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We previously demonstrated that a high-fat diet (HFD) consumption can cause not only peripheral
insulin resistance, but also neuronal insulin resistance. Moreover, the consumption of an HFD has
been shown to cause mitochondrial dysfunction in both the skeletal muscle and liver. Rosiglita-
zone, a peroxizome proliferator-activated receptor-� ligand, is a drug used to treat type 2 diabetes
mellitus. Recent studies suggested that rosiglitazone can improve learning and memory in both
human and animal models. However, the effects of rosiglitazone on neuronal insulin resistance and
brain mitochondria after the HFD consumption have not yet been investigated. Therefore, we
tested the hypothesis that rosiglitazone improves neuronal insulin resistance caused by a HFD via
attenuating the dysfunction of neuronal insulin receptors and brain mitochondria. Rosiglitazone
(5 mg/kg � d) was given for 14 d to rats that were fed with either a HFD or normal diet for 12 wk.
After the 14th week, all animals were euthanized, and their brains were removed and examined
for insulin-induced long-term depression, neuronal insulin signaling, and brain mitochondrial
function. We found that rosiglitazone significantly improved peripheral insulin resistance and
insulin-induced long-term depression and increased neuronal Akt/PKB-ser phosphorylation in re-
sponse to insulin. Furthermore, rosiglitazone prevented brain mitochondrial conformational
changes and attenuated brain mitochondrial swelling, brain mitochondrial membrane potential
changes, and brain mitochondrial ROS production. Our data suggest that neuronal insulin resis-
tance and the impairment of brain mitochondria caused by a 12-wk HFD consumption can be
reversed by rosiglitazone. (Endocrinology 153: 329–338, 2012)

Insulin resistance is a pathological condition, in which
target tissues cannot respond to plasma insulin at the

optimal plasma insulin concentration (1). Several studies
have suggested that peripheral insulin resistance is corre-
lated with cognitive decline (2–5). In addition, a previous
study by our group has shown that a 12-wk high-fat diet
(HFD) consumption caused not only peripheral insulin
resistance, but also neuronal insulin resistance by impair-
ment of insulin receptor (IR) function (6).

In the central nervous system, brain mitochondria play
an important role in energy-demanding neurotransmis-
sion and in controlling calcium homeostasis (7). Further-
more, mitochondria are important for ATP production via
oxidative phosphorylation. Disruption of electron trans-
port chains can lead to decreased ATP with increased re-
active oxygen species (ROS) production (8, 9). Insulin re-
sistance has been shown to dysregulate both glucose and
lipid metabolisms and decrease the activity of mitochon-
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drial oxidative phosphorylation (7, 10, 11). Recent studies
have demonstrated that the consumption of a HFD leads
to peripheral insulin resistance and also increases ROS
production in adipocytes and liver (12–15). Those find-
ings suggest that IR dysfunction may correlate with the
dysfunction of mitochondria.

Rosiglitazone, a peroxizome proliferator-activated re-
ceptor � (PPAR�) agonist, has been used for the treatment
of type 2 diabetes and insulin resistance by increasing in-
sulin sensitivity (1, 16). PPAR� is not only expressed in
peripheral tissues but also in the central nervous system,
including the hippocampus, an important area for learn-
ing and memory (17). Previous studies have demonstrated
that rosiglitazone might improve learning and memory in
both human and animal models (18–23). For example,
rosiglitazone improved learning and memory as demon-
strated in the Morris Water Maze test of HFD rats (22),
prevented the effect of A�-induced neurodegeneration in
Alzheimer’s disease mouse models (17, 23), and promoted
mitochondria biogenesis in mouse brain (24). However,
the effect of rosiglitazone on neuronal insulin resistance
and brain mitochondrial dysfunction induced by a HFD
consumption has not yet been investigated. Therefore, in
this study, we hypothesized that rosiglitazone improves
not only peripheral insulin resistance but also neuronal
insulin resistance via attenuating the dysfunction of neu-
ronal IR, neuronal insulin signaling, and brain mitochon-
dria, caused by HFD consumption.

Materials and Methods

Animals
Male Wistar rats weighing 180–200 g (n � 48) from the

National Laboratory Animal Center, Salaya Campus, Mahidol
University, Thailand, were used for this study. All experiments
were conducted in accordance with an approved protocol from
the Faculty of Medicine, Chiang Mai University Institutional
Animal Care and Use Committee, in compliance with National
Institutes of Health guidelines. The animals were randomized
into two groups: a control group that consumed a normal diet
(ND), standard laboratory chow, which had an energy content
of 4.02 kcal/g, and 19.77% of total energy (%E) of the food from
fat (Mouse Food no. 082, C.P. Co., Bangkok, Thailand) and a
high-fat group that received an HFD, which had an energy con-
tent of 5.35 kcal/g and contained fat mostly from lard (59.28%
E) for a period of 12 wk (6). The animals were given free access
to the diet and drinking water. To determine the peripheral in-
sulin resistance, the body weight of each animal was measured
every other week, and blood sampling from a tail vein was per-
formed at wk 12 and 14 after fasting for 5 h to measure glucose,
cholesterol, and insulin levels. Blood samples for glucose assay
were kept on ice in NaF microcentrification tubes, whereas blood
samples for cholesterol and insulin assay were kept on ice in

EDTA microcentrification tubes. All plasma was stored at �80
C for subsequent biochemical analysis.

After 12 wk, rats in both the ND and HFD groups (n �
24/group) were divided into two subgroups (n � 12/subgroup).
Each subgroup received orally either 5 mg/kg � d of rosiglitazone
(Cayman Chemical Co., Ann Arbor, MI) (dissolved in normal
saline 2 ml/kg � d) for 14 consecutive days or a vehicle (normal
saline, 2 ml/kg � d) for 14 consecutive days. At the end of the
experimental period, the animals in each subgroup were killed to
study either neuronal IR function [insulin-induced long-term de-
pression (LTD) protocol and neuronal insulin-signaling protocol
(n � 6)] or brain mitochondrial function (mitochondrial swell-
ing, mitochondrial membrane potential (��m), and mitochon-
drial ROS production) (n � 6). Before death, all animals were
tested for glucose tolerance using the oral glucose tolerance test
(OGTT).

Plasma analysis
Plasma glucose and cholesterol concentrations were deter-

mined using colorimetric assay, using a commercially available
kit (Biotech, Bangkok, Thailand). Plasma insulin level was mea-
sured by Sandwich ELISA (LINCO Research, St. Charles, MO),
with the mean intraassay variation of 1.33% and interassay vari-
ation of 6.71%.

Determination of insulin resistance [homeostasis
model assessment (HOMA) index]

Insulin resistance was assessed by the HOMA index (25, 26),
a mathematical model describing the degree of insulin resistance,
calculated from fasting plasma insulin and fasting plasma glu-
cose concentration. A higher HOMA index indicates a higher
degree of insulin resistance. The HOMA index was determined
by the following equation:

[Fasting plasma insulin (�U/ml)] � [fasting plasma glucose
(mmol/liter)]/22.5

OGTT
The OGTT was performed after the rats had been fasting

overnight (12 h). Then the rats received a bolus of glucose (2.0
g/kg body weight) via gavage feeding, and plasma glucose of
blood samples were collected from a tail vein at 0, 30, 60, 90, and
120 min after the administration of glucose in NaF microcen-
trification tubes. Plasma glucose was collected and analyzed us-
ing colorimetric assay (Biotech, Bangkok, Thailand) (6).

Preparation of brain slices and insulin stimulation
Rats were killed with isoflurane and decapitated. The brains

were rapidly removed. After that, the brains were immersed in
ice-cold high-sucrose artificial cerebrospinal fluid (aCSF), con-
taining (in millimolar concentration) NaCl, 85; KCl, 2.5;
MgSO4, 4; CaCl2, 0.5; NaH2PO4, 1.25; NaHCO3, 25; glucose,
25; sucrose, 75; kynurenic acid, 2; ascorbate, 0.5, saturated with
95% O2/5% CO2 (pH 7.4). That solution enhanced neuronal
survival during the slicing procedure. Hippocampal slices (400
�m)were cut using a vibratome (Vibratome Co., Saint Louis,
MO). After a 30-min postslice incubation in high-sucrose aCSF,
the brain slices were transferred to a standard aCSF solution
containing (in millimolar concentration) NaCl, 119; KCl, 2.5;
CaCl2, 2.5; MgSO4, 1.3; NaH2PO4, 1; NaHCO3, 26; and glu-
cose, 10; saturated with 95% O2/5% CO2 (pH 7.4) for an ad-
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ditional 30 min at room temperature (22–24 C). Some brain
slices (n � 5–6 brain slices per animal) were used for extracel-
lular recording. Some brain slices (n � 5–6 brain slices per an-
imal) were used to investigate neuronal insulin signaling. In neu-
ronal insulin-signaling protocols, brain slices with/without
insulin stimulation were used by placing the brain slices into
either aCSF plus insulin 500 nM (Humulin R, Eli Lilly, Giessen,
Germany) or aCSF for 5 min. Then, those slices were homoge-
nated for immunoblotting as described in a previous study (6).

Extracellular recording of hippocampal slices for
insulin-induced LTD

To examine insulin-induced long term depression (LTD) as
described previously, the brain slices were transferred to a sub-
mersion recording chamber and continuously perfused at 3–4
ml/min with standard aCSF warmed to 25–28 C. Field excitatory
postsynaptic potentials (fEPSP) were evoked by stimulating the
Schaffer collateral-commissural pathway with a bipolar tung-
sten electrode, whereas the fEPSP recordings were taken from the
stratum radiatum of the hippocampal CA1 region with micropi-
pettes (3 Mohm) filled with 2 M NaCl. A stimulus frequency of
0.033 Hz was used, and the stimulus intensity was adjusted to
yield a fEPSP of 0.8–1.0 mV in amplitude, which produced less
than 50% of the maximal monophasic response. The brain slices
were perfused with aCSF (to establish a baseline condition) for
10 min, and then perfused with aCSF plus 500 nM insulin (to
produce insulin-induced LTD) for an additional 10 min. There-
after, the slices were perfused with aCSF again for a further 50
min and the fEPSP were recorded. Data were filtered at 3 kHz,
digitized at 10 kHz, and stored in a computer using pClamp 9.2
software (Axon Instruments, Foster City, CA). The initial slopes
of the fEPSP were measured and plotted against time, as de-
scribed in a previous study (6).

Immunoblotting for neuronal insulin signaling
To investigate the expression of IR, Akt/PKB, and insulin-

mediated Akt Ser473 phosphorylation, homogenated brain
slices from each subgroup were boiled at 95 C, for 5 min. Then,
proteins were separated by electrophoresis on 10% polyacryl-
amide gels (SDS-PAGE) (Bio-Rad Laboratories, Inc., Hercules,
CA), and transferred into polyvinylidene difluoride membranes.
After blocking with 5% nonfat milk/TBST, immunoblotting was
conducted with IR, Akt, Akt Ser473 antibody, and �-actin (rab-
bit polyclonals, 1:2000 in TBST; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) overnight. Membranes were incubated with a
secondary goat antirabbit antibody, conjugated with horserad-
ish peroxidase (1:8000 in TBST, Bio-Rad Laboratories), and the
protein bands were visualized on Amersham hyperfilm ECL us-
ing the Amersham ECL Western blotting detection reagents sys-
tem (GE Healthcare, Buckinghamshire, UK). Band intensity was
quantified by the Scion Image program (Scion Corp., Frederick,
MD), and the results were shown as average signal intensity
(arbitrary units).

Preparation of brain mitochondria
Brain mitochondria were isolated according to the protocol

described in a previous study (27). The whole brain was removed
and put into an ice-cold MSE solution (225 mM mannitol; 75 mM

sucrose; 1 mM EGTA; 5 mM HEPES; 1 mg/ml BSA, pH 7.4) to
wash out the blood rapidly. Each brain was transferred to 10 ml

ice-cold MSE-nagarse solution (0.05% nagarse in MSE solution)
and homogenized at 600 rpm/min using a homogenizer. Next,
the tissues were minced and centrifuged at 2000 � g for 4 min,
and the supernatants were then collected and centrifuged at
12,000 � g for 11 min. Next, brain mitochondrial pellets were
collected and resuspended in a 10-ml ice-cold MSE-digitonin
solution (0.02% digitonin in MSE solution) to break down the
synaptosome fraction, and the resulting brown pellets were
collected. Finally, the pellets were minced with respiration
buffer (150 mM KCl, 5 mM HEPES, 5 mM K2HPO4.3H2O, 2
mM L-glutamate, 5 mM pyruvate sodium salt) (28). Mitochon-
drial proteins were determined by BCA assay as described in
a previous study (29).

Brain mitochondrial swelling assay
Isolated mitochondrial swelling was assessed by measuring

changes in the absorbance of the suspension wavelength at 540
nm using a microplate reader. Brain mitochondria (0.4 mg/ml)
were incubated in 2 ml of respiration buffer (containing 150 mM

KCl, 5 mM HEPES, 5 mM K2HPO4.3H2O, 2 mM L-glutamate, 5
mM pyruvate sodium salt). Decreasing absorbance represents
mitochondrial swelling.

Brain mitochondrial membrane potential (��m)
assay

The brain mitochondrial membrane potential was measured
by fluorescent dye JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetra-
ethylbenzimidazole carbocyanine iodide), which accumulates in
mitochondria. JC-1 dye, a monomer form, enters mitochondria
and produces a green fluorescence (emission wavelength at 530
nm) at low mitochondrial membrane potential, whereas at high
mitochondrial membrane potential, JC-1 dye changes its form to
be a JC-1 aggregate form, which produces a red fluorescence
(emission wavelength at 590 nm). The depolarization of brain
mitochondrial membrane potential is indicated by a decreased
red/green fluorescence intensity ratio.

The isolated brain mitochondria (0.4 mg/ml) were strained
with JC-1 dye at 37 C for 15 min, after which the fluorescence
intensity was determined using a fluorescence microplate reader.
JC-1 monomer form (green) fluorescence was excited at 485 nm,
and the emission was detected at 530 nm. JC-1 aggregate form
(red) fluorescence was excited at 485 nm, and emission fluores-
cence was detected at 590 nm (29).

Brain mitochondrial ROS assay
Isolated brain mitochondria were stained by 2�,7�-dichloro-

hydro-fluorescein diacetate that can pass through the cell mem-
brane and is hydrolyzed by intracellular esterase. ROS oxidizes
dichlorohydro-fluorescein and converts dichlorohydro-fluores-
cein to 2�,7� dichlorodihydro-fluorescein diacetate, which is
highly fluorescent at 485 nm, and the emission was detected at
528 nm. Therefore, ROS production causes an increase in fluo-
rescence intensity. The isolated neuronal mitochondria (0.4 mg/
ml) were stained with 2 �M 2�,7� dichlorohydro-fluorescein di-
acetate and incubated at room temperature for 20 min. The
fluorescence intensity was detected using a fluorescence micro-
plate reader as described in a previous study (29).

Endocrinology, January 2012, 153(1):329–338 endo.endojournals.org 331



Data analysis
Data were recorded as mean � SE. For all comparisons, the

significant differences in body weight and peripheral biochem-
ical parameters were calculated using one-way ANOVA fol-
lowed by Fisher’s least significant difference post hoc analysis.
The percentages of insulin-induced LTD and brain mitochon-
drial experiments were calculated using Student’s t test. P � 0.05
was considered to be statistically significant.

Results

Rosiglitazone reduced peripheral insulin resistance
in HFD-fed rats

The effects of rosiglitazone on body weight, visceral fat,
and biochemical parameters in plasma are shown in Table
1. The 14-wk HFD-fed rats had a significantly increased
body weight, visceral fat, plasma cholesterol level, plasma
insulin level, and HOMA index, compared with the ND-
fed rats (P � 0.05). Rats from both dietary groups that
were treated with rosiglitazone (5 mg/kg � d, 14 d) had
significantly increased body weight and visceral fat, com-
pared with the vehicle groups (P � 0.05). Rosiglitazone
significantly decreased plasma cholesterol level, plasma
insulin level, and HOMA index in only HFD-fed rats (P �
0.05), but significantly decreased plasma glucose level in
both dietary groups (P � 0.05).

For the glucose tolerance test, the mean area under the
curve of the vehicle-treated HFD subgroup (HFV) was
significantly greater than that of the vehicle-treated ND
subgroup (NDV) (Table 1). The administration of rosigli-
tazone significantly decreased the area under the curve in
both dietary groups (P � 0.05).

Rosiglitazone improved neuronal IR function in
HFD-fed rats

The characteristics of insulin-induced LTD are shown in
Fig. 1A. Insulin of various concentrations (from 0 to 1000
nM) was applied onto the hippocampal slices from the NDV
rats to determine the effect of insulin-induced LTD. We
found that this effect was dose dependent. In this study, 500

nM insulin was used to investigate the insulin-induced LTD
in the hippocampus because it has been shown previously
that 500 nM insulin is the optimal dose to determine insulin-
induced LTD and to measure the IR function (6, 30, 31).

In the HFV group, an HFD could attenuate insulin-
induced LTD, compared with the NDV group (Fig. 1B). In
both NDV and ND with rosiglitazone treatment (NDR)
groups, the application of insulin led to insulin-induced
LTD, and the phenomenon was stabilized at a level of
74.43% and 80.79% of preinsulin baseline, for the NDV
and NDR, respectively (Fig. 1C). In the HFD groups, the
insulin-induced LTD in the vehicle-treated HFD group
was significantly reduced, with the mean percentage de-
pression of insulin-induced LTD of 5.7 � 4.6% of the
preinsulin baseline (Fig. 1D). However, rosiglitazone
treatment in the HFD rats could completely abolish the
impairment of insulin-induced LTD caused by the HFD
found in the HFD group (insulin-induced LTD: 64.3 �

4.8% of preinsulin baseline, Fig. 1D). These findings sug-
gest that HFD consumption could cause the neuronal IR
dysfunction and ROS could prevent this undesired effect.

To confirm whether rosiglitazone can reverse or en-
hance neuronal insulin signaling of neuronal insulin re-
sistance after HFD, the Ser473 phosphorylation of Akt/
PKB between both dietary groups, either with or without
rosiglitazone treatment, was investigated. The serine 473
phosphorylation of Akt/PKB was used as a marker for the
neuronal IR signaling activity, because we previously
showed that neuronal insulin resistance after HFD con-
sumption led to the reduction of serine 473 phosphoryla-
tion of Akt/PKB (6). In this study, we found that, without
insulin stimulation, the protein levels of IR, Akt/PKB and
the serine phosphorylation of Akt/PKB in all treated sub-
groups, i.e. ND with vehicle treatment (NDV), ND with
rosiglitazone treatment (NDR), HFV, and HFD with
rosiglitazone treatment (HFR), were not significantly dif-
ferent (Fig. 2, A, B, and C, respectively). However, with
insulin stimulation the serine phosphorylation of Akt/PKB
in the HFV subgroup was significantly decreased, com-

TABLE 1. Effect of rosiglitazone on body weight, visceral fat, cholesterol, glucose, insulin, HOMA index, and OGTT
AUC (area under the curve) in rats fed with ND and HFD

Parameter NDV NDR HFV HFR

Body weight (g) 431.50 � 5.68 460.33 � 4.13a 546.25 � 12.10a,b 603.3 � 9.86a,b,c

Visceral fat (g) 25.22 � 1.11 32.57 � 1.26a 47.94 � 2.88a,b 61.90 � 3.61a,b,c

Cholesterol (mg/dl) 234.78 � 6.38 227.67 � 6.82 301.45 � 9.81a,b 251.55 � 8.24b,c

Glucose (mg/dl) 130.88 � 4.26 101.39 � 3.25a 140.68 � 3.65b 122.01 � 2.14b,c

Insulin (ng/ml) 1.72 � 0.13 1.84 � 0.14 3.85 � 0.18a,b 2.05 � 0.08c

HOMA index 9.80 � 0.51 8.11 � 0.44 24.06 � 1.26a,b 10.8 � 0.56b,c

OGTT AUC (a.u.) 45,814 � 789 39,875 � 895a 63,020 � 1026a,b 49,722 � 935a,b,c

a P � 0.05 vs. NDV; b P � 0.05 vs. NDR; c P � 0.05 vs. HFR.
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pared with the NDV subgroup (P � 0.05, Fig. 2D). The
administration of rosiglitazone significantly increased
Akt/PKB phosphorylation with insulin stimulation in only
the HFD group (P � 0.05, Fig. 2D). All of these findings
indicate that rosiglitazone could attenuate the neuronal
insulin resistance induced by HFD consumption by pre-
serving both neuronal IR function and neuronal IR
signaling.

Rosiglitazone reduced brain mitochondrial
dysfunction from HFD consumption

In addition to the effect of rosiglitazone on improving
the neuronal insulin resistance induced by HFD consump-
tion, we further investigated whether rosiglitazone can
improve brain mitochondrial dysfunction after HFD
consumption. We investigated the dysfunction of brain
mitochondria by measuring brain mitochondrial swell-
ing, brain ROS production, and brain mitochondrial
membrane potentials (��m). We found that brain mito-
chondrial morphology in the HFV subgroup was changed,
with the mitochondria unfolding and swelling, whereas

rosiglitazone treatment did not change the brain mito-
chondrial morphology in the HFD subgroup (Fig. 3A).

To investigate the brain mitochondrial swelling, we
measured the absorbance of brain mitochondria in all four
treatment subgroups (NDV, NDR, HFV, HFR). The ab-
sorbance of brain mitochondria in the HFV subgroup was
decreased compared with that in the NDV subgroup, in-
dicating that brain mitochondria in the HFV subgroup
were swollen (Fig. 3B). In HFD rats, we found that the
absorbance of brain mitochondria in the rosiglitazone-
treated (HFR) subgroup was significantly increased, com-
pared with that in the vehicle-treated (HFV) subgroup
(Fig. 3B). These findings suggest that rosiglitazone can
attenuate brain mitochondrial swelling after HFD con-
sumption. We also demonstrated that the HFV subgroup
had significantly increased ROS levels after H2O2 appli-
cation, compared with the NDV subgroup (Fig. 4A).
Rosiglitazone treatment significantly reduced brain mito-
chondrialROSlevels inbothdietarygroupsduringoxidative
stress stimulation (Fig. 4A).

FIG. 1. HFD feeding significantly diminished the ability of insulin to induce LTD in the CA1 hippocampus. Rosiglitazone, 14 d after 12-wk HFD,
significantly improved the ability of insulin to induce LTD in the CA1 hippocampus. A, The phenomenon of insulin-induced LTD in NDV animals
(n � 3/dose). B, Insulin-induced LTD in the brain slices from NDV and HFV subgroup, confirming the impairment of insulin-induced LTD in CA1
hippocampus after HFD feeding. C, Insulin-induced LTD in the brain slices from NDV and NDR subgroup. D, Insulin-induced LTD in the brain slices
from HFV and HFR subgroup. Inset in each panel shows examples of averages of 20 consecutive traces taken from a slice treated with aCSF (basal)
and with 500 nM (insulin). A–D, A summary of averages of normalized fEPSP (fEPSPt/fEPSPo with fEPSP being points at which fEPSP slopes
stabilized) from NDV (n � 6–8 independent slices), NDR (n � 6–8 independent slices) brain slices, HFV(n � 6–8 independent slices), and HFR
(n � 6–8 independent slices) brain slices. There were no differences between the insulin-induced LTD in NDV and NDR subgroups. However, the
HFR subgroup showed a significant increase in insulin-induced LTD compared with the HFV subgroup.
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For brain mitochondrial membrane potential change,
we found that the rate of ��m changes in the HFV sub-
group was greater than that in the NDV subgroup after
H2O2 application (Fig. 4B). Rosiglitazone treatment de-
creased the rate of ��m changes in both dietary groups
(Fig. 4B). These findings suggest that brain mitochondria
in the HFV subgroup were more depolarized than in the
NDV subgroup during oxidative stress stimulation, and
that rosiglitazone can attenuate the mitochondrial mem-
brane depolarization caused by HFD consumption. All
of these mitochondrial findings suggest that HFD con-
sumption can lead to brain mitochondrial dysfunction
and that rosiglitazone can attenuate the brain mito-
chondrial dysfunction caused by HFD.

Discussion

The major findings of our study are as follows: 1) rosigli-
tazone prevents the impairment of neuronal insulin-in-
duced LTD in neuronal insulin-resistant rats caused by
HFD consumption; 2) rosiglitazone improves IR signaling
dysfunction by increasing ser 473 Akt/PKB phosphoryla-
tion in neuronal insulin-resistant rats caused by HFD
consumption; 3) HFD consumption can cause brain

mitochondrial dysfunction; and 4)
rosiglitazone reverses the brain mito-
chondrial dysfunction by preventing
mitochondrial swelling, decreasing
ROS production, and attenuating
brain mitochondrial membrane po-
tential changes, particularly during ox-
idative stress stimulation.

Consistent with our previous study
(6), we also found that 14-wk HFD-fed
rats (59.28% energy of fat) exhibited
not only peripheral insulin resistance,
as indicated by excessive body weight
gain and visceral fat, hypercholesterol-
emia,hyperinsulinemia, increasedHOMA
index, and the impairment of OGTT,
but also neuronal insulin resistance in-
dicated by decreased insulin-induced
LTD. Previous studies have shown that
HFD consumption can impair neuronal
function, such as the impairment of
spatial learning in both radial arm maze
and Morris Water Maze tests in rats
(22, 32), the reduction of hippocampal
dendritic spines (4), the reduction of
long-term potentiation (4), increased
brain malondialdehyde (33), and de-
creased brain-derived neurotrophic

factor (4). In this study, we have demonstrated, for the first
time, that 14-wk HFD consumption can cause brain mi-
tochondrial dysfunction. Consumption of HFD has been
shown to increase ROS production in kidney, liver, and
skeletal muscle (34, 35), decrease mitochondrial sizes and
numbers in liver and muscle (36), and reduce mitochon-
drial membrane potential in the liver (13, 37). In our
study, HFD consumption disturbs brain mitochondrial
functions, as indicated by mitochondrial morphological
changes, increased swelling, increased ROS production,
and mitochondrial depolarization.

Brain mitochondria are important organelles for main-
taining intracellular Ca2� levels and play an important
role in synaptic transmission (38). The dysfunction of
brain mitochondria has been shown to cause the impair-
ment of synaptic plasticity (38). In our study, the brain
mitochondrial dysfunction may be responsible for the im-
pairment of insulin-induced LTD in rats fed with HFD.
Increased brain mitochondrial ROS production caused by
HFD consumption may cause the opening of mitochon-
drial permeability transition, leading to brain mitochon-
drial swelling and the depolarization of mitochondrial
membrane potential (29, 39). These ROS-mediated mi-
tochondrial changes can induce Akt dephosphorylation

FIG. 2. A and B, There was no change in the protein levels of IR (A) and Akt/PKB (B) in any
group. All immunoblot lanes were loaded with the same amount of protein (30 �g/lane). C,
The Ser473 phosphorylation did not change in any group without insulin stimulation.
Rosiglitazone significantly improved insulin-induced phosphorylation of Akt/PKB at Ser473
residue in HFD consumption. Insulin-induced phosphorylation of Akt/PKB at Ser473 residue
was significantly weakened in HFV group (P � 0.05). However, insulin-induced
phosphorylation of Akt/PKB at Ser473 of the HFR subgroup significantly increased compared
with the HFV subgroup (P � 0.05). All immunoblotting lanes were loaded with the same
amount of protein (60 �g/lane). *, P � 0.05 vs. NDV; ‡, P � 0.05 vs. HFV.
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at Ser-473 (40), indicating the disruption of down-
stream insulin signaling. Therefore, neuronal insulin re-
sistance induced by HFD consumption might be devel-
oped from the brain mitochondrial dysfunction.

Rosiglitazone has been shown to increase the expres-
sion of IR and stimulate tyrosine phosphorylation of IR in
the brown adipocytes of fetal rats (41). In our study,
rosiglitazone increased Akt/PKB ser-473 phosphorylation
in the HFD subgroup and also tended to increase that in
the NDV subgroup. An increase in the phosphorylation
of Akt/PKB may be responsible for the improvement of
insulin-induced LTD in rosiglitazone-treated HFD rats,
because increased Akt/PKB phosphorylation can lead to
increased intracellular Ca2� levels, thus restoring the
insulin-induced LTD in the brain (31).

Because rosiglitazone can cross the blood-brain bar-
rier rapidly after ip administration (42), the effect of
rosiglitazone on brain function may be the result of
direct interaction of rosiglitazone with neurons. Several
studies support the direct effects of rosiglitazone on
neurons. First, the administration of rosiglitazone to
HFD rats can improve learning and memory, as dem-
onstrated in the Morris Water Maze test (21, 22). Sec-
ond, rosiglitazone can increase dendritic spine density
in neuronal culture models (43). Third, in the Tg2576

mouse model for Alzheimer’s disease, rosiglitazone can
reduce amyloid peptide 42 in the brain (21). Those pre-
vious reports and the findings in this study suggest that
rosiglitazone passes the blood-brain barrier and may act
directly in the brain to improve neuronal IR function as
well as improve peripheral insulin sensitivity.

This study has also shown that rosiglitazone protects
brain mitochondrial dysfunction caused by HFD by pre-
serving conformational changes, preventing mitochon-
drial swelling, attenuating ROS production, and decreas-
ing mitochondrial membrane potential dissipation.
Rosiglitazone has been shown to have neuroprotective ef-
fects (44) and has beneficial effects on brain mitochondria
(45–47). Rosiglitazone increases the production of at least
two antioxidant agents, Cu/Zn-superoxide dismutase
(SOD) and Mn-SOD, in traumatic brain injury, leading to
decreased ROS production (48). It also increases SOD ac-
tivity and decreases lipid peroxidation production (49),
resulting in decreased ROS production. Furthermore,
rosiglitazone, in a dose-dependent manner, increase mi-
tochondrial activity by regulating ATP production and
transcription of mitochondrial structural proteins and cel-
lular antioxidant enzymes, thus attenuating ROS level
(50). Moreover, rosiglitazone prevents the depolarization
of mitochondrial membrane potential in brain oxygen-
glucose deprivation followed by reoxygenation (51, 52).

FIG. 4. A, Brain mitochondrial ROS production was measured by
fluorescent dye during 2 mM H2O2 application onto brain
mitochondria. Rosiglitazone significantly reduced ROS production after
H2O2 application in both ND and HFD consumption. B, HFD
consumption induced an increase in mitochondrial membrane
potential change (��m) during 2 mM H2O2 application to brain
mitochondria, measured by fluorescent dye. Rosiglitazone significantly
decreased brain mitochondrial membrane potential change (��m) after
H2O2 application in both ND and HFD consumption. *, P � 0.05 vs.
NDV; †, P � 0.05 vs. NDR; ‡, P � 0.05 vs. HFV.

FIG. 3. A, Transmission electron microscopy (original magnification,
�25,000) shows the ultrastructure of brain mitochondria in NDV,
NDR, HFV, and HFR. Rosiglitazone prevented the morphology
change after HFD consumption. Scale bar, 1:100 nm. B, HFD
consumption induced mitochondrial swelling as measured by
absorbance at 540 nm. Rosiglitazone significantly decreased
mitochondrial swelling in both dietary groups. *, P � 0.05 vs. NDV;
†, P � 0.05 vs. NDR; ‡, P � 0.05 vs. HFV.
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Rosiglitazone protects hippocampal and dorsal root gan-
glion neurons against A�-induced mitochondrial damage
and nerve growth factor deprivation-induced apoptosis by
up-regulation of Bcl-2 (46). Those previous findings sug-
gest that the role of PPAR� agonists is to help in mito-
chondrial biogenesis and the repair of mitochondria dur-
ing cellular injury or cell death. Consistent with those
previous studies, our study showed that rosiglitazone can
reduce brain mitochondrial dysfunction caused by 12-wk
HFD consumption by reducing ROS production and de-
creasing mitochondrial membrane depolarization. It has
also been shown that the reduction of ROS production can
prevent the dissipation of mitochondrial membrane po-
tential (48). In addition, keeping ROS production at a low
level has been shown to improve insulin signaling (53).
Therefore, the effects of rosiglitazone in reducing brain
mitochondrial dysfunction may be one of the reasons that
rosiglitazone improves neuronal insulin sensitivity in the
brain. In addition, the improvement of brain mitochon-
drial dysfunction found in the rosiglitazone-treated group
could also improve other metabolic control in the brain
such as the hypothalamic insulin signaling, which plays an
important role in maintaining normal glucose homeosta-
sis (54).

In conclusion, our findings suggest that rosiglitazone
improves not only peripheral insulin resistance but also
neuronal insulin resistance in hippocampal regions caused
by HFD consumption. The improvement of neuronal in-
sulin sensitivity may occur via the effect of rosiglitazone on
attenuating brain mitochondrial dysfunction. Therefore,
PPAR� agonists may be a useful medicine to ameliorate
neuronal insulin resistance.

Limitation of this study
Although the direct evidence whether rosiglitazone

acted directly on the brain to attenuate the neuronal in-
sulin resistance and brain mitochondrial dysfunction in-
duced by HFD consumption was not provided in this
study, it has been clearly shown previously that rosiglita-
zone could pass the blood-brain barrier (42). In that study,
they determined the brain concentration of rosiglitazone
in normal male gerbils receiving ip injection of rosiglita-
zone at a dose of 3 mg/kg. They found that the mean
concentration of rosiglitazone in the brain increased dur-
ing the first 15 min and reached a plateau at 90–120 min,
suggesting that rosiglitazone could pass blood-brain bar-
rier even in a normal condition. Nevertheless, it is possible
that rosiglitazone could also improve the peripheral insu-
lin resistance and other systemic effects, subsequently re-
sulting in improvement of neuronal insulin resistance
caused by a HFD consumption. Furthermore, the change
in the PPAR� target gene in the brain was not investigated

in the present study. Finally, because the function of IR
and the phosphorylation of Akt in response to insulin were
analyzed in the hippocampal slices, the effects on other
neuronal populations could be similar or different accord-
ing to their anatomical areas.
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