state 3 and state 4 were 30% to 50% increased (Po0.058)
with palmitoyl carnitine (PC), while there was no effect with pyruvate as substrate. Adding also succinate in state 3 resulted in a
higher substrate control ratio (SCR) with PC, but a lower SCR with pyruvate (Po0.05). The P/O2 ratio was lower with PC (Po0.004).
However, similar tests on isolated brain mitochondria from the same animal showed no changes with the substrates relevant for
brain (pyruvate and 3-hydroxybutyrate). Thus, long-term HF diet was associated with obesity, dyslipidemia, insulin resistance, and
significantly altered mitochondrial function in skeletal muscle. Yet, brain mitochondria were unaffected. We suggest that the
relative isolation of the brain due to the blood-brain barrier may play a role in this strikingly different phenotype of mitochondria
from the two tissues of the same animal.
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INTRODUCTION
Insulin resistance is associated with obesity and type 2 diabetes,
and the prevalence of these conditions is increasing worldwide.
A high fat (HF) diet has been used for decades to model obesity
and insulin resistance in rodents.1–3 More recently, an association
between insulin resistance and various types of mitochondrial
dysfunctions has been observed in a range of tissues including
skeletal muscle.4,5 Furthermore, studies point to mitochondrial
respiratory dysfunction as a central event in HF diet-induced
insulin resistance.6,7 However, findings are ambiguous in particular
with skeletal muscle, with some reports indicating decreased,8

unchanged or increased mitochondrial respiratory capacity.9–11

Moreover, some studies report a time dependence of the effects
of the HF feeding on mitochondrial function. Accordingly, it has
been shown that skeletal muscle mitochondria seems at first to
adapt to the oversupply of lipids and only upon prolonged expo-
sure (beyond 1 month) to develop mitochondrial dysfunction.8,12

Conversely, others concluded that long-term (20 weeks) HF feeding
led to increased fatty acid oxidative capacity.11 However, only very
few studies have evaluated the effects on skeletal muscle mito-
chondria after exposure to HF diet for 1 year ( ~ 1/3 of the life time
of a rat),13 and no studies have tested the respiratory func-
tion in muscle, as well as in brain, after 1 year of extreme dietary
fat (60E%). Thus, the involvement of mitochondrial respiratory
dysfunction in HF diet-induced insulin resistance is unclear.
Probably due to the long-held belief that free fatty acids does

not cross the blood–brain barrier, few studies concerning brain
metabolism have been performed manipulating dietary fat levels.
However, there is now evidence that free fatty acids does cross the

blood–brain barrier,14,15 and it has been reported that brain free
fatty acid uptake is increased in obese, insulin-resistant subjects.16

Furthermore, recent observations suggest that the brain may also
respond with insulin resistance to a HF diet,17,18 and there may be
a link between such an effect and cognitive impairment.19,20

The investigations of HF diet-induced mitochondrial abnorma-
lities has mainly been focused on non-central nervous system
tissues such as muscle and liver; however, such abnormalities may
also occur in the brain and thereby have functional implications
for the brain. Few studies have observed brain mitochondrial
alterations after HF diet exposure;18,21,22 however, the possible
effects of chronic HF feeding on mitochondrial respiratory func-
tion in the brain are unknown, and at present, it is unclear whether
brain mitochondria respond similarly as skeletal muscle mitochon-
dria to consumption of a HF diet.
Therefore, the present study compared the effects of 1-year HF

diet (60E%) in rats on mitochondrial respiratory function in
skeletal muscle and in brain from the same animals to test
whether mitochondria from these two tissues respond differently
to this extreme dietary challenge.

MATERIALS AND METHODS
Animals, Diets, and Study Design
Male Wistar rats (220 g, 7 to 8 weeks old) were purchased from Taconic
(Ejby, Denmark) and were individually housed with a 12-hour light/dark
cycle. The total number of rats was 21. After a period of acclimatization
(7 days), the rats were randomized into a control group (12 rats) fed a
standard chow (C) (Diet no. 1319 FORTI, Altromin, Germany) and a HF
group (9 rats) fed ad libitum on a HF diet for a period of 1 year (Diet no.
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D12492, Research Diets, New Brunswick, NJ, USA). The calorie composition
of the diets is given in Table 1. Food intake and animal weight were
monitored once or twice weekly (weight was not measured between
weeks 36 and 50). Energy efficiency was calculated as change (Δ) in body
weight per kcal food intake (i.e., grams/kcal for the interval week 0 to week
50). Measurements of adiposity and lean body mass were performed at 1.5,
6, 39, and 50 weeks on unanesthetized animals using a whole body
composition analyzer (EchoMRITM scanner, Echo Medical Systems, Houston,
TX, USA). Blood sampling (app. 100 μL) at 10 and 51 weeks (after a 16- to
18-hour overnight fast) was obtained from the tail vein using EDTA-
dipotassium-coated tubes (Microvette CB 300, Sarstedt, Nümbrecht,
Germany), which were spun down at 3,000 g for 15 min at 4°C for
collection of plasma.
After 1 year on the diet (subsequent to a 24-hour fast), retro orbital

blood, quadriceps muscle, as well as liver biopsies were sampled under
anesthesia with sodium pentobarbital intraperitoneally (50mg/kg body
weight). The animal was killed by decapitation and the brain (only
cerebrum) was taken out and placed in ice-cold saline within 30 seconds.
Tissue samples from quadriceps muscle and brain from six animals in each
group were used immediately for preparation of mitochondria as
described below. Sample of muscle, brain, and liver were frozen in liquid
nitrogen and stored at − 80°C for later determination of citrate synthase
activity and triglyceride (TG) content.
All experimental procedures complied with guidelines laid down by The

Danish Animal Experiments Inspectorate (permit 2013-15-2934-00904) and
by the local animal facility at the University of Copenhagen, Denmark and
were performed according to the ARRIVE (Animal Research: Reporting In
Vivo Experiments) guidelines.

Plasma Analyses
Fasting blood glucose levels were measured in tail vein blood using two
glucometers (Accu-Chek Compact Plus, Roche, Mannheim, Germany); thus,
all measurements were performed in duplicate.
Insulin levels were assessed in 10 μL plasma using the Ultrasensitive Rat

Insulin Elisa enzyme immunoassay according to the manufacturer’s
instructions (Mercodia, Uppsala, Sweden). Tissue insulin sensitivity was
evaluated by the homeostasis model assessment (HOMA), which was
previously validated in Wistar rats,23 using the HOMA index of
insulin resistance (HOMA-IR) = fasting insulin (mU/L) × (fasting glucose

(mmol/L))/22.5.24 Plasma nonesterified fatty acids (NEFAs) were measured
at 540 nm at 37°C using the NEFA-HR(2) Kit (Wako Chemicals GmbH, Neuss,
Germany) based on an enzymatic colorimetric method according to
instructions from the manufacturer (Wako Chemicals GmbH, Neuss,
Germany). Plasma levels of cholesterol, albumin, and alanine aminotrans-
ferase (ALAT) were measured on a Roche Modular P chemistry analyzer
using Roche assays as described by the manufacturer (Cholesterol: CHOL
#11491458, albumin: ALB plus #11929631 and #11970917, ALAT: ALAT IFCC
#11876805 (Roche Diagnostics GmbH, Mannheim, Germany).

Oral Glucose Tolerance Test
Oral glucose tolerance test (OGTT) was performed after 40 weeks on the HF
diet. After an overnight fast, animals were weighed and baseline blood
glucose levels (time point − 30minutes) were determined as described
above. The animals were given an oral bolus of glucose by gavage (2.93 g/
kg lean body weight from a 45% w/v glucose solution) and glucose levels
were measured in tail vein blood using two glucometers (duplicate
measurements) at − 30minutes, 0 minutes, 30 minutes, 60 minutes, 90
minutes, 120 minutes, 180 minutes, and 220minutes after the glucose
administration. The area under the curve of the glucose tolerance test was
calculated between 0minute and 180minutes.

Plasma and Tissue Triglycerides
Triglycerides were measured in plasma (10 μL), liver tissue (~30mg),
quadriceps muscle (~50mg), and brain tissue (~50mg) homogenized in 1
mol/L KOH/85% ethanol with a 5-mm steel bead using a Qiagen
Tissuelyzer (Qiagen, Retsch, Germany). All homogenates were suspended
in 1mol/L KOH/85% ethanol and hydrolyzed at 60°C for 30minutes.25 After
cooling, MgCl2 was added to 0.1 mol/L and samples were spun down at
16,000× g for 20minutes at 4°C. Glycerol was measured spectrophotome-
trically using a coupled enzymatic assay in which the conversion of NADH
into NAD+ was measured at 340 nm at 37°C as described previously.26

Isolation of Skeletal Muscle and Brain Mitochondria
Skeletal muscle mitochondria. Mitochondria were prepared essentially as
described previously.27 In brief: A quadriceps muscle biopsy (app. 2 g) was
taken from the hind leg of the 24-hour fasted rats while anesthetized. The
biopsy was kept in KCl-buffer (100mmol/L KCl, 50 mmol/L Tris-Base, 5
mmol/L MgSO4·7H2O, 1 mmol/L EDTA, pH 7.4) on ice and cut into small
pieces. After decanting the buffer, 20 mL of proteinase/ATP-buffer (1
mmol/L ATP, 0.5% BSA (fatty acid free) in KCl-buffer with 1 mg/mL
Subtilisin A proteinase) was added and the tissue was incubated for
10minutes on ice with occasional stirring. The tissue was then washed
three times in the ATP-buffer before homogenization for 8 minutes in an
ice-cooled glass-Teflon Potter-Elvehjem homogenizer. The homogenate
was centrifuged at 380× g for 5 minutes to remove connective tissue. The
supernatant was centrifuged at 5,400× g for 10 minutes and the pellet was
carefully resuspended in 8mL KCl-buffer and further centrifuged at
6,700× g for 10 minutes. All centrifugations were at 4°C. The final
mitochondrial pellet was resuspended in 1mL of MSTPi-medium (225
mmol/L mannitol, 75mmol/L sucrose, 20 mmol/L Tris-Base, 10 mmol/L KH2

PO4, 0.5 mmol/L EDTA, pH 7.0). This suspension was used for respiratory
measurements and protein determination.

Brain mitochondria. Mitochondria were isolated from brain (without the
cerebellum) using a procedure adapted from Rosenthal et al.28 with a
discontinuous Percoll gradient centrifugation.29 After sedation as
described above, the 24-hour fasted rats were killed by quickly cutting
off the head with a pair of scissors and the brain was extracted, followed
by removal of cerebellum. The brain tissue (app. 1 g) was immediately
placed in 10 volume ice-cold buffer A (225mmol/L mannitol, 75 mmol/L
sucrose, 5 mmol/L HEPES, 1 mmol/L EGTA, 1 mmol/L ATP, pH 7.4). The
tissue was minced with a pair of scissors and homogenized using a Potter-
Elvehjem homogeniser with a loose fitting Teflon pistil (10 to 15 strokes at
200 r.p.m.). The volume of the homogenate was brought to 20mL and
centrifuged at 1,300 × g for 3 minutes. The supernatant was further
centrifuged for 10minutes at 20,000xg and the pellet was resuspended
in 2.5 mL 15% Percoll (v/v in buffer A) and transferred to a 15-mL
centrifuge tube. Using a syringe, 2.5 mL 23% Percoll was added to the
bottom, followed by 2.5 mL 40% Percoll, and the tube was centrifuged at
30,700× g for 10 minutes. (with centrifuge brakes off). The lower fraction
containing the mitochondria was carefully removed using a syringe and
transferred to a new 15mL centrifuge tube, to which buffer A was added

Table 1. Composition of the experimental diets

Diet component Chow High fat

Protein supply
Casein (g/kg) − 258.5
Prot. from wheat, corn,
soybean (g/kg)

225 −

Carbohydrate supply
Starch (g/kg) 330 −
Mono- and oligosaccharides (g/kg) 170 250.4
Cellulose (g/kg) 45 64.6

Fat supply
Lard (g/kg) − 316.6
Soybean oil (g/kg) 27 32.3
Fat from grain (g/kg) 23 −

Micronutrients
Folic acid (mg/kg) 2 2.6
Vitamin B6 (mg/kg) 9 9.1
Vitamin B12 (μg/kg) 24 12.9
Added Choline Bitartrate/Cl (g/kg) 0.6 2.6
Added L-Cystine (g/kg) − 3.9
Total Cystine+Methionine (g/kg) 7 12

Energy density (kcal/g) 2.988 5.240

Main diet components Gram% Kcal% Gram% Kcal%

Protein 22.5 27 23.1 20
Carbohydrate 50.5 60 25 20
Fat 5 13 34.9 60
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to a total volume of 10mL. The tube was then centrifuged at 16,600× g
for 10 minutes and the supernatant gently removed. The pellet was
resuspended in 10mL buffer A and centrifuged at 6,300 × g for 10 minutes.
The resulting pellet was resuspended in 600 μl buffer B (225mmol/L
mannitol, 75 mmol/L sucrose, 5 mmol/L HEPES, pH 7.4). A 25-μL sample for
measuring protein content and citrate synthase activity was frozen at − 80°
C until analysis. The rest of the mitochondrial suspension was kept on ice
for high-resolution mitochondrial respirometry. All centrifugations for the
preparation of brain mitochondria were at 4°C.

Protein Concentration and Citrate Synthase Activity
Protein concentrations were determined using Lowry’s method30 with
bovine serum albumin as a standard. Citrate synthase activity was
determined in isolated mitochondria and whole tissue as described.31

Mitochondrial Respiration
Mitochondrial oxygen consumption was measured using Oroboros
Oxygraph-2 K instruments (Oroboros Inc., Innsbruck, Austria) as previously
described,32 operating 10 oxygraph chambers in parallel at 25°C. In brief,
10 μL muscle mitochondrial suspension or 15 μL brain mitochondrial
suspension was added to 2 mL of MSTPi-medium with 0.1% BSA or
incubation medium (125mmol/L KCl, 20 mmol/L HEPES, 2 mmol/L K2HPO4,
1 mmol/L MgCl2, 0.1 mmol/L EGTA, 0.025% BSA, pH 7.0 at room
temperature), respectively, in each chamber. Stirrer speed was 600 r.p.m.
Approximately 5 min after the mitochondria were introduced into the
chambers, malate and pyruvate, palmitoyl carnitine (PC) (skeletal muscle
mitochondria only) or 3-hydroxybutyric acid (3HBA) (brain mitochondria
only) were added to concentrations of 1 mmol/L, 0.5 mmol/L, 10 μmol/L,
and 3mmol/L, respectively. Once a steady state 4 respiration was observed,
ADP was added to a concentration of 0.2 mmol/L to measure the P/O2

ratio. When the state 4 respiration rate was reached again, ADP was added
to a concentration of 2 mmol/L to again obtain a state 3 respiration, now
followed by succinate addition to a concentration of 5 mmol/L (the step
with 0.2 mmol/L ADP for measurement of P/O2 ratio was not performed
with 3HBA). The respiratory control ratio (RCR) was calculated as the state
3/state 4 respiration ratio and the substrate control ratio (SCR) was
calculated as the state 3 respiration with succinate added relative to the
state 3 respiration without succinate added. All measurements were
performed in duplicate and between experiments the chambers were
washed twice with ethanol and water. Due to technical problems, the
number of measurements of PC respiration in skeletal muscle was two in
the chow-fed group. However, since these experiments were similar to our
previously published values of PC respiration in muscle mitochondria from
16-week-old chow-fed Wistar rats,32 the latter data were included in the
present study to save on animal experiments (see Table 4).

Statistical Analyses
Data are presented as means± s.d. The number of rats included in the
study was estimated based on our previous experience with preparations
of skeletal muscle—as well as brain mitochondria.27,32,33 From these data,
we could infer that a sample size of, e.g., 6 per group would provide an
actual power of 40.95 with a 15% difference between groups (G*Power
version 3.1.9.2) (www.gpower.hhu.de). Exclusion criteria for mitochondrial
experiments were based on RCR values o3 and an increase in oxygen
consumption of 410% upon addition of 20 μmol/L cytochrome c.
Blinding of the experiments and the analyses was for practical reasons

not done. However, in case of the mitochondrial analyses it is not possible
to judge the outcome until the final computerized analysis of the total data
complement is performed.
Statistical calculations were performed using GraphPad Prism 4

(GraphPad Software, San Diego, CA, USA) and SAS 9.3 (The SAS Institute,
Cary, NC, USA).
Significance was assessed by paired or unpaired Student’s t-test. The

paired test was used for comparison of skeletal muscle and brain mito-
chondria from the same animals. For measures over time, a mixed model
ANOVA to analyze effects of diet, time and interaction (diet × time) was
performed with least squares post hoc tests with Bonferroni adjustment.
The level of significance was set at Po0.05. Plasma insulin concentrations
and HOMA-IR indexes were log-transformed to obtain a normal distribu-
tion before statistical analyses.

RESULTS
Effect of the High Fat Diet on Body Weight, Adiposity, Food Intake,
and Energy Efficiency
The animals consuming a HF diet increased their accumulated
calorie intake and gained significantly more weight and were on
average 28% heavier than controls after 1 year (P=0.008, Figure 1A
and Table 2). As the rise in lean body weight was similar among
the groups, the increased body weight was attributable to the
increased fat accumulation (Table 2). Already 1.5 weeks after the
introduction of the HF diet, there was significantly increased
adiposity, which was further increased after 6, 39, and 50 weeks
with a final body fat percent of 36 ± 3% compared with 21± 2% for
the controls (Figure 1B). In addition, energy efficiency was
increased with the HF diet over the time course of the experiment
(Table 2).

Effect of the High Fat Diet on Peripheral Insulin Resistance, Plasma
Lipid Profile, and Tissue Lipid Accumulation
We measured blood glucose and plasma insulin, calculated the
HOMA-IR index and performed an OGTT to monitor the
development of insulin resistance. Fasting samples showed that
the HF animals were hyperinsulinemic with a progressing increase
in HOMA-IR index (Table 3). There was a mild, overall increase in
fasting blood glucose levels in the HF animals (P= 0.043), but no
significant difference between the groups in blood glucose values
obtained in the fed state (P= 0.096, Table 3). The OGTT at
40 weeks confirmed the development of insulin resistance in the
HF animals (Figure 2).
Additionally, the plasma lipid profile was evaluated (Table 3).

Fasting plasma NEFA was significantly lower in the HF group

Figure 1. Effect of HF feeding on body weight and adiposity in male
Wistar rats. Rats were fed a HF diet (60E% fat) or a standard chow
(13E% fat) for a period of 1 year. (A) Growth curve and (B) adiposity
measured by magnetic resonance (MR) scanning. HF, high fat; C,
Chow. Presented data are means± s.d., n= 9 HF and 10 to 12 C, *
and ♦ denote a diet effect and a time effect, respectively, Po0.05.
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(1.28 ± 0.19 versus 0.92 ± 0.15 after 10 weeks, 1.18 ± 0.14 versus
0.85 ± 0.15 after 1 year, Po0.0001), whereas nonfasting NEFA
levels were higher (0.31 ± 0.09 versus 0.41 ± 0.07, P= 0.021) after
1 year with the HF diet. Fasting plasma total cholesterol was
slightly lower in the HF animals, while plasma TG, albumin, and
ALAT were unaffected by the 1-year HF diet (Table 3). Moreover,
the fasting level of TGs in skeletal muscle and brain was similar in
the two groups (Figure 3). While fasting liver TG content was 3- to
4-fold higher in the HF diet fed than in the chow-fed animals
(121 ± 43 versus 33 ± 11 μmol glycerol/g, Po0.05).

Changed Skeletal Muscle-But Unaffected Brain-Mitochondrial
Respiration after High Fat Exposure
We tested whether mitochondria isolated from skeletal muscle
and brain were affected similarly by the 1-year long HF feeding.
The results are shown in Tables 4 and 5, respectively. In skeletal
muscle mitochondria with pyruvate as a substrate, there was no
difference between the control and the HF group, while addition
of succinate in state 3 resulted in a smaller increase in respiration
in the HF group with an SCR of 1.42 ± 0.02 compared to
1.47±0.03 (P=0.016) (~17% smaller increase in oxygen consumption
in the HF group, P= 0.009) (Table 4). With a fatty acid substrate
(PC), however, state 4 respiration was ~ 50% higher (P= 0.001),
there was a trend of increased state 3 respiration of ~ 30%
(P= 0.058) and the increase in respiration after succinate also
tended to be higher in the HF group (P= 0.057), as also reflected in
the higher SCR in the HF group (1.51 ± 0.04 versus 1.39 ± 0.08,
P= 0.009) (Table 4). The phosphorylation efficiency (P/O2 ratio)

was unaffected by the HF diet with pyruvate as mitochondrial
substrate, but with PC we observed a significant decrease (~10%,
P= 0.004) (Table 4).
In isolated brain mitochondria from the same animal, however,

the long-term HF feeding was without effect on all tested substrate
conditions (Table 5). We observed an ~ 5-fold lower state 3
respiration with 3HBA than with pyruvate in both groups,
indicating that 3HBA oxidation, rather than the respiratory capacity
of brain mitochondria, was limiting respiration. In this case, typical
traces of oxygen consumption of isolated skeletal muscle and brain
mitochondria are given in Supplementary Figure S1.
Citrate synthase activity was similar in HF and control animals

in isolated skeletal muscle mitochondria (2.04 ± 0.15 units/mg
protein in HF versus 2.02 ± 0.21 in controls, P= 0.809), isolated
brain mitochondria (3.44 ± 0.18 versus 3.47 ± 0.12, P= 0.694),
skeletal muscle tissue (0.21 ± 0.09 versus 0.25 ± 0.09, P= 0.391) as
well as in brain tissue (0.60 ± 0.02 versus 0.62 ± 0.02, P= 0.146).

DISCUSSION
Whole-Body Effects of 1 Year of High Fat Feeding
Here we have tested the effects of long-term (1 year, correspond-
ing to ~ 1/3 of the life span of a rat) HF diet (60E% fat compared

Table 2. Physiologic data

Chow High fat P-value

Δ Body weight (g) 252± 44 389± 81 2.0 × 10− 4

Δ Lean weight (g) 100.9± 22 119.5± 26 0.112
Δ Fat weight (g) 78.8± 15 189.4± 50 4.3 × 10− 6

Accumulated calorie
intake (kcal)

19,278± 1,856 22,445± 2,660 0.008

Energy efficiency
(mg/kcal)

13.0± 1.5 17.2± 1.6 2.1 × 10− 5

Abbreviation: HF, high fat. Numbers are means± s.d., n= 9 HF and 10 to
12 C. Δ Body weight, accumulated calorie intake, and energy efficiency
were calculated from week 0 to 50, whereas Δ lean weight and Δ fat
weight were calculated from week 1.5 to 50.

Table 3. Plasma parameters after 10 weeks and 1 year of diet intervention

10 weeks 1 year P-value

Chow High fat Chow High fat Diet Time Diet× Time

Fasting glucose (mmol/L) 5.6± 0.4 5.9± 0.3 5.3± 0.5 5.5± 0.3 0.043 0.005 0.754
Nonfasting glucose (mmol/L) − − 6.4± 0.4 6.8± 0.5 0.096 − −
Fasting insulin (pmol/L) 97.4± 47.0 181.0± 45.2 154.9± 43.5 476.8± 241.9 o0.0001 o0.0001 0.040
HOMA-IR index (arbitrary units) 4.19± 2.18 7.90± 1.95 5.94± 1.44 19.39± 9.21 o0.0001 o0.0001 0.031
Fasting NEFA (mmol/L) 1.28± 0.19 0.92± 0.15 1.18± 0.14 0.85± 0.15 o0.0001 0.042 0.654
Nonfasting NEFA (mmol/L) − − 0.31± 0.09 0.41± 0.07 0.021 − −
Fasting TG (mmol/L) − − 1.58± 0.48 1.38± 0.27 0.296 − −
Nonfasting TG (mmol/L) − − 2.08± 0.59 2.44± 0.98 0.339 − −
Fasting total cholesterol (mmol/L) − − 1.98± 0.29 1.68± 0.31 0.041 − −
Fasting albumin (g/L) − − 35.4± 2.98 36.0± 6.29 0.783 − −
Fasting ALAT (units/L) − − 39.5± 15.2 45.1± 19.5 0.492 − −

Abbreviations: ALAT, alanine aminotransferase; HF, high fat; HOMA-IR, homeostasis model assessment of insulin resistance; NEFA, nonesterified fatty acids;
TG, triglyceride. Numbers are means± s.d., n= 9 HF and 10 to 12 C.

Figure 2. Oral glucose tolerance test (OGTT) after 40 weeks of HF
feeding. AUC, area under the curve, calculated from 0minute to
180minutes after glucose administration. HF, high fat; C, Chow.
Presented data are means± s.d., n= 9 HF and 12 C. *Denotes a
significant difference from control, Po0.05.
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with 13E% fat in the control diet). At the whole-body level, the HF
diet resulted in obesity and peripheral insulin resistance, in
agreement with numerous previous studies using comparable
diets, but with shorter HF diet exposure time.12,34,35 In the present
study, calorie intake, energy efficiency, and fat mass were
increased in the HF-fed animals, whereas lean body weight was
similar in the two groups. These findings are comparable to those
found in another study evaluating the effects of a similar diet on
Wistar rats for 8 weeks.36 Yet, these authors reported that the
animals spontaneously adjusted their calorie intake to match that
of the controls.36 The apparent increased energy efficiency
observed in our study occurs in spite of an ~ 4% to 9% decreased
phosphorylation efficiency in skeletal muscle (Table 4) and may
therefore result from a decreased physical activity as indeed
reported by So et al.36

The HF diet resulted in a prediabetic phenotype: we observed a
3-fold increase in fasting insulin level after 1 year in the HF animals
and insulin resistance was demonstrated as a 3- to 4-fold increased
HOMA-IR index combined with a decreased glucose clearance
during an OGTT as well as fasting blood glucose increase (Table 3
and Figure 2). This is in line with several previous reports.2,18,34,35

Obesity and insulin resistance have been associated with
dyslipidemia including increased fasting plasma NEFA and TG.37

However, the plasma lipid profile associated with obesity and
insulin resistance in the present study, diverged from this profile.
We found decreased fasting plasma NEFA throughout the study,
but increased NEFA level in the fed state, and unchanged fasting
and nonfasting TG levels in the HF animals compared with
controls. Nevertheless, decreased fasting plasma NEFA after HF
diet consumption is an observation also reported by others in
both human and animal studies3,38 and it has recently been
questioned whether increased plasma NEFA concentration is
related to insulin resistance.39 The cause of decreased fasting
plasma NEFA after 1 year in the present study could be
suppression of lipolysis in adipose tissue mediated by the elevated
insulin level or an increased flux of NEFA to the tissues. In support
of the latter possibility, we observed a 3- to 4-fold increase in liver
TGs in HF-fed animals.

Effects of Long-Term High Fat Exposure on Mitochondrial Function
in Skeletal Muscle and Brain
The present study set out to compare the susceptibility of skeletal
muscle mitochondria and brain mitochondria to chronic con-
sumption of a HF diet. The overall result was that mitochondrial
respiration was affected in skeletal muscle, but not in brain with

Figure 3. Fasting triglyceride (TG) content in skeletal muscle and brain. (A and B) TG content in skeletal muscle and brain, respectively,
measured as glycerol concentration in 24-hour fasted rats after 1 year of HF diet consumption. Presented data are means± s.d., n= 9 HF and
10 C for skeletal muscle measurements and n= 6 for brain. C, Chow; HF, High fat.

Table 4. Oxygen consumption in isolated skeletal muscle mitochondria

Condition Substrates Chow High fat P-value

State 4 respiration Malate+pyruvate 5.63± 1.0 4.83± 1.3 0.266
Malate+PC 7.59± 1.5 11.3± 1.6 0.001

State 3 respiration Malate+pyruvate+ADP 158± 15 145± 13 0.150
Malate+pyruvate+ADP+succinate 231± 21 206± 19 0.052

Succinate contribution 73.6± 7.1 60.9± 6.3 0.009
Malate+PC+ADP 78.4± 13 104± 22 0.058
Malate+PC+ADP+succinate 109± 20 158± 41 0.090

Succinate contribution 30.9± 8.4 53.7± 16 0.057
SCR Malate+pyruvate 1.47± 0.03 1.42± 0.02 0.016

Malate+PC 1.39± 0.08 1.51± 0.04 0.009
RCR Malate+pyruvate 28.5± 4.1 31.2± 6.4 0.414

Malate+PC 11.0± 3.1 9.73± 2.8 0.484
P/O2 ratio Malate+pyruvate+ADP (0.4 μmol) 5.20± 0.34 5.01± 0.15 0.293

Malate+PC+ADP (0.4 μmol) 5.04± 0.21 4.60± 0.19 0.004

Abbreviations: HF, high fat; PC, palmitoyl carnitine; P/O2 ratio, phosphorylation efficiency given as moles ATP produced per consumed mole of oxygen; RCR,
respiratory control ratio calculated as state 3/state 4 respiration; SCR, substrate control ratio calculated as state 3 respiration with succinate addition/state 3
respiration without succinate addition. Mitochondria from quadriceps muscle were isolated from male Wistar rats fed a HF or a control chow diet for 1 year.
Oxygen consumption is expressed per mg mitochondrial protein (nmol/minmg). Numbers are means± s.d., n= 4 to 7. Due to technical problems, the number
of animals in the PC respiration measurements was only two in the control chow-fed group. We have therefore included data from a similar control group from
a previous study.32
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the substrates tested. Citrate synthase activity was similar in the
two groups in skeletal muscle as well as in brain tissue, suggesting
that mitochondrial content was unchanged by HF feeding.40

In skeletal muscle mitochondria, state 4 and state 3 oxygen
consumption with pyruvate as substrate was similar in chow- and
HF-fed animals (Table 4), as has been found also by others after
25 weeks of HF diet,41 indicating an unaffected pyruvate dehydro-
genase and/or complex I activity. Addition of the complex II
substrate succinate caused an average increase in oxygen
consumption of 47% in the chow-fed animals, indicating that
the total capacity of complexes III, IV, and V is at least this much
higher than complex I (and/or pyruvate dehydrogenase) in the
skeletal muscle mitochondria of these animals. In the HF group,
however, this respiration increase with succinate addition was
significantly lower than in the controls. Whether this reflects a
lower succinate dehydrogenase (SDH) activity compared with the
chow group cannot be inferred from the oxygen consumption
measurements alone. The effect of HF diet on SDH activity seems
to vary depending on study design, as previous studies assessing
SDH activity in skeletal muscle after HF diet regimes have reported
decreased,42 unchanged10,35 as well as increased41 activity, and
recently, Yuzefovych et al.43 found reduced SDH protein in C57Bl/
6 J mice after 16 weeks of receiving the same diet as used in our
study.
Only few studies have evaluated the effect on oxygen con-

sumption in skeletal muscle of adding succinate in addition to a
NAD-linked substrate in HF-fed animals. In a study with permea-
bilized soleus muscle fibers from rats fed a diet enriched in
calories and fat for 6 weeks, Chanséaume et al.44 found an
unchanged contribution of succinate to state 3 respiration in
contrast to the present study. However, further studies are needed
to elucidate the mechanisms of the smaller SCR seen with
succinate addition in the HF group (Table 4), since SDH activity is
known also to be strongly influenced by the concentration of
oxaloacetate,45 which in turn may be modulated by other citric
acid cycle intermediates.46 Thus, the rate of the succinate
dehydrogenase reaction (SDH flux) may well differ in respiring
mitochondria with different substrates.
With the fatty acid PC as substrate, the state 4 rate of oxygen

consumption was ~ 50% higher (P= 0.001) and tended to be
higher by ~ 30% (P= 0.058) in state 3 in mitochondria from the HF
animals. This indicates that the HF diet caused an increased β-
oxidation flux, yet the actual oxygen consumption rate under
these conditions was still within the respiratory capacity seen with

pyruvate. In support of this, others have reported increased
activity of enzymes involved in β-oxidation after HF diet
feeding.11,47 The increased respiration seen when adding also
succinate to the state 3 respiration was greater in the HF group as
reflected in the SCR (P= 0.009). Furthermore, the actual increase in
oxygen consumption in the HF animals was similar to that
observed with pyruvate as substrate (53.7 ± 16 nmol/minmg
versus 60.9 ± 6.3 nmol/minmg with pyruvate), suggesting that
there was little or no interaction between β-oxidation-derived and
SDH-derived FADH2, contrary to what seemed to be the case in
controls (30.9 ± 8.4 nmol/min mg versus 73.6 ± 7.1 nmol/minmg).
This further suggests that the SDH flux was in fact not limiting the
oxygen consumption under the conditions of PC+succinate
oxidation in the HF animals.
We also observed lower phosphorylation efficiency (P/O2 ratio)

in HF animals with PC as substrate. It therefore could be
speculated that this effect is caused by increased expression of
uncoupling proteins (UCPs) as previously shown (as a higher UCP3
expression) in skeletal muscle of rats fed a HF diet,11 and, rather
surprisingly, in brain mitochondria (as a higher UCP5 expression)
after gestational fructose load.33 However, the lack of change in P/
O2 with malate+pyruvate as substrate does not seem to support
this explanation.
As in the present study, others have found increased respiration

in isolated skeletal muscle mitochondria with a fatty acid substrate
after 20 to 25 weeks of HF diet.11,41 Yet, a decrease in both
palmitate and glucose oxidation has also been reported in isolated
single muscle fibers of mice given a HF diet for 8 weeks.35

However, our data support the notion of an augmented rather
than diminished mitochondrial respiratory capacity to oxidize a
fatty acid. This could be interpreted as a compensatory response
to cope with the increased level of NEFA seen in the HF group in
the fed state (Table 3).

The Possible Effects of High Fat on Brain Function Are Not Caused
by Mitochondrial Dysfunction
It has long been recognized that a HF diet is associated with
peripheral insulin resistance as well as altered mitochondrial
function in skeletal muscle. This association has, however, only
recently been observed also for the brain, linked to a decline in
cognitive function,21,48 albeit insulin resistance in the brain is not a
well-defined phenomenon. Yet, insulin receptor function in the
brain has been shown to be important for peripheral glucose and
fat metabolism.49

Table 5. Oxygen consumption in isolated brain mitochondria

Condition Substrates Chow High fat P-value

State 4 respiration Malate+pyruvate 9.69± 2.0 10.1± 1.0 0.658
Malate+3HBA 8.62± 1.3 8.85± 0.85 0.727

State 3 respiration Malate+pyruvate +ADP 178± 14 187± 13 0.287
Malate+pyruvate+ADP+succinate 259± 18 270± 14 0.232

Succinate contribution 80.7± 5.8 83.7± 5.0 0.352
Malate+3HBA+ADP 36.7± 3.7 38.6± 2.3 0.327
Malate+3HBA+ADP+succinate 107± 14 97.9± 18 0.345

Succinate contribution 70.5± 11 59.3± 21 0.324
SCR Malate+pyruvate 1.45± 0.03 1.45± 0.04 0.852

Malate+3HBA 2.92± 0.25 2.55± 0.57 0.230
RCR Malate+pyruvate 19.1± 4.1 18.6± 2.2 0.821

Malate+3HBA 4.33± 0.7 4.34± 0.5 0.370
P/O2 ratio Malate+pyruvate+ADP (0.4 μmol) 4.60± 0.26 4.43±0.43 0.436

Abbreviations: 3HBA, 3-hydroxybutyric acid; P/O2 ratio, phosphorylation efficiency given as moles ATP produced per consumed mole of oxygen; RCR,
respiratory control ratio calculated as state 3/state 4 respiration; SCR, substrate control ratio calculated as state 3 respiration with succinate addition/state 3
respiration without succinate addition. Mitochondria from brain were isolated from male Wistar rats fed a high fat or a control chow diet for 1 year. Oxygen
consumption is expressed per mg mitochondrial protein (nmol/min mg). Numbers are means± s.d., n= 6.
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It has been shown that obese, insulin-resistant individuals have
increased fatty acid transport into the brain.16 Thus, it could be
speculated that a prolonged HF diet with development of obesity
and insulin resistance would lead to an overload of free fatty acids
also in the brain as seen in other tissues during HF exposure,
especially as neurons have low capacity for β-oxidation and
primarily astrocytes oxidize fatty acids.50 This would be expected
to cause similar changes in brain mitochondria as seen in skeletal
muscle mitochondria.
However, the present study clearly disproves such a hypothesis

since brain mitochondria are unaffected by the long-term HF
exposure. Whether this actually reflects an insignificant fatty acid
transport into brain needs further study. Conversely, if brain
mitochondria actually are exposed to an increased fatty acid level,
our results would seem to indicate mechanisms other than
increased fatty acid availability as the cause of the observed
effects on skeletal muscle mitochondria.
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