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Inhibition of microglia-mediated neuroinflammation has been regarded as a prospective strategy for treating neurodegenerative

disorders, such as Parkinson’s disease (PD). In the present study, we demonstrated that systematic administration with iptakalim (IPT), an

adenosine triphosphate (ATP)-sensitive potassium channel (KATP) opener, could alleviate rotenone-induced degeneration of

dopaminergic neurons in rat substantia nigra along with the downregulation of microglial activation and mRNA levels of tumor

necrosis factor-a (TNF-a) and cyclooxygenase-2 (COX-2). In rat primary cultured microglia, pretreatment with IPT suppressed

rotenone-induced microglial activation evidenced by inhibition of microglial amoeboid morphological alteration, declined expression of

ED1 (a marker for activated microglia), and decreased production of TNF-a and prostaglandin E2 (PGE2). These inhibitory effects of IPT

could be reversed by selective mitochondrial KATP (mitoKATP) channel blocker 5-hydroxydecanoate (5-HD). Furthermore, pretreatment

with IPT prevented rotenone-induced mitochondrial membrane potential loss and p38/c-jun N-terminal kinase (JNK) mitogen-activated

protein kinase (MAPK) activation in microglia, which might in turn regulate microglial activation and subsequent production of TNF-a and
PGE2. These data strongly suggest that the KATP opener IPT may be a novel and promising neuroprotective drug via inhibiting microglia-

mediated neuroinflammation.
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INTRODUCTION

Microglia, the resident immune cells in the brain, play a
pivotal role in immune surveillance of central nervous
system (CNS). Increasing evidence has demonstrated that
microglia-mediated neuroinflammatory process is critically
involved in the initiation and development of neurodegen-
erative disorders, such as Parkinson’s disease (PD; Block
and Hong, 2005; Minghetti, 2005). When subjected to
abnormal stimulation, such as neurotoxins, neuronal
debris, or injury, microglia become gradually activated
and produce a host of factors, including tumor necrosis
factor-a (TNF-a), prostaglandin E2 (PGE2), interleukin-1b
(IL-1b), nitric oxide (NO), and reactive oxygen species
(ROS). Accumulation of these proinflammatory and

cytotoxic factors is deleterious directly to neurons and
subsequently induces further activation of microglia,
resulting in a vicious cycle (Block and Hong, 2005; Herrera
et al, 2005). Thus, inhibition of microglial activation and
subsequent inflammatory process may provide therapeutic
benefits for inflammation-related neurodegenerative dis-
orders, such as PD (Gao et al, 2003b). Moreover, the
compounds possessing anti-neuroinflammatory properties
have been becoming one of the most promising candidates
for PD therapy.
ATP-sensitive potassium channels (KATP channels), which

belong to a class of inwardly rectifying potassium channels,
are activated by a decrease in ATP/ADP ratio. Activation of
KATP channels induces cell hyperpolarization, which may
reduce cell activity and energy consumption, thereby
linking metabolic state to excitability (Rodrigo and Standen,
2005). KATP channels are composed of discrete pore-
forming (Kir6.1/Kir6.2) and regulatory subunits (SUR1/
SUR2). These channels in the brain do not belong to a
homogenous group, and different combinations of possible
KATP channel subunits give rise to functional KATP channels
with a variety of biophysical, pharmacological and meta-
bolic properties (Liss and Roeper, 2001). It is well
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documented that KATP channel openers, especially mito-
chondrial KATP channel (mitoKATP channel) openers, can
provide neuroprotective effects for neuron and astrocyte
against ischemia, trauma, and neurotoxicants (Busija et al,
2004; Hu et al, 2005; Yamada and Inagaki, 2005; Yang et al,
2006). The result from our laboratory first reported BV-2
microglial cell line expressed Kir6.1/SUR2 KATP channels,
which could regulate BV-2 cell activation and the produc-
tion of inflammatory factors (Liu et al, 2006). Recently, we
found that opening KATP channels expressed in rat primary
cultured microglia prevented dopaminergic neurons from
rotenone-induced neurodegeneration via inhibiting micro-
glial activation (not published). As most developed KATP

channel openers fail to pass through the blood–brain
barrier, there are few effective KATP channel openers to be
used in vivo for investigating the role of KATP channels in
CNS in neurodegenerative disorders.
Iptakalim (IPT) is a lipophilic para-amino compound,

which has been demonstrated to be a novel KATP channel
opener by pharmacological, electrophysiological and bio-
chemical studies, and receptor binding test (Yang et al,
2004, 2005; Xie et al, 2005; Wang et al, 2006). Our previous
studies have revealed that IPT exhibited significant
neuroprotective effects not only on behavioral symptoms,
but also on neuronal necrosis and apoptosis in different
animal models of stroke, PD, as well as in cultured cells.
And these effects of IPT were supposed mainly through
activation of mitoKATP channels (Wang et al, 2004, 2005,
2006; Yang et al, 2004, 2005, 2006; Hu et al, 2005; Liu
et al, 2006). Most recently, we found that IPT exhibited
potent neuroprotective effects against rotenone-induced
neurotoxicity by inhibiting inducible nitric oxide synthase
(iNOS) expression and activity (Yang et al, 2005, 2006).
Notably, as iptakalim can freely get through the blood–
brain barrier and has few effects on peripheral blood
pressure, it may be a prospective agent for treating PD and
other neurodegenerative diseases. However, it needs to be
further investigated whether IPT exerts neuroprotection via
inhibiting microglial activation and the sequential neuro-
inflammation.
Rotenone, a classic and high-affinity inhibitor of mito-

chondrial complex I, can induce selective dopamine
neurons degeneration in substantia nigra (Helmuth, 2000;
Jenner, 2001; Alam and Schmidt, 2002), and KATP channel is
considered as a potential downstream target of mitochon-
drial complex I inhibition (Liss et al, 2005). It is notable that
microglial activation and subsequent inflammatory process
induced by rotenone have been suggested to be the
predominant mechanisms for degeneration of dopaminer-
gic neurons in vivo and in vitro (Gao et al, 2002, 2003a, b;
Perier et al, 2003; Sherer et al, 2003). Therefore, in the
present study, we tried to explore whether the KATP channel
opener IPT could inhibit microglia-mediated neuroinflam-
mation induced by rotenone and thus prevent dopaminer-
gic neurodegeneration.

MATERIALS AND METHODS

Animals and Treatments

Male Sprague–Dawley rats aged 7 weeks (220–240 g) were
chosen for experiments. Five rats were kept in a cage under

standard laboratory conditions with free access to standard
laboratory food and tap water, constant room temperature
of 221C, 50–60% humidity, and a natural day–night cycle.
All experiments were performed according to the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (publication no. 85–23, revised 1985)
and the Guidelines for the Care and Use of Animals in
Neuroscience Research by the Society for Neuroscience and
approved by IACUC (Institutional Animal Care and Use
Committee of Nanjing Medical University).
Dimethylsulfoxide (DMSO)/polyethylene glycol (1:1) was

used as vehicle for rotenone. IPT was dissolved in sterile
saline. Diazoxide was dissolved in 100% DMSO as vehicle
and diluted with sterile saline to a concentration of 1mg/ml
(0.2% DMSO) for administration to rats. Rats were
randomly divided into five groups. Control rats (n¼ 16)
received vehicle only. Rats of model group (n¼ 20) were
subcutaneously injected with rotenone (2.5mg/kg/day) for 4
weeks and daily dose of rotenone was administered t.i.d. at
08:00, 14:00, and 20:00, respectively. The injection volume
was 0.1ml/100 g body weight. Other rats were received
intragastric administration with IPT (1.5, 3.0mg/kg/day,
n¼ 16) or diazoxide (3.0mg/kg/day, n¼ 16) for 3 days. On
day 4, IPT or diazoxide was pretreated 1 hour before the
injection with rotenone (2.5mg/kg/day, subcutaneously) on
a daily basis for 4 weeks.
Rats of rotenone group underwent an obvious mortality

(40%) after 4 week treatments. Twelve to 16 animals
remained per group. After the last behavior test, rats were
killed and their brains were used for morphological (n¼ 6)
and biochemical (n¼ 4) analyses.

Behavioral Tests

The catalepsy test and rotarod test were performed to
evaluate the effects of IPT and diazoxide on rotenone-
induced parkinsonian symptoms. All rats were tested for
catalepsy and rotarod at five time points, before adminis-
tration and 1, 2, 3, and 4 weeks after treatments. Only rats
that completed all 4 weeks of the experiments were included
in statistical analyses (n¼ 12). For catalepsy test, rats
were placed with both forepaws on bars 9 cm above and
parallel from the base and were in a half-rearing position.
Latency time of the removal of the paw was recorded. The
basic requirement is for rotating roller (or rotarod),
consisting of (1) a roller of the appropriate diameter
(8 cm) for rats, (2) a power source for turning the roller
(control of rod speed), and (3) four circular separators
placed along the rod at suitable intervals to divide the roller
into equal-sized compartments for simultaneous testing of
four animals. For the rotarod test, rats were placed on the
rod and sequentially tested at 5, 10, and 15 r.p.m. for a
maximum of 300 s each speed. The length of time that each
animal was able to stay on the rod at each rotarod speed was
recorded.

Microglia-Enriched Cultures

Rat primary microglial cells were prepared according to
previously described protocol with slight modifications
(Gao et al, 2002). Briefly, tissues from whole brains of
postnatal (P1–P2) Sprague–Dawley rats were triturated and

Iptakalim inhibits neuroinflammation
F Zhou et al

2571

Neuropsychopharmacology



then cells were plated on poly-D-lysine precoated cell culture
flasks in DMEM containing 10% fetal calf serum, 100U/ml
penicillin, and 100 mg/ml streptomycin. Cultures were
maintained at 371C in a humidified atmosphere of 5%
CO2/95% air. After reaching a confluent monolayer of glial
cells (10–14 days), microglia were separated from astrocytes
by shaking off for 5 h at 100 r.p.m. and replated on 24-well
culture plates at a density of 105 cells/cm2. After plating
the microglia-enriched population for 24 h, cells were
treated with rotenone, KATP channel openers, blocker, or
vehicle alone. The enriched microglia were 498% pure as
determined by OX-42-IR (a marker for microglia; Serotec,
USA) and GFAP-IR (a marker for astrocyte; Sigma, USA).

Immunochemistry and Stereology

Animals were perfused with 4% paraformaldehyde, and
brains were dissected out and maintained in 4% parafor-
maldehyde overnight. Brains were cryopreserved in 30%
sucrose in phosphate buffered saline (PBS) and then stored
at �701C until used. Free-floating sections encompassing
the entire midbrain were prepared using a cryostat. For TH,
OX-42, and ED1 immunostaining, tissue sections (30 mm)
were incubated with primary antibodies overnight at 41C.
Primary antibodies used in this study were as follows:
mouse anti-TH (1:4000; Sigma, USA), mouse anti-OX-42
(1:100; Serotec, USA), mouse anti-ED1 (1:100; Serotec,
USA). Immunostaining was visualized by using 3,30-
diaminobenzidine. Sections were then counterstained with
hematoxylin.
The total number of TH-and hematoxylin–eosin-positive

neurons in substantia nigra were counted from six rats per
group by using the optical fractionator method (West,
1993), an unbiased method of cell counting that is not
affected by either the volume of reference (ie SNpc) or the
size of the counted elements (ie neurons) (Stereoinvesti-
gator, MicroBrightField). In agreement with this method,
TH- and hematoxylin–eosin-stained neurons were counted
in the right and left SNpc of every fourth section (30 mm)
throughout the entire extent of the SNpc. Each midbrain
section was viewed at low power (� 10 objective), and the
SNpc was outlined according to the established anatomical
landmarkers (the rat brain atlas by Paxinos and Watson,
1997). Then at a random start, the number of TH- and
hematoxylin–eosin-stained cells was counted at high power
(� 100 oil). To avoid double counting of neurons with
unusual shapes, TH- and hematoxylin–eosin-stained cells
were counted only when their nuclei were optimally
visualized, which occurred only in one focal plane. After
all of the TH- and hematoxylin–eosin-positive neurons were
counted, the total numbers of TH- and hematoxylin–eosin-
positive neurons in the SNpc were calculated by using the
formula described by West (1993). Sampling grid dimen-
sions were 120� 120� 5 mm (x, y, and z axes).
Cells were fixed using 4% paraformaldehyde followed by

blocking with PBS containing 10% bovine serum albumin
(BSA). After blocking, cells were incubated at 41C overnight
with the primary antibody ED1 (1:100, a marker for
activated microglia). Stained cells were observed by
scanning confocal microscopy, and the total ED1 fluores-
cence intensities of every well were quantitated using image-
analysis software (Simple PCI).

Reverse Transcription–Polymerase Chain Reaction

Total RNA was extracted from selected brain regions after
drug treatment using Trizol (Invitrogen Life Technologies,
USA). 2mg Two micrograms of total RNA was reverse-
transcribed into single-stranded cDNA. Polymerase chain
reaction (PCR) was performed on the equivalent cDNAs from
each sample. Amplification was performed with the following
primer sets: (1) TNF-a (GenBank accession no. X66539):
50-CAGACCCTCACACTCAGATCATCTT-30 (forward) and
50-CAGAGCAATGACTCCAAAGTAGACCT-30 (reverse); (2)
cyclooxygenase-2 (COX-2) (GenBank accession no. S67722):
50-TGATGACTGCCCAACTCCCATG-30 (forward) and 50-AAT
GTTGAAGGTGTCCGGCAGC-30 (reverse); and (3) glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (GenBank
accession no. BC059110) 50-TGGTGCCAAAAGGGTCATCT
CC-30 (forward) and 50-GCCAGCCCCAGCATCAAAGGTG-30

(reverse). The thermal cycling conditions of PCR were as
follows: TNF-a and COX-2: 951C, 5min; 951C, 30 s; 631C, 30 s;
721C, 30 s; 721C, 10min (35 cycles); GAPDH: 951C, 5min;
951C, 30 s; 601C, 30 s; 721C, 30 s; 721C, 10min (30 cycles). The
PCRs were then visualized on a 1.8% agarose gel containing
0.06mg/ml ethidium bromide and analyzed by Omega 16ic
Chemiluminescence Imaging System.

TNF-a and PGE2 Assay

The amount of TNF-a in the culture medium was determined
24 h after treatment with a rat TNF-a enzyme-linked
immunosorbent assay (ELISA) kit (BioSource International,
USA). The content of TNF-a in rat brain tissue extracts was
also determined by TNF-a ELISA kit. The production of
PGE2 in microglia cultures was evaluated 24h after treatment
with a PGE2 radioimmumoassay kit purchased from Blood
Research Institute (Soochow University, China).

Detection of Mitochondrial Membrane Potential

Microglial mitochondrial membrane potential was detected
with the fluorescent probe JC-1 (Molecular Probes, USA),
which exists predominantly in monomeric form when cells
with depolarized mitochondria and display fluoresced green at
490nm. Cells with polarized mitochondria predominantly
contained JC-1 in aggregate form and show fluoresced
reddish–orange. Microglia were incubated with 5mM of JC-1
for 10min at 371C, washed, and placed on a thermostatted
stage at 371C. Fluorescent images were visualized by a Nikcon
Optical TE2000-S inverted fluorescence microscope with
excitation at 490nm and emission at 4520nm. Acquired
signal was analyzed with image-analysis software (Simple PCI).
A minimum of six fields was selected and average intensity for
each region was quantified. The ratio of J-aggregate to JC-1
monomer intensity for each region was calculated. A decrease
in this ratio was interpreted as loss of DCm, whereas an
increase in the ratio was interpreted as gain in DCm.

Western Blotting

Cells were collected and homogenized in 200 ml lysis buffer.
After incubation for 20min on ice, cell lysates were
centrifuged and protein concentration in the extracts was
determined by the Bradford assay. Proteins in cell extracts
were denatured with sodium dodecyl sulfate (SDS) sample
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buffer and separated by 10% SDS–polyacrylamide gel
electrophoresis. Proteins were transferred to nitrocellulose
membranes using a Bio-Rad miniprotein-III wet transfer
unit. The membranes were incubated with 5% BSA
dissolved in Tris-buffered saline with Tween 20 (TBST)
(pH 7.5, 10mM Tris–HCl, 150mM NaCl, and 0.1% Tween
20) at room temperature for 1 h, washed three times and
incubated with different antibodies (p38, phospho-p38,
JNK, and phospho-JNK at 1:1000) overnight at 41C. The
membranes were washed three times with TBST buffer and
incubated with the secondary antibody (1:1000) for 1 h
followed by four washings. Signal detection was performed
with an enhanced chemiluminescence kit.

Statistical Analysis

All values are means7SEM. The significance of the
difference between control and samples treated with various
drugs was determined by one-way ANOVA followed by the
post hoc least significant difference test. Differences were
considered significant at Po0.05.

RESULTS

Iptakalim Alleviates Rotenone-Induced Rat Behavioral
Symptoms and Dopaminergic Neuronal Degeneration in
Substantia Nigra

Chronic administration with rotenone (2.5mg/kg/day for 28
days, subcutaneously) induced obvious neurotoxicity in

rats, including significant weight loss (data not shown),
obvious mortality (40%), and typical parkinsonian symp-
toms, such as catalepsy. Rats were received intragastric
administration with IPT (1.5, 3.0mg/kg/day) or diazoxide
(3.0mg/kg/day) for 3 days. On day 4, IPT or diazoxide
was pretreated 1 hour before the injection with rotenone
(2.5mg/kg/day, subcutaneously) on a daily basis for 4
weeks. IPT or diazoxide significantly alleviated rotenone-
induced rat weight loss and death (data not shown).
In the rotarod test, vehicle-treated animals learned the

task quickly and, after a short training period, were able to
remain on the rod at different speed (5–20 r.p.m.). They
stepped voluntarily from the hand of the experimenter onto
the rotarod, except at very high rotation speeds. Almost all
control animals remained on the rod for 300 s at 5–20 r.p.m.
The time-on-the-rod of rotenone-treated rats was signifi-
cantly reduced with an obvious gradual decrease in time-
on-the-rod as rod speed increased. Rats pretreated with IPT
or diazoxide had a longer length of time-on-the-rod
compared with the rotenone-treated rats (Figure 1a). Using
the catalepsy test, rotenone-treated rats showed prolonged
latency time compared to that in the vehicle-treated control
group. The latency time of rats pretreated with IPT (1.5,
3.0mg/kg/day) or diazoxide (3.0mg/kg/day) decreased by
91, 78, and 87%, respectively (Figure 1b).
Furthermore, stereological count of TH-immunoreactive

(TH-ir) cells in substantia nigra was used to explore the
effects of IPT on rotenone-induced degeneration of
dopaminergic neurons. Chronic treatment with rotenone
induced a dramatic loss of dopaminergic neurons by 68.1%

Figure 1 Effects of IPT on rotenone-induced rat behavioral symptoms and dopaminergic neuronal death in substantia nigra. (a) Rotarod test. (b)
Catalepsy test. Rot, rotenone; IPT, iptakalim; Dia, diazoxide (n¼ 12). (c) Microphotographs of TH-positive neurons in rat SNpc. Scale bar, 200 mm. (d)
Stereological cell counts of TH-positive neurons in rat SNpc (n¼ 6). **Po0.01; ***Po0.001 vs control group; ##Po0.01, ###Po0.001 vs rotenone group.
Data are presented as means7SEM.
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compared with control group (Po0.01) indicated by
obviously reduced number of TH-ir neurons. IPT (1.5,
3.0mg/kg/day) or diazoxide (3.0mg/kg/day) remarkably
alleviated rotenone-induced dopaminergic neurons degenera-
tion by 22.2, 15.8, and 19.7%, respectively (Figure 1c and d).

Iptakalim Inhibits Rotenone-Induced Microglial
Activation in Rat Substantia Nigra

To explore the effects of IPT on microglial activation,
immunostaining was used to detect OX-42 and ED1 markers
for microglia. As shown in Figure 2, chronic administration
with rotenone (2.5mg/kg/day, s.c.) for 4 weeks could induce
notable microglial activation in rat substantia nigra
indicated by large number of OX-42-ir and ED1-ir cells,
which had larger cell body, poorly ramified short, and
thick processes. IPT (1.5, 3.0mg/kg/day) or diazoxide

(3.0mg/kg/day) pretreatment resulted in significant sup-
pression of microglial activation in rat substantia nigra,
indicated by few OX-42-ir and ED1-ir cell number, small
cell body, ramified, and thin processes (Figure 2). These
results suggest that IPT could inhibit rotenone-induced
microglial activation, and this inhibitory effect may be
implicated in the neuroprotective effects of IPT.

Iptakalim Inhibits Rotenone-Induced Production of
TNF-a and COX-2 in Rat Substantia Nigra

As microglia-mediated neuroinflammation is mainly owing
to the excessive proinflammatory and cytotoxic factors from
activated microglia and their downstream signaling cas-
cades, the mRNA levels of proinflammatory factors were
detected. With GAPDH as an internal control, the results of
semiquantitative reverse transcription-polymerase chain

Figure 2 Effects of IPT on rotenone-induced microglial activation in rat substantia nigra. OX-42 and ED1 immunostaining were performed to study
microglial activation. Rats treated with vehicle showed minimal microglial activation in SNpc (a, f, k) indicated by few OX-42-ir and ED1-ir cell number and
small cell body with ramified and thin processes (f). In rotenone-treated rats, there were numerous OX-42-ir and ED1-ir cells in SNpc (b, g, l), which had
larger cell body, poorly ramified short and thick processes (g). Rats pretreated with IPT (1.5 or 3.0mg/kg/day) or diazoxide (1.5mg/kg/day) reduced the
number of rotenone-induced OX-42- and ED1-positive cells, which was similar to those seen in vehicle-treated rats. Scale bar: a–e, 100 mm; f–j, 20mm;
k–o, 100 mm.
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reaction showed obvious elevation of TNF-a and COX-2
mRNA expression in rotenone-treated rat substantia nigra.
The mRNA level of TNF-a was increased by about 3.1
(Po0.01 vs control) times that of control group. Similarly,
the level of COX-2 mRNA was upregulated by 2.1 times
(Po0.01 vs control). IPT (1.5, 3.0mg/kg/day) or diazoxide
(3.0mg/kg/day) could significantly downregulate mRNA
levels of TNF-a and COX-2 in rotenone-treated rat
substantia nigra (Figure 3a and b). Additionally, the content
of TNF-a in rat brain tissue extracts of substantia nigra was
determined. The results showed that chronic treatment with
rotenone (2.5mg/kg/day) significantly increased TNF-a
content in substantia nigra (297% of control). However,
IPT (1.5, 3.0mg/kg/day) or diazoxide (1.5mg/kg/day) could
attenuate the content of TNF-a in substantia nigra
compared with that of rotenone-treated rats (Figure 3c).
Similar results were observed in rat striatum (data not
shown). These results further suggest that IPT could
obviously suppress rotenone-induced microglial activation
and neuroinflammation, which may result in the alleviation
of dopaminergic neuronal degeneration.

Iptakalim Decreases Rotenone-Induced Production of
TNF-a and PGE2 from Rat Primary Cultured Microglia

To further investigate the inhibitory effect of IPT on
microglial activation, rat primary cultured microglia were
cultured for in vitro study. As shown in Figure 4, incubation
with rotenone (10 nM) for 24 h significantly increased the
production of TNF-a and PGE2 (Po0.01 vs control).
Pretreatment with IPT (0.01, 0.1, 1, 10, 100 mM) 20min
before addition of rotenone produced a concentration-
dependent decrease in TNF-a production with a minimum
effective dose of 0.1 mM (Figure 4a). Similarly, IPT (0.01, 0.1,
1, 10, 100 mM) also decreased the PGE2 production at a
minimum effective dose of 0.1 mM (Figure 4b).
IPT (10 mM) alone failed to affect TNF-a and PGE2

production from untreated microglial (data not shown).
However, IPT (10 mM) reduced rotenone-induced TNF-a

production up to 35.1% along with the reduced production
of PGE2 up to 40.6% (Figure 4c and d). Preincubation with
KATP channel blocker glibenclamide (10 mM) or selective
mitoKATP channel blocker 5-HD (250 mM) for 20min could
reverse these inhibitory effects of IPT. These results
indicated that IPT could inhibit rotenone-induced produc-
tion of proinflammatory factors from microglia through
opening mitoKATP channels.

Iptakalim Inhibits Rotenone-Induced Microglial
Activation In Vitro

The amoeboid morphological changes and increased ED1
expression were hallmarks of microglial activation. Typi-
cally, ‘resting’ microglia are characterized by ramified and
either bipolar or unipolar processes with low level of ED1
expression, whereas activated microglia become round with
enlarged and amoeboid cell bodies, accompanied by
increased expression of ED1. After incubation with 10 nM
rotenone for 24 h, most microglia were activated, indicated
by dramatic amoeboid morphological changes (Figure 5a)
and significant upregulation of ED1 expression (Figure 5b
and c). Preincubation with IPT (10 mM) or diazoxide
(100 mM) for 20min obviously attenuated rotenone-induced
morphological alterations. Meanwhile, ED1 expression was
decreased by 62.3 and 65.6%, respectively. Preincubation
with the selective mitoKATP channel blocker 5-HD (250 mM)
could reverse the inhibitory effects of IPT and diazoxide.
Neither 10 mM IPT nor 100 mM diazoxide alone induced
obvious microglial activation (data not shown). These
results demonstrate that IPT could inhibit rotenone-
induced microglial activation in vitro through opening
mitoKATP channels.

Iptakalim Prevents Rotenone-Induced Mitochondrial
Membrane Potential Loss in Microglia

As mitochondrial membrane potential (DCm) change has
been demonstrated to be involved in microglial activation

Figure 3 Effects of IPT on rotenone-induced production of proinflammatory factors in rat substantia nigra. IPT downregulated the mRNA levels of TNF-a
(a) and COX-2 (b) in substantia nigra. Rats were grouped as below: Group1: control, Group2: rotenone (2.5mg/kg/day), Group3: rotenone (2.5mg/kg/day)
+ IPT (1.5mg/kg/day), Group4: rotenone (2.5mg/kg/day) + IPT (3.0mg/kg/day), Group5: rotenone (2.5mg/kg/day) + diazoxide (1.5mg/kg/day). (c) IPT
decreased the content of TNF-a in substantia nigra compared with that of rotenone-treated rats. **Po0.01; ***Po0.001 vs control group; ###Po0.001,
##Po0.01 vs rotenone group. Data are presented as mean7SEM, n¼ 4.
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and production of proinflammatory factors, molecular
probe JC-1 was used to detect the effect of IPT on
rotenone-induced microglial mitochondrial membrane
potential variation, which may be implicated in the neuro-
protection of IPT. As shown in Figure 6, after exposure to
rotenone (10 nM) for 30min, most microglia displayed a
loss or collapse of DCm indicated by fluorescence of JC-1
shifted from red–orange to greenish–yellow. Pretreatment
with IPT (10 mM) prevented the loss of DCm in microglia.
Furthermore, 5-HD (250 mM) could abolish the preventive
effects of IPT. These data indicate that IPT may prevent
rotenone-induced mitochondrial membrane depolarization
through activating mitoKATP channels.

Iptakalim Suppresses Rotenone-Induced p38/JNK
MPAK Activation in Microglia

Mitogen-activated protein kinases (MAPKs), the predomi-
nant signaling transduction pathway responsible for synth-
esis and production of proinflammatory factors in
microglia, can be regulated by mitochondrial function
(Akundi et al, 2005; Ciallella et al, 2005; Lund et al, 2005;
Waetzig et al, 2005). In the present study, microglia were
treated with rotenone (10 nM) for different intervals of time
to determine the involvement of MAPK after rotenone
stimulation. Treatment with rotenone led to a rapid and
transient phosphorylation of both p38 and JNK MAPK,
indicating activation of p38 and JNK with the peak levels of
phosphorylated p38 and JNK occurring at 30min (Figure 7a
and b). Phosphorylated p38 sustained up to 2 h after
rotenone addition, but JNK phosphorylation was still
detectable at 4 h. These data suggest that both p38 and

JNK MAPK are activated in response to rotenone stimula-
tion in microglia.
Next, we explored whether IPT could regulate rotenone-

induced p38/JNK MAPK phosphorylation at 30min time
point. Pretreatment with 10 mM IPT suppressed rotenone-
induced increase of phospho-p38 and phospho-JNK by over
50 and 64%, respectively (Figure 7c and d). Moreover, these
suppressive effects of IPT were reversed by mitoKATP

channel blocker 5-HD (250 mM). These data suggest that IPT
may inhibit rotenone-induced microglial activation through
regulating mitochondrial function and the downstream
MAPK signaling transduction.

DISCUSSION

Microglial activation has been demonstrated to be an early
sign that often precedes and triggers neuronal death in
chronic neurodegenerative diseases, such as in PD (Gao
et al, 2003a, b; Block and Hong, 2005; Minghetti, 2005).
Chronic administration of rotenone reproduced key fea-
tures of PD in rodents, and microglial activation might be
the predominant mechanism for rotenone-induced dopa-
minergic neuronal degeneration (Alam and Schmidt, 2002;
Bonetta, 2002; Gao et al, 2002, 2003a; Perier et al, 2003;
Sherer et al, 2003; Hirsch et al, 2005). Therefore, inhibition
of microglial activation and subsequent neuroinflammation
may offer prospective clinical therapeutic benefit for PD
and other neuroinflammation-related neurodegenerative
disorders.
IPT, a KATP channel opener that can freely cross the

blood–brain barrier, has been demonstrated to exert
significant neuroprotective effects, such as promoting

Figure 4 Effects of IPT on rotenone-induced production of TNF-a (a, c) and PGE2 (b, d) from microglia. Rot: rotenone. IPT: iptakalim. Gli, glibenclamide.
5-HD, 5-hydroxydecanoate. ***Po0.001 vs control group; #Po0.05, ##Po0.01, ###Po0.001, vs Rot group; wwPo0.01, wwwPo0.001 vs Rot + IPT group.
Data are presented as the mean7SEM of four independent experiments.
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behavioral recovery, protecting neurons against necrosis
and apoptosis in different animal models of stroke, PD, as
well as in cultured cells (Wang et al, 2004, 2005, 2006;
Hu et al, 2005; Yang et al, 2006). Additionally, our previous

study showed that IPT exhibited potent neuroprotective
effects against rotenone-induced neurotoxicity by inhibiting
iNOS expression and activity (Yang et al, 2005, 2006). In the
present study, systematic administration with IPT could

Figure 5 Effects of IPT on rotenone-induced microglial activation. (a) Morphological changes of microglia. (b) Microglia were stained with the activated
microglial marker ED1. (c) Data for the fluorescence intensity of ED1-positive microglia. ***Po0.001 vs control group; ###Po0.001 vs Rot group;
wwwPo0.001 vs Rot + IPT group; zzzPo0.001 vs Rot +Dia (diazoxide) group. Data are presented as the mean7SEM of four independent experiments.
Scale bar, 50mm.
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alleviate rotenone-induced dopaminergic neuron loss
along with the inhibition of microglial activation and
production of proinflammatory factors in substantia nigra.
Our in vitro studies further confirmed that IPT could
suppress rotenone-induced microglial activation and pro-
duction of proinflammatory factors. Because microglial

activation is essential for upregulation of proinflammatory
factors in substantia nigra (Arimoto and Bing, 2003), our
findings suggest that the neuroprotection exerted by IPT is
likely owing to inhibition of microglial activation, which
may in turn slow the progressive dopaminergic neuronal
degeneration.

Figure 6 Effects of IPT on rotenone-induced mitochondrial depolarization in microglia. (a) JC-1 fluorescence images of mitochondria. Scale bar, 25 mm.
(b) Quantification of mitochondrial membrane potential expressed as a ratio of J-aggregate to JC-1 monomer fluorescence intensity. ***Po0.001 vs control
groups; ###Po0.001, vs Rot group; wwwPo0.001 vs Rot + IPT group. Data are presented as the mean7SEM of four independent experiments.

Figure 7 Effects of IPT on rotenone-induced p38/JNK MAPK activation in microglia. Rotenone increased p38/JNK MAPK phosphorylation, indicative of
p38/JNK MAPK activation. Microglia were treated with 10 nm rotenone for indicated times (a, b). Pretreatment with 10 mM IPT suppressed rotenone-
induced p38/JNK phosphorylation (c, d). 30min after treatment, microglia were harvested and phosphorylated p38/JNK MAPK were analyzed. Lower:
Representative blots are shown. Upper: Densitometric analysis of the phosphorylated forms of p38/JNK MAPK. *Po0.05, **Po0.01. ***Po0.001 vs
control group; ###Po0.001 vs Rot group; wwwPo0.001 vs Rot + IPT group. Data are presented as the mean7SEM of four independent experiments.
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In the present study, it was demonstrated that the
inhibitory effects of IPT on microglial activation and
production of proinflammatory factors were reversed by
selective mitoKATP channel blocker 5-HD, which suggests
that IPT may suppress microglial activation through
opening mitoKATP channels in microglia. It is well
documented that KATP channel, especially mitoKATP

channel, may be a novel protective target for neuron and
astrocyte (Yamauchi et al, 2003; Busija et al, 2004).
Accumulating evidence has showed that the amount of
mitoKATP channels located in brain cells is at least sixfold
higher than that in heart cells (Bajgar et al, 2001; Lacza et al,
2003), indicating an essential role of mitoKATP channel in
the physiology and pathology of CNS. Consistent with the
results of our present study, Farkas et al (2005a, b) reported
that mitoKATP channel opener diazoxide could alleviate
ischemia-related white matter injury and learning dysfunc-
tion by suppressing microglial activation. Thus, mitoKATP

channels may be an important molecular target for
inhibiting microglia-mediated neuroinflammation and for
treating neuroinflammation-related neurodegenerative dis-
orders. Although Liss et al (2005) reported that genetic
inactivation of Kir6.2 resulted in a selective rescue of
substantia nigra dopaminergic neurons in a MPTP model
of dopaminergic degeneration, there were a large number of
evidences for benefits afforded by activating mitoKATP in
ischemia and degeneration (Yamauchi et al, 2003; Busija
et al, 2004; Farkas et al, 2005a, b). This discrepancy may be
owing to the difference between the opening of mitoKATP

channels and genetic inactivation of Kir6.2. In addition, the
KATP channels in dopaminergic neurons composed of Kir6.2
and SUR1 subunits display a promotion of neurodegenera-
tive process in PD (Liss et al, 2005; Deutch and Winder,
2006), but it is worth noting that the composing subunits of
KATP channels in microglia differ from that of dopaminergic
neurons and may play a distinct role in the initiation and
process in the degenerative diseases.
Increasing evidence has showed that mitoKATP channels

play an important role in maintaining mitochondrial
function by regulating intracellular signal transduction,
mitochondrial volume, and calcium homeostasis, which
may be involved in cell survival and death (Busija et al,
2004; Ardehali and O’Rourke, 2005; Rodrigo and Standen,
2005; Nichols, 2006). However, the exact mechanism
underlying the inhibition of microglial activation by open-
ing mitoKATP channels remains unknown. Mitochondrial
membrane potential and the downstream MAPKs have been
demonstrated to regulate microglial activation and the
production of proinflammatory factors from microglia
(Akundi et al, 2005; Ciallella et al, 2005; Lund et al, 2005;
Waetzig et al, 2005). The inhibitory effects of IPT on
rotenone-induced DCm loss and p38/JNK MAPK activation
were abolished by addition of 5-HD, indicating IPT might
regulate mitochondrial function and MAPKs pathways
through opening mitoKATP channels. Recently, ROS gener-
ated in the mitochondrial respiratory chain is considered as
an important mediator of signal transduction in ischemic
preconditioning (Otani, 2004), which activates p38 and JNK
MAPK through the activation of upstream signaling MKK.
Activation of mitoKATP channel increases production of
protective ROS during preconditioning and decreases the
levels of harmful ROS produced during reperfusion

(O’Rourke, 2004). So we propose that opening mitoKATP

channel by IPT may inhibit the rotenone-induced produc-
tion of proinflammatory factors from microglia through
suppression of mitochondria-derived ROS and downstream
MAPKs phosphorylation.
In addition, our results showed that the activity of IPT

was compared to the well-characterized mitoKATP channel
opener diazoxide. Diazoxide was originally developed as an
antihypertensive agent, but was found to induce hypergly-
cemia by reducing insulin secretion. The clinical use of
diazoxide has been hampered by its lack of potency and
selectivity giving rise to side effects (Hansen, 2006). In
contrast, IPT possesses several advantages, such as free
penetration through the blood–brain barrier and low-toxic
side effects during systemic administration (Wu et al, 2005).
Therefore, IPT is a promising compound that may protect
neurons against a variety of neurodegenerative diseases.
In conclusion, we reported first that IPT significantly

inhibited rotenone-induced microglial activation and sub-
sequent production of proinflammatory factors through
activating mitoKATP channels whereby alleviated the dopa-
minergic neuronal degeneration. These data strongly
support the notion that inhibition of microglial activation
by opening mitoKATP channels may provide a new
therapeutic strategy for neuroinflammation-related disor-
ders. IPT, a KATP channel opener that can pass through the
blood–brain barrier and has few effects on peripheral blood
pressure, might be developed as a potential therapeutic
agent for PD and other neuroinflammation-related neuro-
degenerative diseases.
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