
The Neuroprotective Effect of Antidepressant Drug via Inhibition
of TIEG2-MAO B Mediated Cell Death

Deyin Lu, Chandra Johnson, Shakevia Johnson, Shawna Tazik, and Xiao-Ming Ou
Department of Psychiatry and Human Behavior, University of Mississippi Medical Center, Jackson,
MS 39216

Abstract
Alcohol use disorders are common in the world. However, the development of novel drugs to prevent
alcohol-induced brain damage is based upon an improved neurobiological understanding on the
cellular changes that take place in the brain. We previously reported that ethanol exposure lowered
cell proliferation and increased cell apoptosis in all cell types, but affects brain cell lines the most,
while ethanol and the anti-depressant drug deprenyl, an monoamine oxidase B (MAO B) inhibitor,
exposure in unison increases cell viability. Here we investigated the molecular mechanism of the
neuroprotective effect of deprenyl (0.25 nM) on ethanol (75 mM)-induced harmful effect.
Transforming growth factor-beta-inducible early gene 2 (TIEG2) is an activator for MAO B. MAO
B levels increase has been shown to contribute to neuronal cell death. This study uses the neuronal
cell line to address whether ethanol induced cell death is through the activation of TIEG2-MAO B
apoptotic pathway, and whether deprenyl protects cells from the effects of alcohol through the
inhibition of this pathway. We have found that ethanol exposure increases the levels of mRNA and
protein/catalytic activity for both TIEG2 and MAO B, while ethanol and deprenyl exposure in unison
reduce the expression of both TIEG2 and MAO B, however it increases cell viability. Additionally,
TIEG2-overexpressed cells display more cellular death-induced by ethanol than control cells. In
summary, this study demonstrates the role of TIEG2 in ethanol induced cell death. The inhibition of
the TIEG2-MAO B pathway may be one of the mechanisms for the neuroprotective effect of deprenyl.
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Introduction
Alcohol use disorders are common around the world and also have a high correlation between
alcohol use disorders and other psychiatric problems, such as major depression (1). Although
short-term alcohol drinking causes euphoric and stress-relieving effects, numerous clinical and
experimental studies have shown that alcohol use is a major risk factor for neurobehavioural
diseases, inflammation disorders and enhanced susceptibility to bacterial infection (2–4). In
particular, it affects the brain and alters its normal function (5). This includes altering the effects
of neurotransmitters, suppressing nerve signals and causing cell death (6). In rodents, ethanol
exposure during development significantly reduces the size of the brain as well as brain/body
weight ratios (7). There are many adverse physical effects from long-term exposure to alcohol
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including the increased activity in the liver that causes cell death and chronic hepatic diseases
(alcoholic fatty liver, alcoholic hepatitis and cirrhosis, etc) (8) (7) and an increase in the number
of apoptotic cells in various brain areas (9).

Monoamine oxidase (MAO) metabolizes biogenic and dietary amines in the central nervous
system and peripheral tissues, including monoamine neurotransmitters serotonin,
norepinephrine, dopamine, and phenylethylamine. MAO plays important roles in several
psychiatric and neurological disorders (10). MAO exists in two forms, MAO A and MAO B.
Their catalytic activity generates H2O2 and nitrogen species, which are toxic products and may
cause oxidative damage to mtDNA and have potential implications for apoptosis, aging, and
neurodegenerative processes.

Deprenyl (selegiline), an irreversible inhibitor of monoamine oxidase B (MAO B), was
synthesized as an antidepressant and used to treat Parkinson’s disease (11). Because MAO
degrades serotonin and produces reactive oxygen that may cause cell death, an MAO inhibitor
prevents cell apoptosis (12) (13). Deprenyl or related compounds may be neuroprotective in
general through the inhibition of “death” signal transduction-mediated by MAO, induced by
endogenous and environmental factors (11). Deprenyl in low concentrations that induce MAO
B inhibition potently inhibits serum withdrawal induced apoptosis in tissue cultures of neuro-
ectodermal origin (14). This report is consistent with our previous studies (15) that ethanol can
induce apoptosis in neuronal cells, and deprenyl in a low concentration can protect cells from
the harmful effects of ethanol.

Transforming growth factor-beta-inducible early gene 2 (TIEG2, also called KLF11--Kruppel-
Like Factor 11) is a human transforming growth factor-beta-(TGF-β) inducible early gene. It
is a recently identified human TGF-β-inducible zinc finger protein belonging to Sp1-like family
of transcription factors. TIEG2 protein is a negative regulator of cell growth and induces
apoptosis (16–18) by binding to GC-rich sequences (19) located in the promoter region of
several genes including MAO B promoter. Ethanol has been shown to potentiate TGF-β1-
mediated growth inhibition in the rat neuroblastoma cells (20), and ethanol exposure increases
TGF-β1 signal(21) that may increase TIEG2 protein level and lead to apoptotic death of cells
(22). Our previous data have shown that TIEG2 activates MAO B gene expression (23). This
study investigates the neuroprotective effect of antidepressant drug (deprenyl) on ethanol-
induced apoptosis possibly mediated by TIEG2 and MAO B.

Materials and Methods
Cell Lines, DNA plasmids and reagents

SH-SY5Y, a human neuroblastoma cell line, was purchased from The American Type Culture
Collection (ATCC). SH-SY5Y was cultured in RPMI1640 supplemented with 10% fetal
bovine serum and antibiotics. TIEG2-expression vector was a gift from Dr. Raul Urrutia, Mayo
Clinic. TIEG2 coding sequence was cloned into pcDNA3.1 His A expression vector. MAO B
inhibitor, selegiline (deprenyl), was purchased from Sigma-Aldrich USA. The antibodies used
in this study were purchased from Santa Cruz Biotechnology, except that anti-TIEG2 antibody
was from BD Transduction Laboratory.

TIEG2-stably transfected cell line
In generating the TIEG2-stable cell line, SH-SY5Y were plated at a density of 5 × 106 cells in
a 10-cm dish. The next day the TIEG2 expression vector or pcDNA 3.1 was transfected into
cells with a Superfect transfection reagent (Qiagen Inc). After 24h, cells were treated with
Geneticin (G418; 600ug/ml). Resistant clones isolated into separate dishes after 6 days and
cultured under continuous G418 selection (13).
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Cell culture and treatments with ethanol and deprenyl
Before treatments, SH-SY5Y cells were seeded on 10-cm dishes or 6-well plates. After
overnight culture in medium, the medium was replaced with new medium containing 75 mM
of ethanol with or without 0.25 nM of deprenyl for three days. As ethanol is volatile, a closed
chamber system was utilized to stabilize the ethanol concentration in the culture medium
(24) (25). With this system, ethanol concentrations are maintained at steady ethanol levels
(more than ~90% of the original concentration) for 3 days in medium. Briefly, cell culture
dishes or 6-well plate containing SH-SY5Y cells were placed on a rack inside a plastic container
that could be tightly sealed. A separate sealed container was used for each ethanol
concentration. The bottom of each container was a reservoir that was filled with 200 ml of an
aqueous solution with the same ethanol concentration that was present in the culture medium.
A nonethanol control had a bath of water only. The underlying principle of this method is that
the alcohol in the bath evaporates into the air inside the sealed container establishing a stable
vapor pressure so that there is no net loss of ethanol from the culture medium. Before sealing
the containers, a small amount (60 cc) of CO2 was injected into each container. The
concentration of CO2 in the chamber was routinely tested and was determined to be stable at
5%. The containers was sealed and maintained in an incubator at 37°Cfor up to 3 days as needed
(25).

The ethanol concentration we used (75 mM for examining the effect of deprenyl) was within
the standard range of in vitro study (26). When a heavy drinker’s ethanol concentration in blood
reaches ~50–100 mM, he probably shows slurred speech and unsteadiness (27). Therefore the
ethanol concentration for this study is around the physiological effect of ethanol in alcoholics.

Real-time PCR (RT-PCR)
Total RNAs were extracted with Trizol from cultured cells. Reverse transcription was carried
out with SuperScript first strand synthesis system for RT-PCR (Invitrogen Inc) following the
manufacture’s instruction. Specific primers for the human MAO B and TIEG2 were designed
as follows:

MAO B Sense, 5′-GACCATGTGGGAGGCAGGACTTAC-3′
Antisense, 5′-CGCCCACAAATTTCCTCTCCTG-3′

TIEG2 Sense, 5′-CCTGTTGCGGATAAGACCCCTCAC-3′
Antisense, 5′-AAAGCCGGCAATCTGGAGTCTGGA-3′

The mRNA quantitative analyses for each group were performed by Real-Time PCR using a
Bio-Rad iCycler system. The real-time PCR was performed with a SYBR supermix kit (Bio-
Rad). The data were analyzed by the software from Bio-Rad as described previously (23).

MAO B catalytic activity assay
SH-SY5Y was grown to confluence, harvested, and washed with phosphate-buffered saline.
One hundred micrograms of total proteins were incubated with 10μM 14C-labeled PEA
(Amersham Biosciences) in the assay buffer (50 mM sodium phosphate buffer, pH 7.4) at 37°
C for 20 min and terminated by the addition of 100 μl of 6 N HCl. The reaction products were
then extracted with ethyl acetate/toluene (1:1) and centrifuged for 7 min. The organic phase
containing the reaction product was extracted, and its radioactivity was obtained by liquid
scintillation spectroscopy (28).

Western blot
Cells were cultured in medium with ethanol (75 mM) for 3 days, washed by PBS (pH 7.4), and
sonicated in 500 μL of RIPA lysis buffer (10 mM Tris·HCl, pH 7.4/160 mM NaCl/1% Triton/
1% Na dexycholate/0.1% SDS/1 mM EDTA/1 mM EGTA) supplemented with protease
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inhibitors (Sigma). The samples were then freeze thawed and centrifuged for 2min. at
12,500rpm. The supernatant was then kept and transferred to a new tube. Thirty micrograms
(for TIEG2) of total proteins were separated by 10.5% SDS-polyacrylamide gel electrophoresis
and transferred to PVDF membranes. After the transfer, membranes were blocked at room
temperature for 2 h with 5% nonfat dry milk in TBS (10 mM Tris-HCl, pH 7.5, 150 mM NaCl).
The membranes were then incubated with mouse anti-TIEG2 antibody (1:500) or mouse anti-
actin antibody (1:1000) overnight at 4°C. After incubation with respective secondary antibody
at room temperature for 2 h, the bands were visualized by hoseradish peroxidase (HRP) reaction
using SuperSignal West Pico Chemiluminescent Substrate (PIERCE).

MTT assay for proliferation rate/cell viability evaluation
Cell viability and proliferation was measured by tetrazolium salt (MTT) (13) (15). The medium
in excess of 2 ml (6-well plates) was removed and 40 μl of MTT dye (5mg/ml) in sterile PBS
was added to 360 μl of medium or PBS depending on cell confluence. Plates were incubated
for 4 to 5 hours, during which time the mitochondria in living cells converted the soluble yellow
dye (MTT) into an insoluble purple formazan crystal. Cells and dye were then solubilized by
the addition of 800 – 1000 μl of DMSO to the 6-well plates. Optical density of each well at
572 nm was determined using the NanoDrop Spectrophotometer.

Statistical analysis
All values are presented as means ± SD. A one-way ANOVA followed by a post hoc
Bonferroni’s t-test was employed when three or more groups were to be compared. A paired
t-test was performed for the statistical analysis of two groups. A P value less than 0.05 was
considered to be statistically significant.

Results
Ethanol increases the MAO B mRNA level and enzymatic activity, but deprenyl reverses the
effect of ethanol

SH-SY5Y cells were treated with 75 mM ethanol for three days. Then the cellular mRNA and
MAO B activity were determined by real time-PCR and traditional 14C method assay. The
ethanol concentration we used (75 mM) was clinically relevant, because the ethanol at 50–100
mM reflects blood ethanol levels in chronic alcoholics (29) (30). Therefore, the ethanol
concentration in our study was within the levels that results in physiological effects observed
in alcoholics.

The results showed that ethanol induced cellular MAO B mRNA level increased about 3.5
times more than the control; this increase could be reduced by 0.25 nM deprenyl treatment
(Figure 1A, lanes 2 vs. 1 and 3 vs. 1). At the same time, we found MAO B activity in ethanol
treated cells increased 1.8 fold more than control cells (Figure 1B, lanes 2 vs. 1). However,
deprenyl significantly decreased the MAO B catalytic activity (Figure 1B, lanes 3 vs. 2).

Ethanol increases the MAO B mRNA and protein levels, but deprenyl reverses the effect of
ethanol

To test the possibility that TIEG2 may take part in the ethanol-induced cell death, TIEG2
mRNA levels and protein levels were detected with RT-PCR and western blot. The results
show that ethanol could induce TIEG2 mRNA expression 4-fold more than that of the control
cells (Figure 2A lanes 2 vs. 1), deprenyl plus ethanol could just increase 2.8-fold (Figure 2A,
lanes 3 vs. 1). Similarly, TIEG2 protein expression level was increased around 3.5 times,
however deprenyl could inhibit TIEG2 expression (Figure 2B, a and b, lanes 2 and 3 vs. 1).
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TIEG2 enhances, but MAO B inhibitor (deprenyl) protects, cell death induced by ethanol
Ethanol has been found to increase the MAO B gene expression and catalytic activity in the
human glioma 1242-MG cells (16). With our previous experiment, 75 mM ethanol treatment
in conjunction with 0.25 nM deprenyl provided the most protection against apoptotic activity
for brain cells SH-SY5Y and U-118 MG (31). Here, we use pcDNA and TIEG2 stably
transfected SH-SY5Y cell lines (Figure 3Aa) to investigate the role of TIEG2 in ethanol-
induced cell death and the neuroprotective effect of deprenyl. We have previously shown that
TIEG2 is a transcriptional activator for MAO B (23). As shown in Figure 3Ab, the MAO B
catalytic activity is increased by ~2-fold in TIEG2-overexpressed cells as compared to that in
pcDNA3.1-transfected cells (Figure 3Ab, lanes 2 vs. 1).

Next, cells were exposed to 75 mM ethanol in conjunction with 0.25 nM deprenyl for three
days, and the cell viability (in survival rate) was observed in SH-SY5Y cells compared to that
in cells treated with 75 mM ethanol alone. The results show that TIEG2-overexpression could
induce more cell death with the presence of 75 mM ethanol than that in the control group which
was stably transfected with empty pcDNA3.1 vector (Figure 3, lanes 7 vs. 5). However,
deprenyl could protect cells from ethanol’s harmful effect (Figure 3, lanes 6 vs. 5 and 8 vs. 7).

Previously, we have shown that 0.25 nM of deprenyl produced the best neuroprotective effect
on SH-SY5Y cells (15). In order to examine whether 0.25 nM deprenyl is also the most
appropriate dosage in this study using TIEG2-overexpressed cells, the different concentrations
(0, 0.125, 0.25, 0.5 and 1 nM) of deprenyl were used to test the inhibitory effects on MAO B
catalytic activity and cell death. As shown in Figure 3Ca, the ethanol treatment in conjunction
with deprenyl for three days exhibited the inhibition on MAO B catalytic activity in a
concentration dependent manner. Furthermore, MTT assay was performed (Figure 3Cb) to
determine the effects of different concentrations (0, 0.125, 0.25, 0.5 and 1 nM) of deprenyl on
cell viability in TIEG2-overexpressed cells. The result showed that the ethanol treatment in
conjunction with 0.25 nM deprenyl for three days increased the cell survival rate by 175% as
compared to that of control cells (Figure 3Cb, lanes 3 vs. 1), suggesting that 0.25 nM of deprenyl
has the most protection against apoptotic activity.

Discussion
An understanding of the molecular mechanisms of cellular apoptosis toward excessive alcohol
consumption is crucial for the development of new treatments for alcoholism. In this study,
we examine the TIEG2-MAO B role in the ethanol induced apoptosis, and the neuroprotective
effect of deprenyl via inhibition of TIEG2-MAO B mediated cell death with SH-SY5Y cell
line.

The MAO B gene is located on the Xp11.2–11.4 chromosome and consists of 15 exons with
identical exon- intron organization (32), and its activity increases progressively in the brain
throughout adult life (33) (34). An aberrant increase of MAO B activity has been implicated
in several psychiatric and neurodegenerative disorders (35) (36). Thus one predicted
mechanism for cell death is an abnormal increase in monoamine oxidase (37). Previously, the
physiologically relevant concentration of ethanol has been found to increase the MAO gene
expression and catalytic activity in the human glioma 1242-MG cells (31). The increased
activity of MAO may thereby increase production of hydrogen peroxide (H2O2, a major source
for oxidative stress) and cause apoptosis (38). The SH-SY5Y, a human neuroblastoma cell
line, treated with 75 mM ethanol, could increase the expression of mRNA and protein, in
particular, MAO B catalytic activity also increased. Previously, we showed that the level of
Caspase 3, an apoptotic marker protein, was increased significantly by ethanol treatment,
suggesting that ethanol-induced cell death is mediated at least partially by apoptotic pathway
(15).
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Transforming growth factor-beta-inducible early gene 2 (TIEG2) is an activator for MAO B
through Sp1 overlapping sites (GC-rich sequence) located at the promoter region of MAO B.
Sp1-like protein plays key roles in the regulation of MAO B gene expression (23). It has been
reported that TIEG2 induces apoptosis in murine OLI-neu cells (39). With the ethanol treated
SH-SY5Y system, we were able to show that the mRNA and protein levels for TIEG2 were
increased significantly along with the increase in MAO B activity. Using TIEG2-overexpressed
stable cell line, we further demonstrated that TIEG2 could increase the MAO B catalytic
activity, and also enhance the cellular apoptosis triggered by ethanol, whereas, deprenyl, an
MAO B inhibitor, could protect cell death induced by ethanol, because ethanol and deprenyl
exposure in unison reduced the expression of both TIEG2 and MAO B.

Deprenyl is an irreversible inhibitor of MAO B which is an antidepressant drug, and is now
also used in the treatment of Parkinson’s disease. Deprenyl in much lower concentrations
needed to induce MAO B inhibition (less than ~1 nM) potently inhibits serum withdrawal
(40) and nitric oxide (41) induced apoptosis. However, in high concentration, deprenyl induces
apoptosis in cell cultures (14). Our findings suggest that 0.25 nM deprenyl and ethanol exposure
in unison for three days is able to inhibit MAO B catalytic activity and produce the best
neuroprotective effect comparing to other concentrations (0.125, 0.5 and 1 nM) of deprenyl.
This may be due to the higher concentration (more than 0.25 nM) of deprenyl used to start to
induce apoptosis in cell culture (14).

In summary, TIEG2-MAO B-mediated apoptotic pathway may contribute to ethanol induced
neurotoxicity. The inhibition of this apoptotic signaling pathway may be one of the mechanisms
for the neuroprotective effect of deprenyl.
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Abbreviation
MAO monoamine oxidase

MTT 3-(4, 5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bormide
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Figure 1.
Effects of ethanol on MAO B mRNA level and catalytic activity. SHSY5Y cells were treated
with or without 75 mM ethanol or with ethanol plus 0.25 nM deprenyl for three days. (A)
Cellular mRNA was extracted and quantitative real-time RT-PCR was performed. (B) MAO
B enzyme activity was determined by enzymatic activity assay. Data represent the mean ± S.D.
of three independent experiments. Controls were untreated cells (0 mM of ethanol) which were
taken as 1. *P < 0.01 versus control cells and # < 0.05 versus cells treated with ethanol alone
(one-way ANOVA followed by a post hoc Bonferroni’s t-test).
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Figure 2.
Effects of ethanol on TIEG2 mRNA and protein levels. SHSY5Y cells were treated with or
without 75 mM ethanol or with ethanol plus 0.25 nM deprenyl for three days. (A) Cellular
TIEG2 mRNA level was detected with quantitative real-time RT-PCR, and (B) TIEG2 protein
was examined by western blot. (a) TIEG2 protein levels in cells treated with or without ethanol
or with ethanol plus deprenyl were shown by western blot, and actin was used as the internal
control. (b) The optical density analysis with western blot shows TIEG2 has about 3.5 fold
expression in ethanol treated cells, whereas, deprenyl inhibited the TIEG2 expression. Data
represent the mean ± S.D. of three independent experiments. *P < 0.01 versus control cells
without ethanol treatment and # < 0.05 versus cells treated with ethanol (one-way ANOVA
followed by a post hoc Bonferroni’s t-test).

Lu et al. Page 10

Drug Discov Ther. Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The effect of TIEG2 on ethanol-induced cell death. (A) Compare the expression of TIEG2 and
MAO B catalytic activity in TIEG2/pcDNA stably transfected SH-SY5Y cell lines. (a) Western
Blot analysis of the expression of TIEG2 in TIEG2/pcDNA overexpressed cell lines. (b) MAO
B catalytic activity is about 2 times higher in TIEG2 stably transfected cells than pcDNA stably
transfected cells. Values are expressed as means ± S.D. of at least three independent
experiments._*P < 0.02 (paired t-test). (B) Effects of ethanol, ethanol plus deprenyl and TIEG2
on cell survival rates. pcDNA3.1 stably transfected cells or TIEG2 stably transfected cells were
treated with 75 mM ethanol with/without 0.25 nM deprenyl for three days. Then the cell
viability was determined by MTT assay. (C) Effects of different dosage of deprenyl on MAO
B catalytic activity and the protection of ethanol induced cell death in TIEG2-stably transfected
SH-SY5Y cell line. Cells were treated with or without 75 mM ethanol in the conjunction with
0.125, 0.25, 0.5 or 1 nM of deprenyl as indicated in the figure for three days. Then (a) the MAO
B catalytic activity or (b) cell viability (MTT assay) was determined. All data are presented as
the mean ± S.D. of at least three independent experiments. Controls were untreated cells (0
mM of ethanol in B and 0 nM of deprenyl in C) which were taken as 100%. *P < 0.05 versus
control cells and # < 0.05 versus cells-stably expressing TIEG (one-way ANOVA followed by
a post hoc Bonferroni’s t-test).
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