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Rotenone exposure has emerged as an environmental
risk factor for inflammation-associated neurodegen-
erative diseases. However, the underlying mecha-
nisms responsible for the harmful effects of rotenone
in the brain remain poorly understood. Herein, we
report that myeloperoxidase (MPO) may have a po-
tential regulatory role in rotenone-exposed brain-res-
ident immune cells. We show that microglia, unlike
neurons, do not undergo death; instead, they exhibit
distinctive activated properties under rotenone-ex-
posed conditions. Once activated by rotenone, micro-
glia show increased production of reactive oxygen
species, particularly HOCl. Notably, MPO, an HOCl-
producing enzyme that is undetectable under normal
conditions, is significantly increased after exposure
to rotenone. MPO-exposed glial cells also display
characteristics of activated cells, producing proin-
flammatory cytokines and increasing their phago-
cytic activity. Interestingly, our studies with MPO in-
hibitors and MPO-knockout mice reveal that MPO
deficiency potentiates, rather than inhibits, the rote-
none-induced activated state of glia and promotes
glial cell death. Furthermore, rotenone-triggered neu-
ronal injury was more apparent in co-cultures with
glial cells from Mpo�/� mice than in those from wild-
type mice. Collectively, our data provide evidence that
MPO has dual functionality under rotenone-exposed
conditions, playing a critical regulatory role in

modulating pathological and protective events

964
in the brain. (Am J Pathol 2011, 179:964–979; DOI:

10.1016/j.ajpath.2011.04.033)

Pesticide exposure has received considerable attention
as an environmental risk factor for several diseases, in-
cluding Parkinson’s disease (PD). An increasing number
of epidemiological and biochemical studies1,2 have im-
plicated the oxidative properties of pesticides in the
pathogenesis of such diseases. Rotenone, one of the
most widely used herbicides, is a ketone compound ex-
tracted from the roots of Lonchocarpus species.3 It is a
highly lipophilic pesticide that readily crosses the blood-
brain barrier and accumulates throughout the brain.4,5

Rotenone exposure has disrupted cell membranes and
caused damage to proteins, lipids, and DNA, ultimately
leading to neuronal cell death. Indeed, there is increasing
evidence that long-term exposure to rotenone causes
significant degenerative diseases.6–9

Myeloperoxidase (MPO) is a heme-containing protein
that catalyzes the formation of the potent oxidant HOCl
and other chlorinating species derived from H2O2. MPO
and MPO-derived oxidants could mediate inflammatory
responses at sites of inflammation, thereby contributing
to the defense system against pathogens.10 Reports11,12

indicate that MPO levels are significantly increased in
various disease states, such as infection, ischemia, ath-
erosclerosis, and acute myeloid leukemia. Increased
MPO levels are widely considered characteristic of sys-
temic inflammatory diseases. Recently, several interest-
ing reports13,14 have revealed that MPO has catalytic
activity and exhibits cytokine-like properties, activating
and modulating inflammatory signaling cascades. MPO
has been closely involved in stimulating mitogen-acti-
vated protein kinase activity, cell growth, and protease
activity, thereby influencing the immune responses and
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the progression of several inflammation-associated dis-
eases.10,15–19

Until recently, phagocytic blood cells were thought to
be the only cellular sources of MPO. However, recent
studies18,20,21 have shown that several cell types, includ-
ing neuronal cells, express MPO under certain patholog-
ical conditions. Also, MPO is not expressed in healthy
brain parenchyma but is expressed in several neurode-
generative diseases, such as Alzheimer’s disease and
PD.20,22,23 However, the precise roles of MPO and the
underlying mechanisms responsible for its action have
not been determined.

Immune and inflammatory responses in the central ner-
vous system (CNS) are mainly coordinated by the interac-
tion of the brain-resident immune cells, microglia, and as-
trocytes with neurons. Thus, we questioned how glial cells
respond to rotenone exposure and whether glial cells play a
role in the pathophysiological consequences of rotenone
exposure. In the present study, we investigated the re-
sponses of glial cells and their potential roles in combating
against rotenone-induced damage in the CNS. Intriguingly,
we found that MPO may act as an essential modulator,
regulating the activation of glia and affecting neuronal injury
under rotenone-exposed conditions. Our data provide new
insights into the cellular responses associated with MPO in
the rotenone-exposed brain and suggest a potential target
for the development of a therapeutic intervention in dis-
eases associated with rotenone exposure.

Materials and Methods

Reagents and Antibodies

Rotenone and human MPO were obtained from Calbi-
ochem (La Jolla, CA); minimal essential medium, Life Tech-
nologies, Inc. (Gaithersburg, MD); Dulbecco’s modified Ea-
gle’s medium (DMEM) and fetal bovine serum, Hyclone
(Logan, UT); salicyl hydroxamic acid and (D�)-mannose,
Sigma-Aldrich (St Louis, MO); and 4-aminobenzoylhydra-
zide (ABAH), Calbiochem (San Diego, CA). The antibodies
used in this study included the following: mouse anti-�-
tubulin (Sigma-Aldrich), anti-MPO (Dako, Glostrup, Den-
mark), anti-glial fibrillary acidic protein (GFAP; Cell Signal-
ing, Beverly, MA), anti-CD11b (Serotec, Oxford, UK), anti-
manganese-containing superoxide dismutase (MnSOD)
(Upstate, Lake Placid, NY), anti-cyclooxygenase (COX)-2
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-inducible
nitric oxide synthase (iNOS) (Upstate), anti-interferon-� re-
ceptor (IFN�R) (Santa Cruz Biotechnology), anti-arginase-1
(BD Biosciences, San Jose, CA), anti-CD16/CD32 (Fc
Block; BD Biosciences), and anti-tyrosine hydroxylase (TH;
Abcam, Cambridge, MA). Fluorophore-conjugated second-
ary antibodies (Alexa Fluor 488 and 546) were obtained
from Molecular Probes (Eugene, OR), and horseradish per-
oxidase–conjugated secondary antibodies were obtained
from Bio-Rad (Hercules, CA).

Animals

Sprague-Dawley rats were obtained from SamTako Bio

Korea (Osan, Korea), and C57BL/6 and B6.129 �
1-Mpotm1Lus/J mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME). Adult timed-pregnant Sprague-
Dawley rats and CrljOri:CD1 mice were obtained from
ORIENT BIO (Sungnam, Korea). All animal procedures
were performed according to the National Cancer Center
guidelines for the care and use of laboratory animals.

Glial Cell Culture

Glial cells isolated from the cerebral cortex of 1- to 3-day-
old Sprague-Dawley rats were triturated into single-cell
suspensions, plated in 75-cm2 T-flasks (0.5 hemispheres
per flask), and cultured in minimal essential medium con-
taining 10% fetal bovine serum for 2 weeks.24 The micro-
glia were detached from the flasks by mild shaking and
applied to a nylon mesh to remove astrocytes and cell
clumps. Cells were plated in 60-mm2 dishes (8 � 105

cells per dish) or 100-mm2 dishes (2 � 106 cells per
dish). One hour later, the cells were washed to remove
unattached cells before being used in experiments. After
removal of the microglia, primary astrocytes were pre-
pared using trypsinization.25 Murine BV2 microglial cells
were maintained in DMEM supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 �g/mL strep-
tomycin at 37°C in a humidified incubator under 5% CO2.

Neuron-Enriched Mesencephalic Cultures

Ventral mesencephalic tissues were dissected from embry-
onic day 14 or 15 Sprague-Dawley rats or embryonic day 12
CrljOri:CD1 mice and dissociated enzymatically (0.1% tryp-
sin) and mechanically.26 Cells were seeded onto six-well
plates (2 � 106 cells per well) or 24-well plates (5 � 105

cells per well) precoated with poly-D-lysine (5 mg/mL) and
laminin (0.2 mg/mL). Rat neurons were maintained in
DMEM supplemented with 10% heat-inactivated fetal bo-
vine serum and 1% penicillin-streptomycin (P/S) at 37°C in
a humidified 5% CO2 incubator. On the following day, the
medium was replaced with a chemically defined serum-free
medium containing 50% DMEM; 50% Ham’s F12 media;
1% insulin, transferring, selenium; and 1% P/S. Then, it was
incubated for 48 hours before treatment. Mouse neurons
were resuspended in Neurobasal medium (Invitrogen,
Carlsbad, CA) containing 1� B27 supplement (Invitro-
gen), 0.5 mmol/L glutamine, and 1% P/S at 37°C in a
humidified 5% CO2 incubator. During the subsequent 4
to 5 days, cells were refed every 2 days and replaced
with Neurobasal medium without B27 for the lactate
dehydrogenase (LDH) assay.

Phagocytosis Assay

Microglia were plated in 60-mm2 dishes (2.5 � 104 cells
per dish) and then treated or left untreated with rotenone.
The phagocytic capacity was measured by incubating
cells with fluorescein isothiocyanate (FITC)–conjugated
phagocytic beads (8 � 106 beads/mL; FluoSpheres poly-
styrene microspheres; Molecular Probes) at 37°C for 3
hours. Cells were then washed three times with PBS and
then gently removed from the wells using cell scrapers for

fluorescence-activated cell sorter (FACS) analysis. To ex-
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amine Fc� receptor–mediated phagocytosis, BV2 cells
were blocked using 10 �g/mL Fc Block (BD Biosciences)
directed against Fc�RIII(CD32)/Fc�RII(CD16). Fc Block
also binds the Fc�I receptor (CD64) via its Fc domain.

MPO Activity Assay

MPO activity was measured using an EnzChek Myeloperoxi-
dase Activity Assay Kit, as described by the manufacturer
(Molecular Probes or Invitrogen). Briefly, primary microglia and
astrocytes were lysed using a standard freeze-thaw method
and suspended in 50 �L of PBS. Lysates (50 �L) and super-
natant were incubated for 30 minutes at room temperature in
the working solution, according to the manufacturer’s instruc-
tions. Fluorescence was measured at 590 nm after excitation
at 530 nm using a Spectra-Max Gemini fluorometer (Molecular
Devices, Sunnyvale, CA) at room temperature.

GSH Measurement

Total intracellular �-glutamyl-cysteinyl-glycine (GSH) con-
tent was measured using a kit from Cayman, according to
the manufacturer’s instructions. In brief, primary microglia
were scraped from 60-mm2 dishes (8 � 105 cells per dish),
homogenized in 0.1 mL cold buffer, and then centrifuged at
10,000 � g for 15 minutes at 4°C. The supernatant was
collected and deproteinized by mixing with metaphos-
phoric acid before GSH content measurement.

Confocal Microscopy

Cells grown on coverslips were fixed in ice-cold methanol
and permeabilized in 0.1% Triton X-100/PBS for 10 min-
utes. Cells were then blocked with 10% bovine serum
albumin/0.1% Triton X-100/PBS for 30 minutes at room
temperature, and the coverslips were washed twice with
0.1% Triton X-100/PBS. Fluorescent images were acquired
with a confocal laser scanning microscopy system (model
LSM510 meta; Carl Zeiss, Jena, Germany) and Axio Ob-
server Z1 (Carl Zeiss) using rhodamine, fluorescein, and
DAPI filters. The confocal system software and Axiovision
software were used to capture and store the images.

RT-PCR Analysis

Total RNA was isolated using Easy-Blue (iNtRON, Dae-
jeon, Korea), and cDNA was synthesized using avian
myeloblastosis virus reverse transcriptase (TaKaRa, Da-
lian City, Japan), according to the manufacturer’s instruc-
tions. PCRs were performed with 35 cycles of sequential
reactions. Oligonucleotide primers were obtained from
Bioneer (Seoul, Korea). RT-PCR analysis was performed
using previously reported primers27,28 and the following
primers: rat catalase, 5=-TTATGTTACCTCACAGCCT-
GGT-3= (forward) and 5=-GTGTTGTGTGTTCTGTGTGTG-
TAG-3= (reverse); rat COX-2, 5=-ACACTCTATCACTG-
GCATCC-3= (forward) and 5=-GAAGGGACACCCTT-
TCACAT-3= (reverse); rat glutathione peroxidase (GPx)-1,
5=-TGAGAAGTGCGAGGTGAATG-3= (forward) and 5=-AA-

CACCGTCTGGACCTACCA-3= (reverse); rat GPx-2, 5=-
TGCCCTACCCTTATGACGAC-3= (forward) and 5=-GGAG-
ATTCCTAGGCTGAGCA-3= (reverse); rat matrix metallopro-
teinase (MMP)-3, 5=-CTGGAATGGTCTTGGCTCAT-3= (for-
ward) and 5=-CTGACTGCATCGAAGGACAA-3= (reverse);
rat MnSOD, 5=-AACGCGCAGATCATGCAGCTGC-3= (for-
ward) and 5=-ACATTCTCCCAGTTGATTACAT-3= (reverse);
rat MPO, 5=-GTATCGAACCATCACTGGAC-3= (forward)
and 5=-AGCTGGTCTCACAGTTGAGT-3= (reverse); rat neu-
ronal NOS, 5=-GGCACTGGCATCGCACCCTT-3= (for-
ward) and 5=-CTTTGGCCTGTCCGGTTCCC-3= (reverse);
and mouse tumor necrosis factor (TNF)-�, 5=-ATGAGCACA-
GAAAGCATGATC-3= (forward) and 5=-TACAGGCTTGT-
CACTCGAATT-3= (reverse).

ELISA

Enzyme-linked immunosorbent assay (ELISA) kits were
used according to the manufacturer’s protocols. After treat-
ment with stimuli, 100 �L of conditioned media was collected
and assayed using ELISA kits for rat TNF-� (eBioscience,
San Diego, CA), IL-4, IL-6, and IL-13 (BioSource Interna-
tional, Comarillo, CA).

Western Blot Analysis

Cells were washed twice with cold PBS and lysed in
ice-cold modified radioimmunoprecipitation assay buffer
(50 mmol/L Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25%
Na-deoxycholate; 150 mmol/L NaCl; and 10 mmol/L
Na2HPO4) containing protease inhibitors (2 mmol/L phe-
nyl-methyl sulfonyl fluoride, 10 �g/mL leupeptin, 10
�g/mL pepstatin, 0.5 mmol/L Na3VO4, 0.5 mol/L NaF, and
2 mmol/L EDTA). The proteins in the medium were further
fractionated by using the Rapid-Con Protein concentra-
tion kit (Elpis Biotech, Daejeon, Korea), according to the
manufacturer’s protocol. The lysate was centrifuged for
20 minutes at 13,000 rpm at 4°C, and supernatant pro-
teins were separated by SDS-PAGE on 8% gels and
transferred to nitrocellulose membranes. The membranes
were incubated with primary antibodies and horseradish
peroxidase–conjugated secondary antibodies and then vi-
sualized using an enhanced chemiluminescence system.

Flow Cytometric Analysis

Cells cultured according to standard procedures were dis-
sociated from the culture plates by pipetting and washed
twice with PBS. Antibody incubations were performed for 30
minutes at 4°C. Cells were washed by sedimenting at 450 �
g for 10 minutes at 4°C. Flow cytometric measurements were
performed using a Becton Dickinson FACSCalibur system
(Becton Dickinson, Mansfield, MA), and data were analyzed
using FlowJo software (Treestar, Inc., San Carlos, CA).

Measurement of ROS

Cells were suspended in 5 �mol/L CM-H2DCFDA (DCF;
Molecular Probes) or 10 �mol/L aminophenyl fluorescein
(APF; Molecular Probes) for 30 minutes at 37°C in the dark.

After incubation, the cells were washed twice with PBS and
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suspended in PBS. The green emission of DCF, APF, and
rhodamine-123 was measured using an FACSCalibur
flow cytometer (BD Biosciences). DCF detects H2O2, hy-
droxyl radical, peroxyl radical, and peroxynitrite anion,
whereas APF reacts preferentially with HOCl. To evaluate
oxidative stress using rhodamine-123 (Molecular
Probes), the cells were incubated with 1 �g/mL rhoda-
mine-123 for 10 minutes in culture media at 37°C.

LDH Assay

LDH released into the supernatant by damaged cells was
measured by collecting 50 �L of cell-free supernatant into
96-well plates (n � 3) and then adding 125 �L of NADH
solution and 25 �L of pyruvate solution. The LDH level was
determined immediately by measuring absorbance at a
wavelength of 340 nm in kinetics mode for 5 minutes on a
microplate reader (Molecular Devices). The percentage cy-
totoxicity was calculated as follows (using total cellular LDH
as a low control): Cytotoxicity (%) � [(Experimental Value-
Low Control)/(High Control-Low Control)] � 100%.

Cell Viability Assay

Cell viability was determined using the Live/Dead Viability
Cytotoxicity Kit (Molecular Probes) or the Cell Counting
Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan),
according to the manufacturer’s instruction. For the Live/
Dead Viability Cytotoxicity assay, cells were grown in
24-well plates (primary microglia, 8 � 104 cells per well;
primary mesencephalic neurons, 5 � 105 cells per well)
and incubated with the indicated stimuli. Viability was as-
sessed by staining cells according to the manufacturer’s
protocol and analyzing by fluorescence microscopy (Axio
Observer Z1). The percentage cell viability was defined in
each image as the percentage of live and dead cells versus
the total number of cells, counting at least 350 cells per image.
For the CCK-8 assay, viable cells were counted by absor-
bance measurements at 450 nm using a Versamax microplate
reader (Molecular Devices) at room temperature.

Measurement of Cell Death by PI and
Annexin V Staining

The cytotoxic effects of rotenone were assessed by flow
cytometry after staining the cells with propidium iodide
(PI). Briefly, 1 � 106 cells per sample were washed twice
with cold PBS and fixed in ice-cold 75% ethanol at 4°C.
The cells were then washed twice with PBS and incu-
bated with 50 �g/mL RNase A and 40 �g/mL PI for 30
minutes at 4°C. For measurement of cell death using
annexin V, cells were harvested and washed in binding
buffer, then incubated with annexin V–FITC (BD Pharmin-
gen, San Diego, CA) and 7-amino-actinomycin D for 15
minutes at room temperature in the dark. Cells were then
immediately analyzed by flow cytometry using an FAC-
SCalibur flow cytometer (Becton Dickinson). Gating was
defined using untreated control samples to exclude ag-

gregates and to determine the appropriate quadrants.
Data Analysis

All data were expressed as the mean � SEM and analyzed
by one-way analysis of variance, followed by post hoc com-
parisons (Student-Newman-Keuls test) using the Statistical
Package for Social Sciences 8.0 (SPSS, Chicago, IL).

Results

Rotenone Exposure Does Not Trigger Microglial
Cell Death

Studies29,30 have suggested a potential role for microglia
in modulating pathophysiological events in the rotenone-
exposed brain. In an effort to precisely understand the
distinct responses of glial cells to rotenone exposure, we
first examined the cell viability of rotenone-treated pri-
mary microglia cultures compared with those of mesen-
cephalic neuron-enriched cultures. Rat primary microglia
and neurons were mock treated or treated with rotenone
for 3 days, after which the degree of cell death was
determined using the LDH assay. Interestingly, rotenone
(1 to 100 nmol/L) did not significantly affect the viability of
primary microglia but did enhance neuronal cell death in
mesencephalic neuron-enriched cultures (Figure 1A; see
also Supplemental Figure S1A at http://ajp.amjpathol.org).
To further determine the effects of rotenone on microglial
cell viability in the brain, we separately cultured rat pri-
mary microglia and neurons using transwell chambers.
The cells were mock treated or treated with 30 nmol/L
rotenone for 3 days, and the viability of each cell type was
determined by FACS analysis (Figure 1B). As was the
case with the microglia alone culture, microglial cell death
was not detected, but neuronal cell death was increased
compared with mock-treated controls. Similar results as
previously described were obtained by fluorescence mi-
croscopy using a Live/Dead Viability Cytotoxicity kit and
FACS analysis (Figure 1C; see also Supplemental Figure
S1, A and B, at http://ajp.amjpathol.org). These findings in-
dicate that rotenone does not trigger microglial cell death in
the absence or presence of neurons.

Microglia Display Typical Activated Properties
under Rotenone-Exposed Conditions

Although rotenone did not trigger microglial cell death,
rat primary microglia displayed typical activated pheno-
types under rotenone-exposed conditions, indicating that
microglia could actively respond to rotenone exposure
(see Supplemental Figure S1C at http://ajp.amjpathol.
org). Therefore, we carefully examined the characteristics
of rotenone-exposed microglia by analyzing the expres-
sion profile of genes associated with microglial activation.
As shown in Figure 2, A and B, rotenone exposure sig-
nificantly increased the expression of markers represen-
tative of classic (inflammatory M1) activation in rat pri-
mary microglia.31,32 Treatment of microglia with rotenone
obviously enhanced the production of several proinflam-
matory mediators, including TNF-�, IL-1�, IL-6, IL-12p40,

iNOS, IFN-�, and IFN�R. To better characterize the prop-
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erties of activated microglia under conditions of rotenone
exposure, we further examined the expression of anti-
inflammatory M2 activation markers.31,33 In contrast to
previous descriptions, we did not observe any noticeable

Figure 1. Effects of rotenone (Rot) on the viability of primary microglia. A
indicated concentrations of Rot for 3 days, and the degree of cell death was a
of four independent experiments. ***P � 0.001 compared with mock-treated
neurons were co-cultured using transwell inserts and treated with 30 nmol/
measured by FACS analysis. C: Primary microglia were incubated with or wit
the Live/Dead Viability Cytotoxicity kit, as described in Materials and Meth
changes in the level of M2 activation markers, including
IL-4, IL-13, IL-10, transforming growth factor-�, and argi-
nase-1, under the same culture condition (Figure 2C).
These results indicate that rotenone exposure primes

rimary microglia (PM) and mesencephalic neurons were cultured with the
by measuring LDH leakage into the culture medium. Data are representative
s (CONs). N.S. indicates no significant difference. B: PM and mesencephalic
r 3 days. Cells were stained with PI, and the viability of each cell type was
indicated concentrations of Rot for 3 days. Cell viability was analyzed using

Figure 2. Rotenone (Rot) exposure primes mi-
croglia to enter a classically activated state. A:
Primary microglia were stimulated with the indi-
cated concentrations of Rot, after which the ex-
pression of TNF-� was determined by RT-PCR
analysis (left). TNF-� protein was also measured
by ELISA in rat primary microglia treated with 10
nmol/L Rot for 24 hours (right). ***P � 0.001
compared with mock-treated controls (CONs).
B: The mRNA levels of IL-1�, IL-6, IL-12p40,
IFN-�, and iNOS were determined by RT-PCR
(left). The level of IFN�R was observed by flow
cytometric analysis using an anti-IFN�R antibody
(middle). The level of IL-6 secreted into the
media was measured by ELISA in primary micro-
glia treated with 30 nmol/L Rot for 24 hours
(right). *P � 0.05 compared with mock-treated
CONs. C: The mRNA levels of IL-10 and trans-
forming growth factor-� were determined by
RT-PCR (left). Primary microglia were cultured
with 30 nmol/L Rot or 10 ng/mL lipopolysaccha-
ride for 24 hours, and the levels of arginase
(AG)-1 were measured using Western blot anal-
ysis (middle). The levels of IL-4 or IL-13 were
assayed by ELISA (right). GAPDH indicates
glyceraldehyde-3-phosphate dehydrogenase; N.S.,
no significant difference.
: Rat p
ssessed
control
L Rot fo
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microglia to enter a classically activated state, express-
ing proinflammatory receptors and mediators.

To better define the state of rotenone-exposed microglia,
we examined the phagocytic activity of microglia, one of the
representative characteristic properties of activated micro-
glia. FACS analysis showed that treatment of BV2 microglia
with rotenone considerably augmented the cellular uptake
of fluorescent beads (Figure 3A). Next, we investigated
whether rotenone-induced phagocytic activity was depen-
dent of Fc� receptors (Fc�Rs) because Fc�Rs on microglia
contribute to diverse cellular functions and Fc�R-mediated
phagocytosis is associated with the inflammatory activity of
microglia.34,35 FACS analysis using a rat anti-mouse CD16/
CD32 antibody indicated that Fc�Rs on BV2 microglial cells
were up-regulated after exposure to rotenone (Figure 3B
and data not shown). Moreover, rotenone-triggered phago-
cytic activity was markedly reduced by blocking Fc�Rs
using Fc Block directed against such receptors (Figure 3C).
These results suggest that rotenone is capable of promot-
ing Fc�R-mediated phagocytic activity, resulting in inflam-
matory conditions in the brain. Taken together, our results
indicate that microglia are not killed by rotenone; rather,
they act as effector cells in the brain.

Rotenone Stimulates MPO Generation in the
Microglia

Oxidative stresses caused by reactive oxygen species
(ROS) have been intimately implicated as critical media-
tors of many cellular processes and can lead to diverse
physiological and pathological outcomes. To further in-
vestigate the events that occur in microglia after expo-
sure to rotenone, we monitored the generation of intra-
cellular ROS. The levels of DCF fluorescence were much
greater in rotenone-exposed rat primary microglia than in
mock-treated cells (Figure 4A), indicating an increase in
intracellular ROS. Notably, rotenone exposure signifi-

cantly increased the fluorescence of APF, a highly sen-
sitive probe that selectively detects hydroxyl radicals and
hypochloride anions (Figure 4A).36

The formation of hypochloride is catalyzed by MPO
from chloride ions and H2O2. Therefore, we considered
the possibility that MPO could be involved in rotenone-
induced activation of microglia and subsequent patho-
physiological events. FACS analyses showed that treat-
ment of rat primary microglia with rotenone resulted in a
significant induction of MPO expression. In particular, this
increase in MPO expression was detected in cells treated
with a concentration of rotenone as low as 1 nmol/L
(Figure 4B). By using confocal microscopy, we confirmed
the rotenone-stimulated increase of MPO expression in
BV2 microglial cells. MPO expression was low in mock-
treated BV2 microglial cells and was significantly in-
creased by rotenone at all concentrations tested (Figure
4B). Interestingly, an increase of MPO levels by rotenone
is much more prominent compared with those by other
microglial activators, such as lipopolysaccharide, IFN-�,
Gmix, and sulfatide (data not shown). These findings
suggest the interesting possibility that rotenone exposure
characteristically increases MPO expression in microglia.

Microglia Actively Respond to Rotenone-
Triggered Oxidative Stress by Producing
Pro-Oxidative and Antioxidative Enzymes

To further address the effects of rotenone on oxidative
events in microglia, we examined the expression levels of
representative pro-oxidative and antioxidative enzymes un-
der rotenone-exposed conditions. As shown in Figure 5A,
rotenone exposure significantly induced the expression of
iNOS, COX-2, and MPO in rat primary microglia. Interest-
ingly, under the same experimental conditions, we also
observed that the levels of antioxidative enzymes, such as
MnSOD, catalase, GPx-1, and GPx-2, became elevated in
rat primary microglia within 3 hours after treatment with

Figure 3. Rotenone (Rot) exposure triggers
phagocytic activity in microglia. A: BV2 micro-
glia were cultured in the presence or absence of
30 nmol/L Rot for 24 hours, and phagocytosis of
FITC-conjugated fluorescent beads was deter-
mined by flow cytometric analysis, as described
in Materials and Methods. **P � 0.005 when
compared with mock-treated cells. B: BV2 mi-
croglia were treated with 30 nmol/L Rot for 24
hours, after which expression of Fc� receptors
was determined by FACS analysis using an anti-
CD16/CD32 antibody directed against Fc�III/II
receptors. C: BV2 microglia were incubated with
10 �g/mL Fc Block (BD Biosciences) for 1 hour
at 37°C and followed by exposure to 30 nmol/L
Rot for 18 hours. The phagocytic activity was
analyzed by FACS using FITC-conjugated fluo-
rescent beads. *P � 0.05 when compared with
Rot alone–treated samples. CON indicates con-
trol.
rotenone (Figure 5B), indicating that rotenone exposure
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may trigger the antioxidant defense system of microglia.37

These results suggest that rotenone exposure enhanced
the levels of pro-oxidative and antioxidative enzymes in glial
cells. In addition, 24 hours after exposure to rotenone, the
levels of glutathione (ie, GSH), a prominent antioxidant,
were higher in rotenone-treated microglia than in mock-
treated cells (Figure 5C). Overall, our results indicate that
microglia actively respond to rotenone-triggered oxidative
stress by simultaneously modulating pro-oxidative and an-
tioxidative enzymes, especially MPO, thereby affecting in-
flammatory and defense systems in the brain.

MPO Enhances Production of ROS and
Inflammation-Associated Molecules

MPO is an oxidative free radical–producing enzyme that
regulates oxidative stress at sites of inflammation.18,38,39
Because rotenone exposure caused a notable increase
in MPO expression, we sought to determine whether
MPO could influence the ability of microglia to mediate
cellular events in the rotenone-exposed brain. First, we
investigated the effects of MPO on the viability of micro-
glia. At all concentrations tested (ranging from 1 ng/mL to
1 �g/mL), MPO had no effect on BV2 microglial viability,
indicating that MPO, like rotenone, does not directly in-
duce microglial cell death (Figure 6A and data not
shown). Second, we examined the impact of MPO on the
activation state of microglia. Primary microglia were
treated with vehicle or 100 ng/mL MPO for 3 hours, after
which DCF fluorescence was measured by FACS analy-
sis. As expected, treatment with exogenous MPO resulted
in a marked increase in ROS generation, indicating that
MPO is able to activate microglia (Figure 6B). We also
measured the phagocytic activity of MPO-exposed BV2

Figure 4. Rotenone (Rot) exposure significantly
enhances ROS generation and MPO expression
in microglia. A: Primary microglia were cultured
with or without 30 nmol/L Rot for 3 hours and
then incubated with 5 �mol/L DCF for 30 min-
utes at 37°C (left). DCF fluorescence was mea-
sured by FACS analysis. The data are represen-
tative of three independent experiments with
similar results. Primary microglia were treated
with or without Rot for 3 hours and then stained
with 10 �mol/L APF for 30 minutes at 37°C and
analyzed by FACS (right). The graph represents
the fold changes in mean � SEM fluorescence
intensity from three independent experiments.
*P � 0.05 when compared with mock-treated
controls (CONs). B: Primary microglia were
mock treated or treated with 1 nmol/L Rot for 18
hours, after which the intracellular levels of MPO
were analyzed by FACS using an anti-MPO an-
tibody (left). After exposure of BV2 cells to Rot
for 12 hours, MPO expression was observed by
confocal microscopy (right). MPO, green; DAPI,
blue. Scale bar � 10 �m. The data shown are
representative of at least three independent
experiments.

Figure 5. Rotenone (Rot) exposure affects the
levels of pro-oxidative and antioxidative en-
zymes. A: BV2 microglia were mock treated or
treated with 30 nmol/L Rot for 24 hours, and
intracellular expression levels of iNOS and
COX-2 were determined by FACS (left). Rat pri-
mary microglia were mock treated or treated
with 30 nmol/L Rot for 24 hours, after which
iNOS levels were examined using Western blot
analysis (right). B: The transcript levels of cat-
alase, GPx-1, and GPx-2 (left) and MnSOD (bot-
tom right) were determined by RT-PCR in pri-
mary microglia. The intracellular levels of
MnSOD were determined by FACS analysis (top
right). C: Primary microglial cells were mock
treated or treated with 30 nmol/L Rot for the
indicated times, and the total intracellular GSH
content was measured using a kit from Cayman,
according to the manufacturer’s protocol. **P �
0.005 when compared with mock-treated con-
trol (CON) cells. GAPDH indicates glyceralde-
hyde-3-phosphate dehydrogenase; N.S., no sig-
nificant difference.
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microglia and examined the expression levels of represen-
tative microglial activation-associated molecules that have
previously been associated with inflammation and neurode-
generation (Figure 6C).18,40 MPO exposure considerably
augmented phagocytosis and significantly increased the
production of several inflammatory mediators, including
IL-6, IL-12p40, TNF-�, and matrix metalloproteinase-3 (Fig-
ure 6, D–G). Moreover, the MPO transcript level was also
significantly increased by MPO, indicating that MPO may
regulate its own transcription in microglia (Figure 6E). How-
ever, we did not observe an MPO-dependent transcriptional
change of representative anti-inflammatory M2 markers that
we tested (Figure 6G and data not shown). Collectively,
these findings demonstrate that MPO activates microglia,
thereby further enhancing production of inflammation-asso-
ciated molecules and affecting the pathological environ-
ment in the brain.

MPO Augments Its Own Expression and Activity
in Microglia and Astrocytes

After showing that MPO increased the level of its own
transcription in microglia, we investigated whether MPO
could influence its expression at the protein level in rat

primary microglia. As shown in Figure 7A, MPO protein
was not detectable in mock-treated primary microglia.
However, MPO protein levels were rapidly increased in a
dose- and time-dependent manner on exposure to MPO
(Figure 7A and data not shown). In addition, concomitant
treatment with MPO and cycloheximide, an inhibitor of
protein synthesis, considerably reduced the MPO-stimu-
lated expression of MPO protein, supporting that MPO
augments its own expression (Figure 7A). Confocal anal-
yses also clearly demonstrated that the MPO level was
markedly increased by MPO in rat primary microglia
(data not shown). Taken together, these results suggest
that MPO is capable of regulating its own expression at
both the mRNA and protein levels in microglia.

Next, we used a peroxidase activity-based colorimetric
MPO activity assay to examine the effect of MPO expo-
sure on MPO activity in glial cells. Rat primary microglial
cells were mock treated or treated with 100 ng/mL MPO,
and the cell extracts were analyzed for MPO enzymatic
activity. As shown in Figure 7B, the peroxidase activity of
MPO was markedly elevated in microglial cell extracts
after treatment with MPO. These results indicate that the
increase in MPO levels induced by MPO was associated
with marked augmentation of MPO enzymatic activity,
which could potentially influence cellular targets in the

Figure 6. MPO promotes the induction of sev-
eral inflammation-associated molecules and ROS
generation in microglia. A: BV2 microglia were
cultured in the presence or absence of MPO for
24 hours, after which the cells were stained with
PI and annexin V. Cell viability was measured by
FACS analysis. B: Primary microglia were mock
treated or treated with 100 ng/mL of MPO for 3
hours, and DCF fluorescence was measured by
FACS (left). The graph represents the fold
changes in mean � SEM fluorescence intensity
from three independent experiments (right).
*P � 0.05 when compared with mock-treated
control (CON) cells. C: BV2 microglia were cul-
tured in the presence or absence of 100 ng/mL
MPO for 24 hours, and phagocytosis of FITC-
conjugated fluorescent beads was determined
by flow cytometric analysis. The graph shows
the mean fold change in the percentage of
phagocytic cells. ***P � 0.001 when compared
with mock-treated cells. D and E: Primary mi-
croglia were treated with indicated concentra-
tions of MPO for the indicated times, and mRNA
levels of TNF-�, matrix metalloproteinase-3, and
MPO were determined using an RT-PCR–based
assay. F and G: The mRNA levels of IL-6, IL-
12p40, IL-10, and transforming growth factor
(TGF)-� were determined by RT-PCR analysis
(left). At 24 hours after primary microglia were
treated with 100 ng/mL MPO, the expression
level of IFN�R was observed by flow cytometric
analysis (F, right) and the level of IL-4 secreted
into the media was measured by ELISA (G,
right). GAPDH indicates glyceraldehyde-3-
phosphate dehydrogenase; MMP, matrix metal-
loproteinase; N.S., no significant difference.
brain.
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MPO expression was previously demonstrated in as-
trocytes from patients with PD and in a mouse model of
PD.18 Thus, we examined whether MPO could have a role
in rotenone- or MPO-exposed astrocytes, another glial
cell type vital to brain immune responses. Consistent with
the results in microglia, rotenone also clearly enhanced
ROS generation in rat primary astrocytes (see Supple-
mental Figure S2A at http://ajp.amjpathol.org). In addition,
treatment of primary astrocytes with MPO markedly in-
creased intracellular MPO levels. As shown in the
merged image from confocal microscopy results in Sup-
plemental Figure S2B (available at http://ajp.amjpathol.
org), MPO protein was not detected in GFAP-positive
astrocytes in cultures treated with vehicle but was abun-
dantly expressed in all GFAP-positive cells in the MPO-
treated group. We also observed an increase of intracel-
lular MPO using FACS analysis (see Supplemental Figure
S2B at http://ajp.amjpathol.org). These results indicate
that MPO might augment its own expression and activity
in both microglia and astrocytes.

Glial Cells Amplify Levels of MPO through
Uptake of Extracellular MPO and Augmentation
of Their MPO Expression

MPO has been absorbed by macrophages through the
macrophage mannose receptor.41 Thus, we examined
the possibility that uptake of MPO by glial cells might
partly contribute to enhance intracellular MPO levels un-
der MPO-exposed conditions. By using FACS and West-
ern blot analyses, we observed that an MPO-induced
increase of the intracellular MPO level was meaningfully
reduced in the presence of (D�)-mannose, a macro-

Figure 7. MPO-exposed glial cells enhance their MPO levels by both uptak
treated with the indicated concentrations of MPO for 18 hours, followed by
were pretreated with cycloheximide (CHX) for 1 hour, followed by incubat
Western blot analysis (right). B: Primary microglia were treated with or with
measured fluorometrically (SpectraMax Gemini EM spectrofluorometer; M
representative of four independent experiments. ***P � 0.001 compared w
(D�)-mannose for 1 hour, followed by MPO exposure for 24 hours. The c
Primary astrocytes were pretreated with (D�)-mannose (10 to 50 mmol/L) fo
MPO levels were examined by using Western blot analysis. E: Primary astroc
which MPO-treated cells were washed three times with media (b) or unwashe
by using Western blot analysis. The data shown are representative of at lea
phage mannose receptor ligand. These results suggest
that primary glia are able to uptake MPO through a mac-
rophage mannose receptor and that the internalized
MPO might be a part of the enhanced intracellular MPO in
glial cells (Figure 7, C and D).

To further validate the previous results, we examined
the intracellular levels of MPO after washing exogenous
MPO with serum-free medium in glia. Primary astrocytes
were incubated with 100 ng/mL MPO for 1 hour, washed
three times with serum-free media, and then further incu-
bated using the indicated times. MPO-dependent en-
hancement of MPO levels was still observed even after
washing three times with serum-free media (Figure 7E),
demonstrating that MPO promotes enhancement of its
own expression. However, MPO levels were significantly
reduced compared with those in unwashed cells (Figure
7E), demonstrating that glial cells are able to uptake
extracellular MPO. Similar results were observed in pri-
mary microglia (data not shown). Collectively, these find-
ings indicate that MPO-exposed glial cells augment their
expression of MPO and enhance the uptake of extracel-
lular MPO, thus amplifying levels of MPO in the brain.

Blockade of MPO Activity Augments, Rather
than Inhibits, Rotenone-Induced ROS
Generation and Causes Glial Cell Death

The previous data indicate that MPO might contribute to
the activation of glia and subsequent events in the rote-
none-exposed brain. Therefore, we examined whether
inhibition of MPO activity could affect the response of
glial cells to rotenone exposure. BV2 microglial cells were
pretreated with 10 �mol/L ABAH, a representative MPO
inhibitor, for 30 minutes and then incubated with or with-

acellular MPO and augmenting MPO expression. A: Primary microglia were
blot analysis using MPO and �-tubulin antibodies (left). Primary astrocytes
100 ng/mL MPO for 18 hours; then, MPO levels were examined by using

ng/mL MPO for 24 hours, and cell lysates were collected. MPO activity was
Devices) using an EnzChek Myeloperoxidase activity assay kit. Data are
ck-treated cells. C: Primary microglia were preincubated with 50 mmol/L
e indirectly immunostained using anti-MPO antibody for FACS analysis. D:
r, followed by 100 ng/mL MPO for 24 hours. Cell lysates were prepared, and
e mock treated (a) or treated with 100 ng/mL MPO for 1 hour (b and c), after
e cells were further incubated for 17 hours; then, MPO levels were examined
independent experiments.
ing extr
Western
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out 100
olecular

ith mo
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out 5 nmol/L rotenone for 1 hour. Changes in ROS levels
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were measured by monitoring DCF fluorescence using
FACS. Unexpectedly, inhibition of microglial MPO by treat-
ment with ABAH noticeably increased rotenone-induced
DCF fluorescence compared with that seen in rotenone
alone–treated controls (Figure 8A). A similar pattern of in-
crease in ROS levels was detected in rotenone-exposed
primary microglial cells in the presence of ABAH (Figure
8A). In addition, both NO release and COX-2 expression
were considerably enhanced when primary microglia were
treated with rotenone and 10 �mol/L ABAH compared with
cells treated with rotenone alone (Figure 8A).

To confirm these results, we assessed the effects of
rotenone on primary glial cells from Mpo�/� mice. ROS
levels were examined in primary microglia from Mpo�/�

mice and wild-type (WT) controls cultured with or without
rotenone for 1 hour. Consistent with the results obtained
using MPO inhibitors, the basal levels of ROS and iNOS
were considerably higher in Mpo�/� mice than in WT
mice (Figure 8B). In addition, rotenone-induced ROS
generation was markedly increased in Mpo�/� mice
compared with that in WT controls (Figure 8B). These
results show that MPO deficiency leads to an augmenta-
tion in rotenone-induced ROS generation in microglia,
suggesting that MPO activates microglia, promotes ROS
generation, and may have a defensive function against
rotenone by regulating ROS generation in the brain.

Primary Glial Cells from MPO-Deficient Mice Exhibit
Impaired Responses to Rotenone Exposure

To further investigate the response of glial cells from

Mpo�/� mice under rotenone-exposed conditions, we care-
fully examined the viability of primary glia after exposure to
rotenone. Primary cultures of microglial cells from Mpo�/�

and WT mice were incubated in the presence or absence of
30 nmol/L rotenone for 3 days. Intriguingly, the viability of
microglia from MPO-deficient mice was significantly re-
duced after exposure to rotenone, whereas the microglia
from WT mice were not affected (Figure 9A). Similar results
were observed in primary astrocytes from Mpo�/� mice
(Figure 9B). These results led us to examine the expression
of representative inflammation-associated molecules in mi-
croglia from Mpo�/� and WT mice. RT-PCR analysis
showed that the rotenone-induced increase in IL-1� expres-
sion was greater in Mpo�/� mice than in WT mice (Figure
9C). In addition, the basal levels of COX-2 and TNF-�
mRNA were high in microglia from Mpo�/� mice and unde-
tectable in those from WT mice (Figure 9C). NO release was
also significantly increased in glial cells from Mpo�/� mice
compared with that in WT mice (Figure 9D). However, we
did not detect any difference of anti-inflammatory cytokine
message levels between Mpo�/� and WT mice (data not
shown). Collectively, our findings show that MPO-deficient
mice produce increased levels of several inflammatory me-
diators and exhibit excessive glial cell death, suggesting
that MPO deficiency impairs the regulatory defense system
of glial cells against rotenone exposure in the brain.

MPO Influences the Neuronal State but Does Not
Directly Cause Cell Death or Phenotypic Change

Next, we questioned whether MPO could influence the
neuronal phenotype and properties, as it does the micro-

Figure 8. Blockade of MPO activity unexpect-
edly enhances rotenone (Rot)-induced ROS gen-
eration and cell death. A: BV2 microglia were
pretreated with ABAH (10 �mol/L) for 30 min-
utes and then mock treated or treated with 5
nmol/L Rot for 1 hour. Left: The cells were har-
vested and stained with 5 �mol/L DCF for 30
minutes at 37°C to measure ROS generation. The
graph represents the fold changes in mean �
SEM fluorescence intensity from three indepen-
dent experiments. **P � 0.005 compared with
mock-treated cells. Middle: Primary microglia
were pretreated with ABAH (10 �mol/L) for 30
minutes and then treated with 30 nmol/L Rot for
3 or 24 hours, after which ROS levels (top) and
intracellular COX-2 levels (bottom) were mea-
sured by FACS analysis using DCF and COX-2
antibody, respectively. The data shown are rep-
resentative of at least three independent exper-
iments. Right: Primary microglia were mock
treated or treated with 30 nmol/L Rot in the
presence or absence of 10 �mol/L ABAH for 2
days, and supernatants were assayed for nitrate
concentration, as described in Materials and
Methods. **P � 0.005 compared with Rot-treated
cells. B: Primary glial cells were cultured from
Mpo�/� mice (Mpo�/�) or B6 WT mice (WT),
and the cells were incubated with or without 5
nmol/L Rot for 6 hours. The transcript levels of
iNOS were determined by RT-PCR (left), and
ROS generation was measured by FACS using
rhodamine-123 (right).
glial and astrocytic properties. We first examined the
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viability of rat primary mesencephalic neurons after ex-
posure to MPO. Rat primary neurons were mock treated
or treated with MPO, 10 to 500 ng/mL, for 5 days, after
which neuronal cell viability was observed using a Live/
Dead Viability Cytotoxicity assay. Consistent with the re-
sults obtained from microglia, MPO did not significantly
affect the viability of primary mesencephalic neurons
(Figure 10A). Thus, we explored whether MPO could
influence the morphological features of neurons by
phase-contrast microscopy. As shown in Figure 10A,
treatment of mesencephalic neurons with MPO did not
cause any significant change in neuronal phenotype. To
further assess the effects of MPO on neurons, we care-
fully examined the phenotype of dopaminergic neurons
by immunostaining with anti-TH in the presence or ab-
sence of MPO. Rotenone exposure resulted in a de-
crease in dendrite length and in the number of TH-
stained neurons; however, MPO did not cause any
noticeable changes in either parameter (Figure 10A).
Similar results were obtained in primary mesencephalic
neurons from WT mice (data not shown). In addition, we
examined whether MPO could influence the response of
neurons to rotenone. However, we found no synergistic
neurotoxicity of rotenone and MPO in neuronal cell via-
bility using a CCK-8 (Figure 10B) and a Live/Dead Via-
bility Cytotoxicity kit at all concentrations and times tested
(Figure 10B). Moreover, we did not observe any signifi-
cant differences in phenotype and number of TH-stained
neurons between cells with rotenone alone and cells with
rotenone plus MPO (Figure 10C).

To better define the effects of MPO on neurons, we
explored whether MPO could influence the expression of
genes associated with inflammation and neurodegenera-
tion. Interestingly, treatment of mesencephalic neurons
with MPO significantly increased the expression levels of
several genes, including COX-2, neuronal NOS, and
TNF-� (Figure 10D). In addition, MPO exposure consid-
erably enhanced the generation of ROS by neurons (Fig-
ure 10E). Overall, these results suggest that MPO may
influence the neuronal state but does not directly cause

Figure 9. Glial cells from Mpo�/� mice exhibit responses to rotenone (Rot
(Mpo�/�) or normal WT B6 mice (WT) were mock treated or treated with 30
the Live/Dead Viability Cytotoxicity kit. B: Primary astrocytes from Mpo�/�

or 50 ng/mL lipopolysaccharide (LPS) as a representative inflammatory stim
mRNA in primary microglia from Mpo�/� or WT mice were determined by R
mock treated or treated with the indicated concentrations of Rot for 1 day, an
Methods. N.S. indicates no significant difference.
cell death or phenotypic change.
Rotenone-Triggered Neuronal Injury Is More
Apparent in Co-Cultures with Glial Cells from
Mpo�/� Mice than in Those from WT Mice

Recently, much attention has been focused on the recip-
rocal interactions between glia and neurons during the
pathogenesis of inflammatory and neurodegenerative
disease.42,43 Thus, we determined the neuronal response
to rotenone exposure in the presence of primary glia with
or without MPO. Primary mesencephalic neuron-enriched
cultures from WT mice were incubated with glial cells
from Mpo�/� or WT mice using transwell chambers, after
which the extent of neuronal cell death was determined
using LDH analysis and CCK-8. Rotenone-triggered neu-
ronal cell death in co-cultures with glia from Mpo�/� mice
was significantly increased compared with that seen in co-
cultures with glia from WT mice (Figure 11A). Similar results
were obtained by inhibition of MPO activity using the MPO
inhibitor, ABAH, in both rat and mouse primary cells (Figure
11B). These results suggest the possibility that MPO defi-
ciency contributes to the response of glial cells to rotenone,
thus affecting neuronal injury. Taken together, our results
indicate that microglia influence the neuronal response to
rotenone via MPO activity, thus modulating pathophysiolog-
ical events in the brain.

Discussion

Microglia and astrocytes are major immune cells that
serve as the first line of defense against tissue injury or
pathogens in the CNS. They are sensitive to even subtle
alterations in the CNS and rapidly undergo a variety of
changes in immunological function that prevent neuronal
damage from pathological stimuli.25,27,44–46 Accumulat-
ing evidence has revealed that glial cells perform distinct
responses in different pathological states, thereby setting
in motion an appropriate defense system. However, in-
appropriate or excessive responses of glia can cause
additional damage that contributes to diverse disease in

e distinct from those of WT mice. A: Primary microglia from Mpo�/� mice
ot for 3 days. Cell viability was measured by fluorescence microscopy, using

mice were mock treated or treated with the indicated concentrations of Rot
3 days and then subjected to LDH assay. C: The levels of IL-1� and COX-2

based analysis. D: Primary glial cells from Mpo�/� or WT control mice were
natants were assayed for nitrate concentration, as described in Materials and
) that ar
nmol/L R
or WT
ulus, for
T-PCR–
the CNS.
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Environmental toxins, such as pesticides, have
emerged as an important underlying risk factor for the
development of various diseases. Rotenone, a common
herbicide, specifically may provoke critical neuronal
damage that ultimately leads to neurodegenerative dis-
eases.6–8 In particular, rotenone exposure has been im-
plicated as a potential risk factor for PD. Studies have
shown that mice and rats given various concentrations of
rotenone, from 2 to 30 mg/kg, exhibited clinical and path-
ological features of PD, such as loss of TH-positive do-
paminergic neurons and/or motor dysfunction. In addi-
tion, several reports have described the toxic effects of
rotenone on neurons. Notably, Gao et al29 reported that
rotenone-induced neurotoxicity is greater in the presence
of microglia than in neurons cultured alone, highlighting
the potential capacity of microglia to have a role in the
pathophysiological consequences of rotenone exposure.
These reports raise the question of what events might be
mediated by microglia under rotenone-exposed condi-

tions. In the present study, we investigated the response
of glial cells and their potential roles in combating rote-
none-induced damage in the CNS.

Once rotenone enters the body, it easily crosses the
blood-brain barrier and is distributed throughout the
brain.1 After systemic administration of 2 to 3 mg/kg per
day, the concentration of free rotenone in the brain is
approximately 20 to 30 nmol/L.4,5 In addition, Talpade et
al4 suggested that 1 to 30 nmol/L of rotenone may be a
reasonable concentration in the living rat brain under
rotenone-triggered pathological conditions. Based on
these reports, we used 1 to 30 nmol/L of rotenone in our
present study. Neurons have been shown to undergo
death after rotenone exposure; therefore, we first exam-
ined the effects of rotenone on the viability of microglia as
part of our efforts to assess the glial responses to rote-
none exposure in the brain. In our experiments, neuronal
death was detected in mesencephalic neurons cultured
with physiologically relevant concentrations of rotenone,
consistent with previous reports (Figure 1). Unlike neu-

Figure 10. MPO influences the neuronal state
but does not directly cause cell death or pheno-
typic change. A: Rat primary mesencephalic
neurons were mock treated or treated with the
indicated doses of MPO or rotenone (Rot) for 5
days. Cell viability was measured by a Live/Dead
Viability Cytotoxicity kit (top left), and morpho-
logical features were observed by phase-contrast
microscopy (top right). Bottom: Rat primary
mesencephalic neurons were incubated with the
indicated concentrations of Rot and/or MPO for
5 days, and dopaminergic neuronal cells were
evaluated immunocytochemically using anti-
bodies specific for TH (green). Scale bar � 50
�m. B: Rat primary mesencephalic neurons
were incubated with the indicated concentra-
tions of Rot and/or MPO for 3 days. Cell viability
was determined using the CCK-8 assay (top)
and a Live/Dead Viability Cytotoxicity kit (bot-
tom), as described in Materials and Methods.
Data were expressed as the percentage of cell
death relative to mock-treated cells. *P � 0.05
compared with mock-treated cells. C: TH-
stained neurons were examined in rat primary
mesencephalic neurons treated with Rot (30
nmol/L) and/or MPO (100 ng/mL) for 3 days
(left). Scale bar � 20 �m. The results for TH-
positive cells are expressed as a percentage of
the mock-treated control cultures (right). *P �
0.05 compared with mock-treated cells. D: Rat
primary mesencephalic neurons were incubated
with 100 ng/mL MPO for the indicated times,
and the message levels of COX-2, neuronal NOS
(nNOS), and TNF-� were determined by RT-PCR
analysis. E: Rat primary mesencephalic neurons
were treated with 100 ng/mL MPO for 24 hours,
and the cells were stained with 5 �mol/L DCF to
measure ROS generation before FACS analysis.
**P � 0.005 compared with mock-treated cells.
GAPDH indicates glyceraldehyde-3-phosphate
dehydrogenase; N.S., no significant difference.
rons, exposure to rotenone was not toxic to microglia, in
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either the presence or the absence of neurons; however,
rotenone-treated microglia adopted a distinct activated
form, indicating that microglia could actively respond to
rotenone exposure. Studies37,47 have shown that acti-
vated microglia release numerous inflammatory media-
tors, such as NO and superoxide, and produce antioxi-
dants to successfully defend the CNS against threats to
the brain. Microglia are equipped with efficient antioxida-
tive defense mechanisms to prevent oxidative damage
that would compromise their function.37 In this experi-
ment, we found that rotenone exposure enhanced the
levels of pro-oxidative and antioxidative enzymes, includ-
ing SOD, catalase, and GPxs, showing that the response
to rotenone-triggered oxidative stress is active (Figure 5).
In addition, GSH levels were higher in rotenone-exposed
microglia than in mock-treated cells. Based on previous
reports and on our findings, it is likely that rotenone ex-
posure microglial antioxidant systems protect the cells
from self-damage potentially caused by rotenone and
microglia-released oxidants, contributing to the efficacy
of microglia as effector cells under rotenone-exposed
conditions.

MPO is an enzyme that functions as a key molecular
component of the host defense reaction against inflam-
matory stimulators.38,48 Inflammatory sites, as the result
of microorganism infections or injured tissues, are char-
acterized by increased levels of MPO. Indeed, studies
have increasingly suggested potential links between
MPO and the development of diverse diseases. Interest-
ingly, we found that a distinguishing feature of rotenone-
exposed microglia is an increase in the expression level
of MPO (Figure 4). Therefore, we hypothesized that MPO
might be associated with pathophysiological events in
the brain under rotenone-exposed conditions. MPO is
mainly present in neutrophils, monocytes, and macro-
phages; thus, it has been used as a marker for infiltrated
neutrophils at sites of injury.49,50 Recently, MPO was re-
ported to be present in brain-resident cells under patho-
logical conditions.18,23 The results of the present study
using primary glial cell cultures strongly support the hy-
pothesis that glial cells are among the MPO-expressing
cells of the brain. The distinct increase in MPO levels in
microglia by rotenone exposure led us to focus our re-
search on the characteristics of MPO in rotenone-ex-

posed glia. Therefore, we further examined the effects of
MPO on glial cells using purified MPO. Several reports15

have shown that purified MPO has its activity when
added to cultured cells or animals. Although relatively
little is known of the amounts of MPO in the CNS, the
plasma levels of MPO in patients with vascular diseases
have been described.51,52 In addition, we detected ap-
proximately 25 ng/mL MPO in rotenone-exposed primary
microglia (data not shown). On the basis of these reports
and our own results, we chose to use 1 to 1000 ng/mL
MPO in the present study. In microglia and astrocytes,
MPO did not cause cell death at any concentration tested;
instead, it exhibited cytokinelike properties. MPO signifi-
cantly increased the expression of several inflammation-
associated molecules, including TNF-�, and promoted the
production of ROS. Notably, MPO also augmented its own
expression at the mRNA and protein levels, resulting in
increased MPO secretion into the extracellular space
(Figures 6 and 7). These observations indicate that MPO
may regulate its own expression and activity in an auto-
crine and paracrine manner in the brain.

Our previous findings lend credence to the interesting
notion that MPO could take an active part in cellular
events that respond against rotenone in the CNS. To
evaluate the influence of MPO on the rotenone-exposed
brain, we used MPO-knockout mice and pharmacologi-
cal inhibitors of MPO. Intriguingly, treatment of glia with
MPO inhibitors further enhanced, rather than reduced,
the rotenone-stimulated production of ROS. Similarly, ro-
tenone-induced generation of ROS was greater in micro-
glia from Mpo�/� mice than in those from WT mice (Fig-
ure 8). These unexpected results indicate that MPO
deficiency could impair modulation of rotenone-stimu-
lated ROS generation. Therefore, we further investigated
the characteristics of glial cells from Mpo�/� mice after
exposure to rotenone. In primary astrocytes and micro-
glia from Mpo�/� mice, rotenone induced increased lev-
els of several inflammatory mediators compared with nor-
mal WT control. In addition, cell viability was significantly
reduced in glia from Mpo�/� mice but not in those from
healthy WT control mice. These observations show that
MPO deficiency exacerbates rotenone-induced inflam-
matory responses and causes dysregulation of ROS gen-
eration, thus leading to abnormal outcomes in glial cells.

To better assess the action of MPO in the rotenone-

Figure 11. Rotenone (Rot)-triggered neuronal
injury in co-cultures with glial cells from Mpo�/�

or WT mice. A: Mouse primary mesencephalic
neurons were incubated with primary glial cells
from Mpo�/� mice (Mpo�/�) or WT control mice
using transwell chambers, after which cells were
mock treated or treated with 30 nmol/L Rot for 3
days. The extent of neuronal cell death was de-
termined by LDH analysis (left) and CCK-8 assay
(right). All data are presented as the mean �
SEM of at least three independent experiments.
B: Rat primary mesencephalic (PM) neurons
were incubated with rat primary glial cells using
transwell chambers and mock treated or treated
with 30 nmol/L Rot in the presence or absence
of ABAH for 3 days. Neuronal viability was
determined using a Live/Dead Viability Cyto-
toxicity kit.
exposed CNS, we examined the neuronal response to
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rotenone in the presence of glial cells with or without
MPO. More interestingly, rotenone-induced neuronal cell
death in co-cultures with glia from Mpo�/� mice was
significantly enhanced compared with that seen in cul-
tures with glia from healthy mice (Figure 11). We obtained
similar results using MPO inhibitors. These findings indi-
cate that MPO is required for appropriate responses of
the glial defense system against rotenone exposure in the
brain. There are several reports that MPO deficiency can
contribute to pathological conditions in animal models
and patients. Mice lacking MPO have a significantly in-
creased incidence of experimental autoimmune enceph-
alomyelitis53 and show increased atherosclerosis and en-
hanced lung inflammation.54,55 Similarly, there is a
greater occurrence of severe infections and chronic in-
flammatory processes among MPO-deficient patients.56

In contrast, blockade of MPO activity in mouse models
and in humans can reduce the pathological response in
diseases such as PD and in pathological conditions such
as renal ischemia.11,18 Considering our results in the
context of these conflicting reports, it seems that MPO
may act with dual functionality, having both pathological
and protective functions under abnormal conditions.

MPO has been shown to act as a direct and significant
mediator of decreased NO bioavailability. MPO can oxi-
dize NO, thereby inhibiting NO-dependent signaling and
modulating reduction-oxidation–sensitive signaling cas-
cades during inflammation.14,57 One possible explana-
tion for our findings is that MPO-deficient glial cells inap-
propriately regulate ROS and reactive nitrogen species
under rotenone-exposed conditions, perhaps because of
increased NO bioavailability (Figures 8 and 9). Several
lines of evidences indicate that MPO may be a metabolic
“sink” for several types of ROS, including superoxide and
H2O2, and may, therefore, compromise NO bioavailabil-
ity.13,58 Previous reports58,59 have associated MPO defi-
ciency with increased levels of pulmonary iNOS expres-
sion and NO production. Also, iNOS expression is
considerably greater in Mpo�/� mice than in healthy
mice (Figure 8). Based on these previous reports and our
findings, it is likely that MPO may have a regulatory influ-
ence over the activation state of immune and inflamma-
tory cells by affecting the production of ROS and the
expression of inflammatory mediators. MPO has been
shown to act as a physiologically relevant regulator of
inflammatory response by oxidatively limiting tissue-de-
grading protease activity.16,60 These reports raise the
possibility that MPO might contribute to protection of the
host from pathogens via diverse mechanisms associated
with the activity of inflammatory mediators. Such a regu-
latory effect of MPO on inflammatory mediators might
also help to explain our observations in Mpo�/� mice. To
definitely address these possibilities, we are undertaking
a thorough characterization of MPO-deficient mice and
investigating the underlying basis of MPO actions under
rotenone-exposed conditions.

Appropriate inflammatory responses and efficient res-
olution are essential attributes of an effective defense
system against pathogens and environmental stimuli.
MPO is a characteristic of inflammation, and its aberrant

expression is presumed to be a detrimental factor in
disease. Our present findings suggest that MPO may be
associated with pathological outcomes and with protec-
tive events in the brain-resident immune cells under ro-
tenone-exposed conditions. We have shown that MPO
deficiency exacerbates rotenone-induced generation of
ROS in glia and have demonstrated that MPO-null mice
display inflammatory responses that are distinct from
those of WT mice. Although the origin of adult microglia
and microglial progenitors still remains controversial, mi-
croglia are widely considered as myeloid lineage–de-
rived cells.61–63 Recently, we observed that rotenone
exposure led to increased MPO levels in peripheral blood
mononuclear cells and peritoneal macrophages, as well
as in microglia (unpublished data). These results further
support the notion that rotenone exposure affects levels
of MPO. The results of this study further expand our
current understanding of the characteristics and roles of
MPO under inflammatory conditions and indicate that the
balance of MPO activity could be decisive for efficient
resolution of the rotenone-induced pathological state in
the brain. MPO has emerged as a regulatory target for the
treatment of diverse diseases. Our results provide new
insights into the responses associated with MPO and
rotenone in the CNS and should inform the development
of novel targeted therapies for reducing inflammation.
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