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Abstract Phenelzine is a potent monoamine oxidase

inhibitor that is used in patients with depression. It is also

well known that nitric oxide (NO) synthase inhibitors show

preclinical antidepressant-like properties, which suggests

that NO is involved in the pathogenesis of depression. The

purpose of this study was to determine if phenelzine affects

the production of NO and tumor necrosis factor-alpha

(TNF-a) in activated microglia cells. BV-2 microglia cells

and primary microglia cells were cultured in DMEM and

DMEM/F12 and then cells were treated with LPS or LPS

plus phenelzine for 24 h. The culture medium was col-

lected for determination of NO, TNF-a, and IL-6 and cells

were harvested by lysis buffer for Western blot analysis.

Phenelzine increased the lipopolysaccharide (LPS)-induced

expression of inducible nitric oxide synthase (iNOS), as

well as the release of TNF-a and IL-6 in BV-2 microglia

cells. It is also confirmed that phenelzine increased the

levels of NO, TNF-a and IL-6 in LPS-activated primary

microglia cells. Phenelzine increased nuclear translocation

of NF-jB by phosphorylation of IjB-a in LPS-activated

microglia cells. These findings suggest that high doses of

phenelzine could aggravate inflammatory responses in

microglia cells that are mediated by NO and TNF-a.
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Introduction

Phenelzine is a potent monoamine oxidase (MAO) inhib-

iting antidepressant drug that is efficacious in the treatment

of depression, social phobia and panic disorders [1, 2].

Phenelzine increases brain levels of the amine neuro-

transmitters noradrenaline, dopamine, and serotonin.

Moreover, acute and chronic treatment with phenelzine has

been found to significantly reduce the depolarization-

induced outflow of excitatory neurotransmitter glutamate

[3]. Phenelzine also causes a significant increase in the

levels of the brain’s major inhibitory neurotransmitter,

GABA [4]. In addition to these neurological effects, phe-

nelzine inhibits adipocyte lipid storage and differentiation

and attenuates the MPP?-induced loss of viability in PC12

cells by reducing the alteration of mitochondrial membrane

permeability [5, 6]. However, few studies have been con-

ducted to evaluate the effects of phenelzine on immune

cells such as microglia in the brain.

Microglia, which are the resident immune cells in the

central nervous system (CNS), in the healthy brain interact

with neuronal and nonneuronal elements, both structurally

and functionally. Forms of interactions include phagocy-

tosis of synaptic structures during postnatal development,

phagocytosis of newborn neurons during adult neurogen-

esis, and active remodeling of the perisynaptic environment

and release of soluble factors in the mature and aging brain.

These interactions can influence neuronal plasticity and

function directly or indirectly [7]. Microglia also plays a

critical role in inflammatory responses in the brain. It has

been proposed that microglia can play either a neurotoxic

role through the production of inflammatory molecules

such as TNF-a, IL-1, IL-6 and NO, or a neuroprotective

role by supporting neural growth and metabolism and by

scavenging agents that are toxic to neurons [8].
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Depression is also frequently associated with inflam-

matory diseases such as multiple sclerosis [9], allergies

[10], and rheumatoid arthritis [11], all of which involve the

overexpression of pro-inflammatory cytokines [12]. Up to

45 % of patients with hepatitis C that are treated with

IFN-a develop depression [13]. However, there is evidence

that treatment of inflammatory diseases reduces the

depressive symptoms. Etanercept is an anti-inflammatory

drug that is used to treat arthritis that acts as an antagonist

of the inflammatory mediator TNF-a. In a trial of patients

with psoriasis [14], etanercept reduced depressive symp-

toms independent of the improvement in psoriatic symp-

toms, such as skin involvement and joint pain. These

results suggest that blocking TNF-a can relieve depressive

symptoms, which is consistent with the elevations in TNF-

a levels that are observed in depression. There is also

evidence that effective antidepressant treatment largely

attenuates changes in inflammation [15].

Microglia produce molecules such as nitric oxide (NO)

and TNF-a, which are agents known to play roles in

inflammatory responses. Over the past decade, NO has

received increasing attention as a potent molecule against a

variety of bacteria, parasites, and tumors [16]. However,

inappropriate activation of microglia leads to excessive NO

secretion, which has been implicated in many neurologi-

cal disease states, including Alzheimer’s disease [17],

Parkinson’s disease [18] and stroke [19].

TNF-a, which is one of the most important proinflam-

matory cytokines, is primarily produced by activated

microglia [20]. TNF-a induces various biological responses,

including tissue injury, shock, and apoptosis [21, 22].

TNF-a also induces the secretion of other cytokines such as

IL-1, IL-6 and IL-10, as well as the activation of T cells and

other inflammatory cells [23]. Although proinflammatory

cytokines and NO are necessary for normal function, the

microglia response must be tightly regulated to avoid over-

activation and disastrous neurotoxic consequences.

The induction of cytokine genes such as TNF-a by LPS

occurs primarily at the transcriptional level and involves

the action of several transcription factors, including

members of the nuclear factor-jB (NF-jB)/rel, C/EBP,

Ets, and AP-1 protein families [24]. Particularly, binding of

NF-jB to specific consensus DNA elements present on the

promoters of target genes initiates the transcription of

TNF-a, iNOS, cyclo-oxygenase-2 and IL-6 [25]. Thus,

the inhibition of NF-jB may be key to suppression of

inflammation effectors such as NO and TNF-a.

These observations raise the possibility that monoamine

oxidase inhibitors inhibit inflammatory responses and led

us to examine the potential effects of several monoamine

oxidase inhibitors on proinflammatory cytokines produc-

tion by LPS activated microglia cells. Unexpectedly, we

found that phenelzine increased NO, TNF-a and IL-6

production in LPS activated microglia cells via the NF-jB

pathway.

Materials and Methods

Reagents

An OptEIA IL-6 ELISA kit and OptEIA TNF-a ELISA kit

(BD Biosciences, Bedford, MA, USA), N-(1-naphtyl)-

ethylenediamine dihydrochloride, LPS (Escherichia coli

serotype 0111:B4) and sodium nitrite (Sigma, St. Louis,

MO, USA), rabbit polyclonal antisera to iNOS and p65

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) protein

extraction solution (Intron Biotechnology, Republic of

Korea), FBS (Hyclone, Logan, UT, USA), 0.2 lm syringe

filters, 96 and 24 well tissue culture plates and 100-mm

diameter dishes (Corning Inc. NY, USA), DMEM containing

L-arginine (84 mg/l) and other tissue culture reagents

(Invitrogen Life Technologies, Carlsbad, CA, USA) were

used.

Cell Cultures

The immortalized murine BV-2 microglial cell line, which

has been generated by infecting primary microglial cell

cultures with a v-raf/v-myc oncogene carrying retrovirus

[26], were kindly provided by Dr. S. Go (Kyung Hee

University, Seoul, Korea) and maintained in 5 % CO2 at

37 �C in DMEM supplemented with 10 % fetal bovine

serum (FBS), 1 % streptomycin, and penicillin (Invitrogen

Life Technologies, Rockville, USA).

Mouse primary microglial cultures were prepared by

mild trypsinization as described previously, with minor

modifications [27, 28]. In brief, cerebral cortices of

0–3 day-old C57BL/6 mice were chopped and dissociated

by mechanical disruption using a nylon mesh, and the cells

were seeded in culture dishes. After in vitro culture for

10–14 days, microglial cells were isolated from these

mixed glial cultures by mild trypsinization. The mixed glial

cultures were incubated with trypsin solution (0.25 %

trypsin, 1 mM EDTA in HBS) diluted 1:3 in DMEM/F12

for 30–60 min. This resulted in detachment of an upper

layer of astrocytes in one piece, while the microglia

remained attached to the bottom of the culture flask. The

detached layer of astrocytes was aspirated, and the

microglia was used in our experiments.

Measurement of Nitrite Concentration

Microglia cells (2 9 105 cells/well) were treated with

various concentrations of phenelzine. The microglia cells

were then stimulated with LPS (0.2 lg/ml) and incubated
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for 24 h. NO synthesis in cell cultures was measured by the

microplate assay method as previously described [29]. To

measure the nitrite levels, 100 ll aliquots were removed from

conditioned medium and incubated with an equal volume

of Griess reagent (1 % sulfanilamide/0.1 % N-(1-naphtyl)-

ethylenediamine dihydrochloride/2.5 % H3PO4) at room

temperature for 10 min. The absorbance at 530 nm was

then determined using a microplate reader (Molecular

Devices, Sunnyvale, CA, USA) using sodium nitrite as the

standard.

Assay of TNF-a and IL-6 Release

Microglia cells (2 9 105 cells/well) were treated with

various concentrations of phenelzine, after which the cells

were then stimulated with LPS (0.2 lg/ml) and incubated

for 24 h. The release of TNF-a and IL-6 were detected

by OptEIA calibrated according to the manufacturer’s

instructions.

RNA Extraction

Total RNA was extracted from cultured cells using an

EasyBlue RNA extraction kit (iNtRON Biotechnology, Inc.

Seongnam, Korea). Extracts were assayed to determine the

quality and concentration of the RNA using a ND-1000

spectrophotometer (Nanodrop Technologies, Wilmington,

DE, USA). Extracts were stored at -20 �C.

Real-Time PCR

Reverse transcription of the total RNA was performed by

mixing 1 lg of RNA, DW, 4 ll of transcriptor reverse

transcriptase reaction buffer, 0.5 ll of protector RNase

inhibitor (Roche Applied Science, Indianapolis, IN, USA)

and 2 ll of deoxynucleotide mixture (10 mM each) with

2.5 lM oligo (dT) primer and 0.5 ll of transcriptor reverse

transcriptase (Roche Applied Science, Indianapolis, IN).

The solution was then incubated for 1 h at 50 �C, after

which it was heated at 85 �C for 5 min to inactivate the

transcriptor, reverse transcriptase. The samples were then

stored at -20 �C until further use.

Real-time quantitative PCR was performed using a

LightCycler 480 (Roche Applied Science, Indianapolis, IN,

USA) employing SYBR Green I as the dsDNA-specific

binding dye for continuous fluorescence monitoring.

Amplification was conducted in a reaction mixture with a

total volume of 20 ll that contained 0.25 lM of each gene-

specific primer, 10 ll of 29 PCR Master Mix (Roche

Applied Science, Indianapolis, IN, USA) and 2 ll of cDNA.

The primer sequences were as follows; iNOS sense: GGC

AGC CTG TGA GAC CTT TG; iNOS antisense: CAT TGG

AAG TGA AGC GTT TCG; TNF-a sense: ACG GCA TGG

ATC TCA AAG AC; TNF-a antisense: GTG GGT GAG

GAG CAC GTA GT; IL-6 sense: GAC AAC TTT GGC

ATT GTG G; IL-6 antisense: ATG CAG GGA TGA TGT

TCT G; GAPDH sense: ACC CAG AAG ACT GTG GAT

GG; GAPDH antisense: CAC ATT GGG GGT AGG AAC

AC. PCR was conducted by subjecting the samples to 45

cycles of denaturation at 95 �C for 10 s, annealing at 60 �C

for 10 s and extension at 72 �C for 10 s with the fluores-

cence being measured at the end of each cycle. After the

cycles were terminated, the signal of each temperature

between 65 and 95 �C was also measured to generate a

dissociation curve. All reactions were performed in dupli-

cate to confirm reproducibility and included a negative

control (without template) to verify that no primer-dimers

were generated. The results of the iNOS, TNF-a, and IL-6

mRNA level were compared by calculating the CP value

and normalized by the reference genes (GAPDH). Three

independent experiments were performed, and the results

were expressed as a percentage of control.

Western Blotting

For p-IjBa western blotting, cytoplasmic extracts were

prepared as previously described [30] and whole cell

lysates were prepared for iNOS western blotting. Proteins

were then separated by Tris–glycine 4–12 % (KOMA

Biotech, Korea) gel electrophoresis and transferred to a

nitrocellulose membrane. Next, the membrane was blocked

with 5 % skim milk in TBS-Tween-20 for 1 h at room

temperature, after which it was incubated with anti-iNOS,

anti-p-IjB-a or b-actin antibody. After washing three times

in TBS-Tween-20, the blot was incubated with secondary

antibody for 1 h. Antibody-specific proteins were then

visualized with an enhanced chemiluminescence detection

system as recommended (Amersham Corp., Newark, NJ).

Confocal Microscopy

BV-2 microglia cells were cultured on 4-well Lab-TekTM II

Chambered Coverglasses (Nalge Nunc International,

Naperville, Illinois). The cells were then treated with

phenelzine for 30 min and subsequently stimulated with

LPS (0.2 lg/ml) for 10 min. Next, the cells were fixed in

4 % paraformaldehyde/PBS for 20 min and then washed in

PBS with Tween-20 (0.1 %). After permeabilization with

0.1 % Triton X-100/PBS for 15 min, the cells were washed

with PBST (0.1 %) and blocked with blocking buffer (PBS

with 1 % BSA) at room temperature for 1 h and then

incubated with p65 antibody (Santa Cruz Biotechnology,

CA) at 4 �C overnight. After washing with PBST (0.1 %),

the cells were incubated with FITC-conjugated secondary

antibodies (Sigma) diluted 500-fold in blocking buffer for

1 h at room temperature. Finally, the cells were washed
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with PBST (0.1 %), mounted in Vectashield mounting

medium with DAPI (Vector Laboratories Inc., Burlingame,

CA, USA) and analyzed by confocal microscopy (Zeiss

LSM Pascal 5).

Statistical Analysis

All results were expressed as the means ± SEM of at least

three independent experiments performed in duplicate.

One-way analysis of variance (ANOVA) and Tukey’s test

were used to compare the groups. Differences were con-

sidered to be significant at p \ 0.05.

Results

Effect of Phenelzine on NO Production

in LPS-Activated Microglia Cells

The levels of NO in primary microglia cells and BV-2

microglia cell line that were treated with various concen-

trations of phenelzine were then examined. As shown in

Fig. 1, production of NO increased in response to phenel-

zine treatment in LPS-activated primary microglia cells

(Fig. 1b) and BV-2 microglia cell line (Fig. 1a). But non-

activated microglia did not increase NO production by

phenelzine treatment alone (data not shown).

Effect of Phenelzine on LPS-Activated iNOS mRNA

and Protein Expression

To assess the expression of iNOS mRNA and protein in

microglia, we conducted real-time PCR and western blot-

ting of LPS-activated BV-2 microglia cells. Real-time PCR

showed that iNOS mRNA was upregulated in response to

exposure to phenelzine, with the highest levels being

observed in LPS-activated BV-2 microglia cells that were

treated with 50 lM phenelzine (Fig. 2a). Treatment with

phenelzine also increased iNOS protein expression in LPS-

activated BV-2 microglia cells (Fig. 2b).

Fig. 1 Effect of phenelzine on NO production in LPS-activated

microglia. Microglia cells (2 9 105 cells/well) cultured with LPS

(0.2 lg/ml) were treated with various concentrations of phenelzine.

After 24 h of culture, NO release was measured by the Griess method

(to detect nitrite). a BV-2 microglia cells, b primary microglia cells.

NO released into the medium is presented as the mean ± SEM of at

least three independent experiments performed in duplicate.

*p \ 0.05 compared to LPS-treated cells

Fig. 2 Effect of phenelzine on iNOS mRNA and protein expression

in LPS-activated microglia. a BV-2 microglia cells treated with

various concentrations of phenelzine were incubated for 6 h with LPS

(0.2 lg/ml). The amounts of iNOS mRNA were quantified by real-

time RT-PCR. The expression levels of iNOS mRNA were normal-

ized by dividing the values by the GAPDH intensity. b BV-2

microglia cells treated with various concentrations of phenelzine were

incubated for 9 h with LPS (0.2 lg/ml). Protein extracts were

prepared and the samples were then analyzed for iNOS expression

by Western blot as described in the ‘‘Materials and Methods’’ section
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Effects of Phenelzine on TNF-a and IL-6 Production

and mRNA Expression in LPS-Activated Microglia

Cells

Activation of microglia results in increased secretion of a

number of proinflammatory products; therefore, we mea-

sured the cytokine production and mRNA expression by

activated microglia in the presence of phenelzine. The

results indicated that phenelzine led to a significant

increase in TNF-a and IL-6 production by LPS-activated

microglia cells (Fig. 3). Although the TNF-a and IL-6

mRNA expressions were increased by phenelzine, only

TNF-a expression was significantly increased at 50 lM of

phenelzine (Fig. 3e, f).

Effect of Phenelzine on Translocation of NF-jB

NF-jB is usually kept inactive in the cytoplasm by asso-

ciation with an endogenous inhibitor protein of the IjB

(inhibitor of the NF-jB) family. After being activated, the

IjB proteins become phosphorylated and degraded by the

proteasome subsequently. The degradation of IjB allows

nuclear localization of NF-jB. We analyzed the subcellular

distribution of p65, which is one of component of NF-jB.

Immunocytochemical analysis revealed that treatment of

cells with phenelzine and LPS resulted in greater nuclear

accumulation of p65 than treatment with LPS alone

(Fig. 4a). We confirmed these results using cytoplasmic

cell fractions. The level of cytoplasmic phosphorylated

IjB-a was increased in samples that were treated with

phenelzine plus LPS when compared to samples that were

treated with LPS alone (Fig. 4b). Taken together, these

results show that NF-jB translocation to the nucleus is

stimulated by an increase of IjB-a phosphorylation upon

phenelzine treatment in LPS activated microglia.

Discussion

We demonstrated that phenelzine increases the production of

NO and the expression of iNOS protein in LPS-treated

microglia cells. In addition, phenelzine increased TNF-a and

IL-6 production in LPS-activated microglia cells. To study

the mechanism by which of the production of NO, TNF-a and

IL-6 was induced, the effects of phenelzine on the activation

of NF-jB were examined. Our findings suggest that phe-

nelzine increases the LPS-induced translocation of NF-jB,

Fig. 3 Effect of phenelzine on the production and mRNA expression

of TNF-a and IL-6 in LPS-activated microglia. Microglia cells

(2 9 105 cells/well) cultured with LPS (0.2 lg/ml) were treated with

various concentrations of phenelzine. The amounts of TNF-a and IL-6

were measured by ELISA after 24 h of culture and mRNA

expressions of TNF-a and IL-6 were measured by real-time RT-

PCR after 6 h of culture a, b BV-2 microglia cells, c, d primary

microglia cells. e, f Primary microglia cells. The values shown are the

means ± SEM of at least three independent experiments performed in

duplicate in each run. *p \ 0.05, **p \ 0.01, ***p \ 0.001 com-

pared to LPS-treated cells
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thereby increasing the LPS-induced production of NO,

TNF-a and IL-6.

One of the major glial cell types in the brain, microglia,

become activated or reactive in response to diverse insults

of the CNS and produce a myriad of proinflammatory

cytokines, chemokines and trophic factors to render neural

immunity [31]. Microglia function as the microsensors of

the brain and play an important role in detection of subtle

changes in the neuronal microenvironment [32]. Microglia

also express and release inflammatory mediators such as

NO, TNF-a and IL-6 following brain injury, as seen in

neurological and neurodegenerative disorders [33] and

following experimental brain injury [34].

Over-production of NO has been correlated with oxi-

dative stress and is regulated by NF-jB, which performs

pivotal roles in the immediate early stages of immune,

acute phase, and inflammatory responses, as well as in cell

survival [35–37]. NF-jB also plays a critical role in the

activation of immune cells by up-regulating the expression

of many cytokines, including TNF-a and IL-6 [38, 39].

Under physiological conditions, TNF-a orchestrates a

diverse array of functions involved in immune surveillance

and defense, cellular homeostasis, and protection against

certain neurological insults. However, paradoxical

effects of TNF-a have been observed. TNF-a is elicited in

the brain following injury (ischemia, trauma), infection

(HIV, meningitis), neurodegeneration (Alzheimer’s,

Parkinson’s), and chemically induced neurotoxicity [34].

Phenelzine toxicity is normally characterized by agita-

tion, seizures, sweating, tachycardia and hypertension

[40, 41], although hypotension has also been described

[42]. In addition, massive phenelzine overdose has been

attributed to myocarditis and an inflammatory infiltrate

within the myocardium [43]. Although 50 lM of phenel-

zine, which was the highest effective dose used in this

experiment, was higher than therapeutic doses (45–90 mg/

day), the results of this study do indicate that overdose of

phenelzine treatment of inflammatory conditions could

aggravate inflammatory responses.

Conclusions

The results of this study showed that phenelzine increased

the LPS-induced production of NO and TNF-a in microglia

through enhancement of NF-jB activation. Because

NF-jB is a critical transcription factor that regulates the

production of various proinflammatory proteins and cyto-

kines in activated microglia during the process of inflam-

mation, the increase of this transcription factor by phenelzine

treatment may aggravate inflammatory responses during

inflammatory diseases.

Fig. 4 Effect of phenelzine on

the nuclear localization of NF-

jB and IjB-a phosphorylation

in LPS-activated microglia.

a Confocal microscopy images

of fluorescence

immunocytochemical analysis

of p65 (green) in BV-2 cells

treated with or without 50 lM

of phenelzine for 10 min.

Nuclei were counterstained with

DAPI (blue). The bar graph
shows the intensity of

fluorescence in the nucleus.

**p \ 0.0001. b BV-2 cells

(8 9 106 cells) treated with

50 lM of phenelzine were

incubated for 10 min with LPS

(0.2 lg/ml). Cytosol extracts

were prepared and analyzed for

the expression of p-IjB-a and

b-actin by western blotting as

described in the ‘‘Materials and

Methods’’ section (Color figure

online)
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