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Introduction

Abstract

Aim: TREK-1 (TWIK-related K channel-1) is a 2-pore-domain K' channel
subtype. The present study investigated the role of TREK-1 in cell death induced
by oxidative stress. Methods: The cell viability of wild-type Chinese hamster
ovary (CHO) and TREK-1-transfected CHO cells (TREK-1/CHO cells) was
measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay in the presence of sodium nitroprusside (SNP) or hydrogen
peroxide (H,0,). Apoptosis of wild-type CHO and TREK-1/CHO cells was
detected using Hoechst33342 staining. Results: Both SNP and H,0, caused
dose- and time-dependent growth inhibition of wild-type CHO and TREK-1/
CHO cells. Following a 12 h exposure to SNP, the 50% inhibition (ICs,) values
for wild-type CHO and TREK-1/CHO cells were calculated as 0.69 mmol/L and
1.14 mmol/L, respectively. The ICy, values were 0.07 mmol/L and 0.09 mmol/L
in H,0,-treated wild-type CHO and TREK-1/CHO cells, respectively, following
12 h exposure to H,0,. Moreover, SNP/H,0, induced less apoptosis in TREK-1/
CHO cells than that in wild-type CHO cells (P<0.05). Conclusion: The results
demonstrated that TREK-1 played a protective role against oxidative injury.

stretch, intracellular pH, oxygen tension, heat, and neuro-
transmitters that are coupled to G-proteins”'". Recent in

Two-pore-domain K’ channels (K,,), a novel class of
K" channels, are responsible for background K" currents
in various cells!" *’. These channels are open at membrane
potentials within the physiological range, so they are
thought to mediate the background or leak currents.
TWIK-related potassium channel (TREK) is a subfamily of
K,pand consists of 3 identified channel proteins: TREK-1,
TREK-2, and TRAAK (TWIK-related arachidonic acid-
stimulated K channel)**.

TREK-1 was the first mammalian mechano-gated ion
channel to be cloned, expressed, and characterized™".
Human TREK-1 is a 411 amino acid polypeptide and
its mRNA is mainly expressed in various regions of the
brain®®*. TREK-1 possesses unique properties that may
have important physiological and pathophysiological
significance. These include their sensitivity to unsaturated
free fatty acids, lysophospholipids, pressure or membrane
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vivo studies have indicated that TREK-1 plays a key role
in the cellular mechanisms of neuroprotection, anesthesia,
pain, and depression'*',

Oxidative stress and free radical damage to tissues
may be involved in the development of diseases, such as
cancer, neurodegenerative diseases, and cardiovascular
diseases!"*'”. As a nitric oxide (NO)-generating agent,
sodium nitroprusside (SNP) generates NO when added to
cell culture. When NO levels exceed physiological levels
by continued NO generation and accumulation, NO may
initiate a toxic cascade and lead to cell death!'”. Studies
have suggested that the toxic action of NO may also be
relevant to the pathogenesis of neurodegenerative disease
such as Alzheimer’s disease''®'”. Hydrogen peroxide
(H,0,), a non-radical molecule that generates highly toxic
hydroxyl radicals via the Fenton reaction, could also be

. . . . 20
involved in cell death and various disease processes’”.
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In this study, we compared the cell viability and apop-
totic rate in TREK-1/Chinese hamster ovary (CHO) cells
with those of wild-type CHO cells to examine the role of
TREK-1 in the process of oxidative stress and apoptosis
induced by SNP/H,0,.

Materials and methods

Cell culture and stable transfection CHO cells
were maintained in a 95% air/5% CO, (v/v) humidified
atmosphere at 37 °C. The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 U/mL), and 2 mol/L glutamine. cDNA
encoding rTREK-1 channel (GenBank Accession No.
AY695826) cloned into a pcDNA mammalian expression
vector was stably transfected into CHO cells using
Lipofectamine 2000 reagent. In brief, the CHO cells
were transfected when they were at 20%-30% confluency
using Lipofectamine 2000. DNA (2 pg) was diluted in
DMEM (250 pL) and mixed with Lipofectamine 2000
(10 uL). Complexes were allowed to form for 20 min at
room temperature before being added to the CHO cells in a
35-mm dish. After 24-48 h of transfection, the cells were
split and seeded at low density for G418 selection. The
selection medium (G418, 800 mg/L) was replaced every
5d. After 2-3 weeks, G418-resistant colonies were
selected. An rTREK-1 expressing clone was then identified
by using whole-cell electrophysiology. This positive clone
was passaged every 3 d by trypsin treatment and for regular
experiments.

Electrophysiology Whole-cell patch clamp recordings
were performed using a List EPC-9 amplifier (HEKA
Elektronic, Lambrecht, Germany). Pipettes with tip
resistance of 3—5 MQ were used. Under the current clamp
mode, membrane potentials were measured when cells
were held at 0 mA. To evoke whole-cell K™ currents, cells
were held at -80 mV with a 500 ms pulse from —80 mV to
+80 mV. The external solution contained in mmol/L: 135
NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, and 5 HEPES, with the
pH adjusted to 7.4 with NaOH. The patch pipette solution
contained in mmol/L: 160 KCl, 0.5 MgCl,, and 10 HEPES,
pH 7.2 with KOH. Data were stored in an IBM computer
by using Pulse software (HEKA Elektronic, Lambrecht,
Germany). Series resistance was in the range of 6—12
MQ and was compensated by 80%. All experiments were
performed at room temperature (21-24 °C).

Oxidative injury To induce oxidative stress, 2 free
radical generating systems were carried out, including SNP

and H,0,. SNP was applied as a NO donor, while H,0,
was used as a precursor of highly reactive free radicals.
The cells were seeded in a 96-well plate at a density of
1x10* cells/mL, and 200 pL cell suspension was added to
each well. When cells reached 60%—-70% confluency, the
culture medium (DMEM+FBS) was replaced by DMEM
(containing glucose) for a further 24 h before exposure to
SNP or H,0,. SNP and H,0, were prepared in phosphate-
buffered saline (PBS) to desirable concentrations just
before use. For the SNP-treated cells, SNP was added to
the cells with final concentrations of 0.1, 0.25, 0.5, 0.75, 1,
2.5, and 5 mmol/L, respectively. The control cells received
identical treatment, although SNP was omitted from the
PBS. For the H,O,-treated cells, 0.01, 0.05, 0.1, 0.2, or 0.5
mmol/L H,0, in PBS was used.

Cell viability assay Cell viability was determined with
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay”'’. Briefly, the cells were incubated
with SNP or H,0, in the culture medium for 6, 12, and
24 h and then with 50 g/L MTT for another 4 h. The
optical density was assessed at 570 nm using an ELISA
plate reader (Molecular Devices, Sunnyvale, CA, USA)
to determine the number of viable cells after oxidative
injury. The cell viability was expressed as a percentage
of the DMSO-treated control samples. All data presented
in our study were obtained from at least 3 independent
experiments.

Identification of apoptosis by Hoechst33342 staining
Morphological changes that are characteristic of apoptosis
in the cells were studied by Hoechst33342 staining””. The
cells were seeded in 96-well plates and treated with 0.75
mmol/L SNP or 0.05 mmol/L H,O, for 12 h, respectively.
After that, Hoechst33342 (10 mg/L) was added to the cells
and incubated for 30 min at 37 °C in the dark. The cells
were then fixed with 4% paraformaldehyde for 10 min at
room temperature, counted, and examined by fluorescence
microscopy at 480 nm. Apoptotic cells were identified by
their characteristic nuclei condensation and fragmentation,
whereas nuclei from normal cells had a normal uniform
chromatin pattern. The percentage of apoptotic cells was
calculated by the ratio of apoptotic cells to the total cells
counted. At least 500 cells were counted from more than 3
random microscopic fields.

Materials SNP, H,O,, Hoechst 33342, and arachidonic
acid (AA) were purchased from Sigma—Aldrich (St Louis,
MO, USA). DMEM, FBS, G418, trypsin, MTT, and
Lipofectamine 2000 reagent were purchased from Gibco
(Grand Island, NY, USA). Other medicals reagents were
from Beijing Chemical Factory (Beijing, China).
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Statistical analysis Data were expressed as
mean+SEM. Statistical analysis was performed by one-
way ANOVA followed by least significant difference (LSD)
comparison test or by paired Student’s ¢-test. Statistical
significance was considered at P<0.05.

Results

Electrophysiological properties of TREK-1/CHO
cells Under voltage clamp, a depolarizing step to +80
mV from the holding potential of —-80 mV evoked an
outward current in wild-type CHO with a mean amplitude
of 48.4+35.6 pA (Figure 1A; n=5). In contrast, the same
voltage protocol elicited a significantly larger outward
current (1.8+0.6 nA; n=8, P<0.05) in cells expressing
TREK-1 (Figure 1B). Consistent with previous reports,
this current was significantly enhanced by 10 pmol/L AA
(Figure 1B; n=5, P<0.05)>'". Because the current elicited
in transfected cells was significantly larger than that of the
wild-type cells, we considered this current to be passed
by the TREK-1 K" channels. The outward current elicited
reached a steady state without delay. The membrane
potential (Em) in the TREK-1/CHO cells was —54.2+1.4
mV (n=8), while the Em in wild-type CHO cells was
—23.5£2.4 mV (n=7; data not shown).

SNP-induced cell death in wild-type CHO cells and
TREK-1/CHO cells The effects of SNP and H,O, on
cell viability were examined both in wild-type CHO and
TREK-1/CHO cells. As shown in Figure 2, SNP inhibited
growth in both cell types in a dose- and time-dependent
manner. For TREK-1/CHO cells, the addition of SNP

500 ms 180 mV
m
| 2 nA I_
80 mv 50 ms
A
B iy FANSPFIN AA 10 pmol/L
Before
e

Figure 1. Functional properties of TREK-1 expressed in CHO cells.
Representative current were evoked by 500 ms voltage pulses from -80
mV to +80 mV. Voltage protocols were shown in the insets. (A) Rep-
resentative currents recorded from wild-type CHO cells. (B) Currents
elicited from TREK-1/CHO cells before and after application of AA (10
umol/L).

at concentrations of 0.1-5 mmol/L to cell cultures for
6, 12, and 24 h resulted in a significant dose-dependent
decrease in the number of viable cells. The effective SNP
concentration for 50% inhibition (ICy,) was calculated to be
1.36, 1.14, and 0.78 mmol/L for 6, 12, and 24 h exposure,
respectively. Compared with the TREK-1/CHO cells, SNP
(0.1-5 mmol/L) exposure for 6, 12, and 24 h decreased
the viable cells (ICs,: 0.85, 0.69, and 0.55 mmol/L,
respectively) in wild-type CHO cells. TREK-1/CHO cells
were more resistant to SNP (0.1-5 mmol/L) injury than
wild-type CHO cells within 24 h (Figure 2; P<0.05).
H,0,-induced cell death in wild-type CHO and
TREK-1/CHO cells H,O, treatment inhibited cell growth
in a time- and dose-dependent manner by exposure for 6-24
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Figure 2. SNP-induced inhibition of cell viability in TREK-1/CHO cells and wild-type CHO cells. A, B, C represented dose-effect curves following 6,
12, and 24 h exposure to SNP. IC, was calculated as 0.85, 0.69, and 0.55 mmol/L for CHO cells and 1.36, 1.14, 0.78 mmol/L for TREK-1/CHO cells 6,
12, 24 h after exposure to SNP, respectively. n=5 wells for each concentration) with similar results in 3 independent experiments. Values, expressed as a
percentage of control, were mean+SEM. "P<0.05 vs wild-type CHO cells.
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h (Figure 3). When treated for 12 h, the IC;, of H,0, was
0.07 mmol/L for wild-type CHO cells, and 0.09 mmol/L
for TREK-1/CHO cells. Several concentrations of H,O,
(0.01 and 0.05 mmol/L) resulted in significant differences
in cell viability between wild-type CHO cells and TREK-
1/CHO cells (P<0.05; Figure 3B). The IC,, was calculated
as 0.13 and 0.08 mmol/L for wild-type CHO cells, and 0.16
and 0.10 mmol/L for TREK-1/CHO cells 6 and 24 h after
exposure to H,0,, respectively. Similar to SNP treatment,
the dose-response curves of 6, 12, and 24 h exposure to
H,0, showed that wild-type CHO cell growth was inhibited
more than TREK-1/CHO cell growth (Figure 3; P<0.05).
Effects of TREK-1 on SNP/H,0,-induced apoptosis
The Hoechst33342 staining technique was used to
investigate whether SNP/H,0, induced apoptosis in both
cell types. Following treatment with 0.75 mmol/L SNP
for 12 h, both wild-type CHO and TREK-1/CHO cells
showed obvious nuclear condensation, which is typical
of apoptotic morphology. In contrast, most of the control
cells (wild-type CHO or TREK-1 /CHO cells without any
treatment) had intact nuclei (Figure 4A). Approximately
29.3%+2.4% of CHO cells showed DNA changes when
subjected to SNP, which was significantly greater than
the untreated control cells (6.2%=1.1%; P<0.05). When
treated with 0.75 mmol/L SNP, 17.3%=+3.2% of TREK-1/
CHO cells appeared apoptotic, whereas only 5.0%+1.3%
of untreated control cells were apoptotic. Apoptosis in
CHO cells was significantly greater than that in TREK-1/
CHO cells following 12 h exposure to SNP (Figure 4B;
P<0.05). Similar to SNP treatment, 0.05 mmol/L H,0O,

treatment in both TREK-1/CHO and wild-type CHO cells
resulted in condensed chromatin in many cells (Figure 5A).
DNA changes occurred in 22.3%+3.0% of H,0,-treated
CHO cells, and 15.6%+1.2% of TREK-1/CHO cells were
apoptotic when exposed to H,O, for 12 h. H,0, induced
greater apoptosis in wild-type CHO cells than that in
TREK-1 /CHO cells (Figure 5B; P<0.05).

Discussion

In this study, we found that TREK-1/CHO cells had
greater viability than wild-type CHO cells when subjected
to SNP/H,0, at equivalent doses within 24 h. These results
suggested that TREK-1 transfected cells were more tolerant
to oxidative stress induced by SNP/H,0O, than wild-type
CHO cells, which indicated that the overexpression of
TREK-1 might protect CHO cells against oxidative stress
induced by SNP/H,0,.

Previous studies showed that the exposure of CHO
cells to SNP/H,0, resulted in apoptosis™*. In our study,
we observed apoptosis in TREK-1/CHO cells and found
that apoptosis occurred more in wild-type CHO cells
than in TREK-1/CHO cells when subjected to the same
concentrations of SNP/H,0,.

In the present study, dose-response curves measured
6 h after exposure to SNP/H,0, showed that the maximum
inhibition of cell viability was less than 65% for TREK-1/
CHO cells, and less than 55% for wild-type CHO cells. We
hypothesize that these findings might reflect the duration
of exposure being too short to trigger apoptosis, thus little
serious damage could occur in the 2 cell types. Following
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Figure 3. H,0,-induced inhibition of cell viability in TREK-1/CHO cells and wild-type CHO cells. (A, B, and C) represented dose-effect curves follow-
ing 6, 12, and 24 h exposure to H,0,. IC,, was calculated as 0.13, 0.07, and 0.08 mmol/L for CHO cells and 0.16, 0.09, and 0.10 mmol/L for TREK-1/
CHO cells 6, 12, 24 h after exposure to H,0,, respectively. n=5 wells for each concentration with similar results in 3 independent experiments. Values,

expressed as a percentage of control, were mean+SEM. "P<0.05 vs wild-type CHO cells.
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Figure 4. Apoptosis induced by SNP (0.75 mmol/L) 12 h after exposure in wild-type CHO cells and TREK-1/CHO cells by nucleus staining with
Hoechst33342. (A) shows the representative images of Hoechst33342 staining (a) CHO cells non-exposed to SNP; (b) CHO cells treated with SNP; (c)
TREK-1/CHO cells non-exposed to SNP; (d) TREK-1/CHO cells treated with SNP. Magnification: x600. Arrows point to fragmented nuclear and chro-
matin condensation. (B) shows the representative results of Hoechst33342 staining. n=5 wells for each concentration with similar results in 3 indepen-
dent experiments. Values were mean+SEM. °P<0.05 vs CHO control group. “P<0.05 vs TREK-1 control group. "P<0.05 vs CHO injury group.
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Figure 5. Apoptosis induced by H,0, (0.05 mmol/L) 12 h after exposure in wild-type CHO cells and TREK-1/CHO cells by nucleus staining with
Hoechst33342. A shows the representative images of Hoechst33342 staining (a) CHO cells non-exposed to H,0O,; (b) CHO cells treated with H,0,; (c)
TREK-1/CHO cells non-exposed to H,0,; (d) TREK-1/CHO cells treated with H,0,. Magnification: x600. Arrows point to fragmented nuclear and chro-
matin condensation. B shows the representative results of Hoechst33342 staining. n=5 wells for each concentration with similar results in 3 independent
experiments. Values were mean+SEM. °P<0.05 vs CHO control group. °P<0.05 vs TREK-1 control group. "P<0.05 vs CHO injury group.

12 or 24 h exposure to SNP/H,0,, the maximum inhibition
of cell viability reached nearly 100%. In these cases, cell
death may result from apoptosis as well as other cell death
pathways.

The TREK-1 channel is expressed in various tissues
and cell types, such as hippocampal neurons and cardio-
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myocytes, and these channels mediate background K"
current”’. Unfortunately, no specific blockers for TREK-1
are currently available”. In this study, we transfected
CHO cells with TREK-1 channel DNA in order to study
the properties of TREK-1 as well as to screen compounds
which specifically act on the TREK-1 channel. We found
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that the membrane potential of TREK-1/CHO cells was
more negative than that of wild-type CHO cells, indicating
that the overexpression of TREK-1 could shift the cell
membrane potential to the hyperpolarization direction,
which may have a protective effect.

Intracellular K' is an important component that sta-
bilizes ion stasis and maintains cellular volume. The
effects of K™ efflux on cell injury/cell protection have been
discussed extensively'” . Previous studies revealed that
delayed rectifying K™ currents increased in the early stage
of apoptosis in hippocampal neurons and cortical neurons.
Moreover, the K' channel blocker, tetracthylammonium
(TEA), could inhibit apoptosis”™®’'"". The overexpression of
DNA for the voltage-gated delayed rectifying K* channel
Kv2.1 has been shown to increase CHO cell sensitivity to
apoptotic inducers”””. These results showed that K efflux
could promote apoptosis. However, efflux of K also has
a protective effect by hyperpolarizing the membrane as
well as decreasing the membrane excitability and oxygen
consumption. Membrane hyperpolarization following
the activation of K™ channels increased the tolerability of
murine myoblasts from apoptosis™. Lee et al found that
the overexpression of small conductance, calcium-activated
K" channel and the voltage-gated K* channel Kvl1.1 in
rat hippocampal slices reduced apoptotic cell death by
protective hyperpolarization”". Our data indicated that the
overexpression of TREK-1 might protect the cells against
apoptosis-inducing stress by a similar mechanism.

The present study demonstrates the protective role of
TREK-1 against oxidative stress induced by SNP/H,0.,.
Membrane hyperpolarization was observed after the
overexpression of TREK-1 in CHO cells, which suggested
that the protective effects of TREK-1 might be mediated
by cell hyperpolarization, cell damage reduction, and the
inhibition of apoptosis. Further studies should investigate
the molecular mechanisms of TREK-1 in oxidative stress,
including channel regulation and the signal transduction
pathway between TREK-1 and apoptosis.
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