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Abstract

Thymol is a natural essential oil present in many plants and has many different effects in various
cell types. However, the effect of thymol on the physiology of Madin-Darby canine kidney (MDCK)
renal tubular cells is unknown. The action of the phytochemical thymol on cytosolic Ca** concentra-
tions ([Ca”*];) and apoptosis in MDCK renal tubular cells was explored. Fura-2, a Ca?*-sensitive fluo-
rescent dye, was used to assess [Ca2"];, Thymol at concentrations of 200-500 UM caused a [Ca®); rise
in a concentration-dependent manner. Removal of extracellular Ca?" partially reduced the effects of
thymol. Thymol-induced Ca®" entry was inhibited by nifedipine, econazole, SK&F96365 and protein
kinase C modulators. In a Ca’*-free medium, treatment with the endoplasmic reticulum Ca>* pump in-

hibitor thapsigargin inhibited thymol-induced [Ca*"];

2+
Ii

increases. Treatment with thymol also inhibited
thapsigargin-induced [Ca™"]; rise. Thymol killed cells at concentrations of 300-500 uM in a concentration-
dependent fashion. Chelating cytosolic Ca®" with 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid/AM (BAPTA/AM) did not prevent thymol cytotoxicity. Thymol (400 and 500 uM) induced apoptosis
detected by using Annexin V/propidium iodide staining. At 400 or 500 pM, thymol increased levels of

reactive oxygen species (ROS). Together, in MDCK cells, thymol induced a [Ca®']; rise by inducing Ca**
release from the endoplasmic reticulum and Ca®" entry via protein kinase C-sensitive store-operated

Ca® channels. Our data suggest that thymol-induced apoptosis might involve ROS production.
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Introduction

Essential oils of natural plants have been shown
to possess repellent characteristics (3). Compounds
existing in these oils with high repellent activities
include thymol, alpha-pinene, limonene, citronellol,
citronellal and camphor (7, 27). Cymbopogon spp.,
Ocimum spp. and Eucalyptus spp. are the most studied

plant families with promising essential oils used as
repellents (6). Thymol is a major component of thyme
and oregano and has medical applications in oral care
products as an astringent and antibiotic (28).
Thymol has many in vitro effects in different cell
types. Thymol increases Ca’" mobilization and ion
currents in pituitary GH3 cells (34), suppresses eryth-
rocyte death (26), changes flight motor activity and
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wing-beat frequency in blowfly (39), protects fibro-
blasts from radiation-induced death (2), relaxes rat
isolated aorta (29), stimulates the hTRPA1 channel
(24), inhibits sarcoplasmic reticulum Ca®"-ATPase and
ryanodine receptor (33), and inhibits spontaneous con-
tractile activities of smooth muscles (4). However, the
mechanisms underlying the diverse effects of thymol
in these models are unclear.

Ca®" is a key second messenger in many biologi-
cal responses. Intracellular free Ca”" concentrations
([Ca%]i) can be increased upon a stimulation. This
results in many pathophysiological cellular processes
(5). An uncontrolled Ca®" signal may alter secretion,
contraction, protein activity, apoptosis, proliferation
and other processes (12). The aim of this study was
to examine the effects of thymol on [Ca®']; and via-
bility in renal tubular cells. There is only one paper
describing that thymol could change renal functions
in male rats (14). The effects of thymol on renal cells
in vitro is unknown.

The Madin-Darby canine kidney (MDCK) renal
tubular cell line is a useful system for renal cell re-
search. In this cell line, it has been shown that sev-
eral ligands, such as melittin (25), anandamide (41),
celecoxib (40) and endogenous ligands such as ATP
(18) and bradykinin (19), can cause a [Ca®"]; rise via
causing Ca®" entry and Ca’' release. In this study, fura-2
was used as a Ca”"-sensitive dye to measure [Ca’'];.
The [Ca2+]i rises were characterized, the concentration-
response plots were established, and the pathways
underlying thymol-evoked Ca”" entry and Ca®" release
were explored. The cytotoxic effects of thymol and the
role of apoptosis were assessed.

Materials and Methods
Chemicals

The reagents for cell culture were purchased from
Gibco (Gaithersburg, MD, USA). Fura-2/AM and 1,2-
bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid/AM (BAPTA/AM) were purchased from Molecu-
lar Probes (Eugene, OR, USA). Thymol and all other
reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise indicated.

Cell Culture

MDCK renal tubular cells obtained from Biore-
source Collection and Research Center (Taiwan) were
cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin and 100 pg/ml streptomycin.

Solutions Used in [ Ca2+],~ Measurements

Ca*"-containing medium (pH 7.4) had 140 mM
NaCl, 5 mM KCI, I mM MgCl,, 2 mM CaCl,, 10 mM
Hepes and 5 mM glucose. Ca®’-free medium (pH 7.4)
contained 140 mM NaCl, 5 mM KCI, 3 mM MgCl,,
0.3 mM EGTA, 10 mM HEPES and 5 mM glucose.
Thymol was dissolved in ethanol as a 1 M stock solu-
tion. The other chemicals were dissolved in water,
ethanol or dimethyl sulfoxide. The concentration of
organic solvents in the experimental solutions did not
exceed 0.1%, and did not affect viability or basal [Ca®"]..

/ Ca’’ ]; Measurements

Confluent cells grown on 6-cm dishes were
trypsinized and made into a suspension in culture
medium at a density of 10° cells/ml. Cell viability was
determined by trypan blue exclusion. The viability
was greater than 95% after the treatment. Cells were
subsequently loaded with 2 uM fura-2/AM for 30 min
at 25°C in the same medium. After loading, cells
were washed with Ca*’-containing medium twice
and was made into a suspension in Ca**-containing
medium at a density of 107 cells/ml. Fura-2 fluo-
rescence measurements were performed in a water-
jacketed cuvette (25°C) with continuous stirring;
the cuvette contained 1 ml of medium and 1 million
cells. Fluorescence was monitored with a Shimadzu
RF-5301PC spectrofluorophotometer immediately
after 0.1 ml cell suspension was added to 0.9 ml Ca*'-
containing or Ca’'-free medium by recording excita-
tion signals at 340 nm and 380 nm and emission signal
at 510 nm at 1-sec intervals. During the recording,
reagents were added to the cuvette by pausing the
recording for 2 sec to open and close the cuvette-
containing chamber. For calibration of [Ca®'];, after
completion of the experiments, Triton X-100 (0.1%)
and CaCl, (5§ mM) were added to the cuvette to obtain
the maximal fura-2 fluorescence. The Ca®" chelator
EGTA (10 mM) was then added to chelate Ca®" in the
cuvette to obtain the minimal fura-2 fluorescence.
Control experiments showed that cells bathed in a
cuvette had a viability of 95% after 20 min of fluo-
rescence measurements. [Ca”’]; was calculated as pre-
viously described (9-11, 15).

Cell Viability Assays

Measurement of cell viability was based on the
ability of cells to cleave tetrazolium salts by dehy-
drogenases. Increases in the amount of developed
color directly correlated with the number of live cells.
Assays were performed according to manufacturer’s
instructions (Roche Molecular Biochemical, India-
napolis, IN, USA). Cells were seeded in 96-well plates
at a density of 10,000 cells/well in culture medium
for 24 h in the presence of thymol. The cell viability



92 Chang, Chou, Liang, Lu, Kuo, Shieh, Ho and Jan

detecting tetrazolium reagent 4-[3-[4-lodophenyl]-2-
4(4-nitrophenyl)-2H-5-tetrazolio-1,3-benzene disul-
fonate] (WST-1; 10 ul pure solution) was added to
samples after thymol treatment, and cells were in-
cubated for 30 min in a humidified atmosphere. In
experiments using BAPTA/AM to chelate cytosolic
Ca®’, cells were treated with 5 uM BAPTA/AM for
1 h prior to incubation with thymol. The cells were
washed once with Ca*"-containing medium and in-
cubated with or without thymol for 24 h. The absor-
bance of samples (Ays9) was determined using an
enzyme-linked immunosorbent assay (ELISA) reader.
Absolute optical density was normalized to the ab-
sorbance of unstimulated cells in each plate and ex-
pressed as a percentage of the control value.

Alexa®Flour 488 Annexin V/PI Staining for Detection of
Apoptosis

Annexin V/PI staining assay was employed to
further detect cells in early apoptosis stage. Cells were
exposed to thymol at concentrations of 0, 400 or 500
uM for 24 h. Cells were harvested after incubation
and washed in cold phosphate buffered saline (PBS).
Cells were resuspended in 400 pl reaction solution
with 10 mM of HEPES, 140 mM of NaCl, 2.5 mM of
CaCl, (pH 7.4). Alexa Fluor 488 annexin V/PI staining
solution (Probes Invitrogen, Eugene, OR, USA) was
added in the dark. After incubation for 15 min, the
cells were collected and analyzed in a FACScan flow
cytometry analyzer. Excitation wave was at 488 nm
and the emitted green fluorescence of Annexin V (FL1)
and red fluorescence of PI (FL2) were collected using
530 and 575 nm band pass filters, respectively. A total
of at least 20,000 cells were analyzed per sample. Light
scatter was measured on a linear scale of 1,024 channels
and fluorescence intensity was on a logarithmic scale.
The amount of apoptosis was determined as the per-
centage of Annexin V'/PI” cells.

Detection of Intracellular Reactive Oxygen Species (ROS)
by Flow Cytometry

Cells were plated in triplicates at a density of
5 x 10° cells/well in 6-well plates (Falcon, BD Bio-
sciences, Franklin Lakes, NJ, USA). After overnight
incubation, cells were treated with 0, 400 or 500 uM
thymol for 24 h. Cells were harvested, washed twice
with cold PBS, and then 2°,7’-dichlorofluorescein di-
acetate (DCFH-DA) and dihydroethidine (DHE) were
added at a final concentration of 50 pg/ml in Ca*'-
containing medium. Cells were incubated for 30 min
at 37°C. After the cells were washed twice with cold
PBS, 1 ml cold PBS was added. These two fluorescent
probes were commonly used for detection of intra-
cellular oxidants. During an intracellular oxidative

burst, ROS are usually generated, leading to the con-
version of the non-fluorescent probes into fluorescent
molecules. The oxidation product of DCFH is di-
chloroflurescein (DCF), with the green emission at
529 nm, while that of DHE is ethidium, emitting red
fluorescence at 590 nm with a FACS Calibur flow cy-
tometer (BD Biosciences, Franklin Lakes, NJ, USA).
Data were later analyzed using the flow cytometry
analysis software WinMDI 2.8 (by Joe Trotter, freely-
distributed software) by gating 10>-10* areas of the
X and Y coordinates.

Statistics

Data are reported as mean + SEM of three sep-
arate experiments. Data were analyzed by one-way
analysis of variances (ANOVA) using the Statistical
Analysis System (SAS™, SAS Institute Inc., Cary, NC,
USA). Multiple comparisons between group means
were performed by post-hoc analysis using the Tukey’s
HSD (honestly significantly difference) procedure. P-
values less than 0.05 were considered significant.

Results
Concentration-Dependent Effects of Thymol on [Ca’"],

The basal [Ca*']; was 49 + 3 nM (Fig. 1A). At
concentrations between 200 and 500 uM, thymol in-
duced a [Ca®’]; increase in a concentration-dependent
manner in Ca’"-containing medium. The Ca®" response
saturated at 500 uM thymol because at a concentration
of 700 uM, thymol evoked a similar response as that
induced by 500 uM. The concentration-response plot of
thymol-induced responses is shown in Fig. 1B. The ECjs,
value was 250 + 2 uM by fitting to a Hill equation.

Internal Stores of Thymol-Induced [Ca’"]; Rise

The intracellular Ca®" store involved was ex-
amined in thymol-induced [Ca®']; rise. Previous studies
have shown that the endoplasmic reticulum is the major
Ca”" store in MDCK cells (23). In Ca®'-free medium,
addition of the endoplasmic reticulum Ca*" pump in-
hibitor thapsigargin (TG; 1 uM) (37) induced a [Ca®™];
rise of 50 + 2 nM (Fig. 2A). Thymol added at 500
sec induced a [Ca®']; rise of 25 + 2 nM. After incu-
bation with 500 uM thymol for 470 sec, addition of
TG failed to induce a [Ca”"]; rise (Fig. 2B).

Modulations of Thymol-Induced [Ca’"]; Rise

Because thymol-induced Ca®" response satu-
rated at 500 uM, the control of modulation of thymol-
induced [Ca*"]; rises was 500 uM thymol. Nifedipine
(1 uM), econazole (0.5 pM) and SK&F96365 (5 uM);
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Fig. 1. Effects of thymol on [Ca®']; in fura-2-loaded cells. (A)
Thymol was added at 25 sec at the indicated concentra-
tions. The experiments were performed in Ca®*-containing
medium. (B) A concentration-response plot of thymol-
induced [Ca"]; rises. The Y axis is the percentage of
the net (baseline subtracted) area under the curve (25-
250 sec) of the [Ca®']; rise induced by 500 uM thymol.
Data are mean + SEM of three separate experiments.
*P < 0.05 compared to control.

phorbol 12-myristate 13 acetate (PMA; 1 nM; a pro-
tein kinase C activator) and GF109203X (2 uM; a pro-
tein kinase C inhibitor) were applied 1 min before
adding 500 uM thymol in Ca’’-containing medium.
These agents all significantly inhibited thymol-
induced [Ca*']; rises to different degrees (Fig. 3).
Addition of these chemicals (nifedipine, econazole,
SK&F96365, PMA, GF109203X) alone did not alter
the baseline [Ca”']; (data not shown).

Effects of Thymol on Cell Viability

Because acute incubation with thymol induced
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Fig. 2. Intracellular Ca”" stores of thymol-induced Ca”" release.
Experiments were performed in Ca>*-free medium. (A)
Thapsigargin (TG, 1 uM) and (B) Thymol (500 uM) were
added at the indicated time points. Data are mean + SEM
of three separate experiments.

a substantial [Ca2+],» rise, and that unregulated [Ca%]i
rise may change cell viability (5), experiments were
performed to examine the effects of thymol on the
viability of MDCK cells. Cells were treated with 0-500
uM thymol for 24 h, and the tetrazolium assay was
performed. In the presence of 300-500 uM thymol,
cell viability decreased in a concentration-dependent
manner (Fig. 4).

Lack of a Relationship between Thymol-Induced [\ Cca’* i
Rise and Cell Death

An important question was whether the thymol-
induced cytotoxicity was caused by a preceding
[Ca%]i rise. The intracellular Ca®* chelator BAPTA/AM
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Fig. 3. Effects of Ca?* channel modulators on thymol-induced
[Ca®']; rise. The experiments were performed in Ca®'-
containing medium. In the modulator-treated groups,
the modulator was added 1 min before thymol (500 uM).
The concentration was 10 nM for phorbol 12-myristate
13-acetate (PMA), 2 uM for GF109203X, 1 uM for
nifedipine, 0.5 uM for econazole, 5 uM for SK&F96365.
Data are expressed as the percentage of control (1%
column) that is the area under the curve (25-250 sec) of
500 uM thymol-induced [Ca2+]i rise, and are mean +
SEM of three separate experiments. *P < 0.05 com-
pared to the 1% column.

(38) was used to prevent a [Ca®"; rise during thymol
treatment. BAPTA/AM at 5 uM loading abolished 500
uM thymol-induced [Ca%]i rises in Ca2+-c0ntaining
medium (Fig. 4A). This suggests that BAPTA/AM
effectively prevented a rise in [Ca2+],-. In the pres-
ence of 300-500 uM thymol, BAPTA/AM loading did
not reverse thymol-induced cell death (P > 0.05).

Possible Involvement of Apoptosis in Thymol-Induced
Cell Death

Annexin V/PI staining was applied to detect apop-
totic cells after thymol treatment. Treatment with 400
uM or 500 uM thymol significantly induced apoptosis
in MDCK cells (Fig. 5).

Effects of Thymol on Oxidative Stress in MDCK Cells

ROS are associated with many cellular events
such as cell proliferation, differentiation and apoptosis
(42). To explore whether thymol induced oxidative
stress in MDCK cells, the levels of intracellular ROS,
including hydrogen peroxide (H,O,) and superoxide
anion (O, "), in thymol-treated cells were measured by
flow cytometry using DCFH-DA and DHE fluorescent
dyes, respectively. It was found that 400 or 500 uM
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Fig. 4. Thymol-induced Ca**-independent cell death. (A) Fol-
lowing BAPTA/AM treatment, cells were incubated with
fura-2/AM as described in Materials and Methods. Then
[Ca%]i measurements were conducted in Ca?*-contain-
ing medium. Thymol (500 uM) was added as indicated.
(B) Effects of thymol on cell viability. Cells were treated
with 0-500 uM thymol for 24 h, and the cell viability
assay was performed. Data are mean + SEM of three
separate experiments. Each treatment had six replicates
(wells). Data are expressed as percentage of the control
that was the increase in cell numbers in thymol-free
groups. Control had 10,987 + 799 cells/well before ex-
periments, and had 13,557 + 725 cells/well after in-
cubation for 24 h. *P < 0.05 compared to control. In
each group, the Ca** chelator BAPTA/AM (5 uM) was
added to cells followed by treatment with thymol in
Ca**-containing medium. Cell viability assay was sub-
sequently performed. “P < 0.05 compared to the pairing

group.
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Fig. 5. Apoptosis induced by thymol measured by Annexin V/PI
staining. (A) Cells were treated with 0, 400 uM or 500
puM thymol, respectively, for 24 h. Cells were then pro-
cessed for Annexin V/PI staining and analyzed by flow
cytometry. (B) The percentage of apoptotic cells. *P <
0.05 compared with control. Data are mean + SEM of
three separate experiments.

thymol treatment increased the intracellular levels
of H202 and 027 (Flg 6)

Discussion

Ca®" ions serve as a ubiquitous second messenger
in all eukaryotic cells (5). The resting [Ca®']; is main-
tained at levels less than 0.1 uM, about four orders of
magnitude lower than in the extracellular solution
(1-2 mM), but cellular excitation induces a transient
[Ca2+]i rise up to uM levels, or to even higher levels
in small cellular compartments. These transient fluc-
tuations of [Ca®']; (termed “Ca*" signal”) trigger or
regulate various intracellular events (5). Usually, the
generation of Ca®" signal is determined by interaction
of [1] external Ca*’ entry, [2] Ca’" release from intra-
cellular compartments (Ca®" stores), [3] cytoplasmic
Ca”" buffering by Ca®" binding proteins, and [4] sub-
sequent Ca”* removal from the cytoplasm due to trans-
membrane Ca”" efflux or sequestration by intracellular
Ca”" stores located in organelles (12).

The results of this study show that thymol induced

[Ca2+]i rises and cell death in renal cells. The data
suggest that thymol evoked a concentration-dependent
[Ca®']; rise. Thymol elevated [Ca']; by depleting intra-
cellular Ca*" stores and inducing Ca*" entry from extra-
cellular medium. Removal of extracellular Ca*" reduced
the thymol-induced [Ca®']; rise throughout the mea-
surement interval of 250 sec, implying that Ca®" entry
occurred during the whole stimulation period.

The mechanism of thymol-induced Ca" entry was
explored. The data suggest that thymol-induced Ca®"
entry was inhibited by nifedipine, econazole and
SK&F96365. Previous reports have suggested that
these chemicals have been used as blockers of store-
operated Ca*" entry (30) in different cell models (17,
20, 31, 35); however, so far no compounds were avail-
able as selective inhibitors for this type of Ca®" entry.
During a [Ca®']; rise, activation of phospholipase C
(PLC) may produce IP; and diacylglycerol, which
activates protein kinase C (PKC). Hence, the effect
of modulation of PKC activity on thymol-induced
[Ca2+]i rise was explored. Both activation and in-
hibition of PKC suppressed thymol-evoked [Ca”'];
rise. This may be because normal PKC activity is re-
quired for thymol-induced [Ca®']; rise, and enhance-
ment or decrease of this activity both dampened the
[Ca®']; rise. Regulation of PKC activity has been
shown to modulate store-operated Ca*" entry in dif-
ferent cells (1, 21, 32).

Another question was the Ca”" stores involved in
thymol-induced Ca®" release. The TG-sensitive endo-
plasmic reticulum stores might be the dominant one
because TG pretreatment greatly inhibited thymol-
induced [Ca®"]; rise; conversely, thymol pretreatment
also inhibited TG-induced Ca’" release. This is in
keeping with previous reports that the endoplasmic
reticulum is the major Ca®" store in MDCK cells (25,
40, 41).

Thymol and several selected plant volatiles have
been found to decrease viability in microbial and
mammalian short-term assays (36). At an ICs, value
of 700 uM, thymol has been shown to induce non-
apoptotic cell death in human laryngeal carcinoma
Hep-2 cells (36). Our study shows that thymol was
also cytotoxic to MDCK cells in a concentration-
dependent manner. Ca”" overloading is known to ini-
tiate processes leading to alteration in cell viability
(5). Because thymol induced both [Ca®']; rises and
cell death in MDCK cells, it would be interesting to
know whether the death occurred in a Ca**-dependent
manner. Our data show that thymol-induced cell death
was not reversed when cytosolic Ca®" was chelated by
BAPTA/AM. This implies that in this case, thymol-
induced cell death was not triggered by a [Ca®']; rise.
Furthermore, thymol-induced cell death was found to
involve apoptosis based on Annexin V/PI staining,
which is in contrary to the non-apoptotic, cytotoxic
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Fig. 6. Effects of thymol on the hydrogen peroxide level in cells. (A) and (B) 2’,7’-dichlorofluorescein-diacetate (DCFH-DA)
fluorescence was measured after treatment with 0, 400 or 500 uM thymol in serum-free culture media for 24 h. The fluo-
rescence was quantified using the BD Cell Quest software. Data are mean + SEM of four separate experiments. *P < 0.05
compared to control. Effects of thymol on the superoxide anion level. (C) and (D) Dihydroethidine (DHE) fluorescence in
cells was measured after treatment with 0, 400 or 500 uM thymol in serum-free culture media for 24 h. The fluorescence
was quantified using the BD Cell Quest software. Data were mean + SEM of four separate experiments. *P < 0.05 com-
pared to control. The data are represented as DCFH-DA (or DHE) fluorescence percentage that refers to cells positive to
DCFH-DA (or DHE). Controls are shown in the first column.

effects of thymol observed in Hep-2 cells (36). How-
ever, in HL-60 cells, thymol was shown to increase
ROS production and to activate caspase-9, -8 and
-3 proteins, the latter being a hallmark of caspase-
dependent apoptosis (13). In summary, the mecha-
nism of the effect of thymol on cytotoxicity appears
to vary among different cell types.

The role of mitochondria in thymol-induced apop-
tosis was explored by measuring ROS levels. Thymol
has been shown to increase ROS levels in different
models (12, 20). Consistent with these reports, our
data suggest that thymol at concentrations that in-
duced [Ca®']; rises also induced ROS production.
ROS production is not the only way to induce apop-
tosis. Many molecules such as caspase-3 proteins,
cytochorome ¢ or PARP can also induce apoptosis
(13). Our data only suggest that thymol induced apop-
tosis and also ROS production in MDCK cells, but did

not state that apoptosis was caused by ROS.

Thymol has recently been shown to induce [Ca®'];
rises and cell death in MG63 human osteosarcoma
cells (8) and DBTRG-05MG human glioblastoma cells
(16). In MG63 cells, 200-1000 uM thymol induced
[Ca2+]i rises via store-operated Ca’" channels. Thymol
between 200 uM and 400 uM induced apoptosis and
increased ROS production (8). In DBTRG-05MG cells,
200-1000 uM thymol induced [Ca®']; rises via non
store-operated Ca®” channels. Thymol between 200
puM and 600 pM induced cell death that may involve
apoptosis (16). However, in our study, 200-500 uM
thymol induced [Ca®"]; rises via store-operated Ca*"
channels in MDCK cells. Thymol between 300-500
UM evoked cell death that probably involved apop-
tosis and ROS production. The effective concentra-
tion ranges of thymol to induce [Ca®"]; rises, cell
death, apoptosis and ROS production were different
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among MDCK and the two other cell lines. There-
fore, it appears that the mechanism of the effect of
thymol on [Ca”"]; and apoptosis varies among dif-
ferent cell types.

A previous study (22) explored the plasma con-
centration of thymol after oral administration. The
dose administered was 1.08 mg/day in healthy adults.
No BioResponse thymol (BR-thymol)-related adverse
effects were reported at doses up to 1.08 mg. A single
1.08-mg dose of BR-thymol resulted in a mean C,,,
of ~5 uM after 24 h. In contrast, our data show that
thymol at concentrations between 200-500 uM evoked
[Ca®']; rises and induced apoptosis in MDCK cells.
Therefore, although the effects of thymol are unlikely
to be clinically relevant, the data do point to an un-
expected effect of this drug on Ca®".

Taken together, the data show that the phytochemi-
cal thymol induced Ca*" release from endoplasmic re-
ticulum and also caused Ca”" entry via store-operated
Ca”" entry in MDCK cells. Thymol evoked cell death
that probably involved apoptosis mediated by ROS.
The [Ca2+]i—elevating and apoptotic effects of thymol
should be considered in other cellular research.

Acknowledgments

This work was supported by Kaohsiung Veterans
General Hospital (VGHKS100-115) to T. Lu. The
authors report no declarations of interest.

References

1. Albert, A.P. and Large, W.A. Activation of store-operated channels
by noradrenaline via protein kinase C in rabbit portal vein myo-
cytes. J. Physiol. 544: 113-125, 2002.

2. Archana, PR., Nageshwar Rao, B., Ballal, M. and Satish Rao, B.S.
Thymol, a naturally occurring monocyclic dietary phenolic com-
pound protects Chinese hamster lung fibroblasts from radiation-
induced cytotoxicity. Mutat. Res. Genet. Toxicol. Environ. Mutagen.
680: 70-77, 2009.

3. Baser, K.H.C. Biological and pharmacological activities of carvacrol
and carvacrol bearing essential oils. Curr: Pharm. Design 14: 3106-
3109, 2008.

4. Beer, A.M., Lukanov, J. and Sagorchev, P. Effect of thymol on the
spontaneous contractile activity of the smooth muscles. Phytomedi-
cine 14: 65-69, 2007.

5. Bootman, M.D., Berridge, M.J. and Roderick, H.L. Calcium sig-
nalling: more messengers, more channels, more complexity. Curr.
Biol. 12: R563-R565, 2002.

6. Burt, S. Essential oils: their antibacterial properties and potential
applications in foods—a review. Int. J. Food Microbiol. 94: 223-
253, 2004.

7. Chaieb, K., Hajlaoui, H., Zmantar, T., Kahla-Nakbi, A.B., Rouabhia,
M., Mahdouani, K. and Bakhrouf, A. The chemical composition
and biological activity of clove essential oil, Eugenia caryophyllata
(Syzigium aromaticum L. Myrtaceae): a short review. Phytother: Res.
21: 501-506, 2007.

8. Chang, H.T., Hsu, S.S., Chou, C.T., Cheng, J.S., Wang, J.L., Lin,
K.L., Fang, Y.C., Chen, W.C., Chien, J.M., Lu, T., Pan, C.C., Cheng,
H.H., Huang, J.K., Kuo, C.C., Chai, K.L. and Jan, C.R. Effect of
thymol on Ca?" homeostasis and viability in MG63 human osteo-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

sarcoma cells. Pharmacology 88:201-212, 2011.

Chang, K.H., Tan, H.P., Kuo, C.C., Kuo, D.H., Shieh, P., Chen, F.A.
and Jan, C.R. Effect of nortriptyline on Ca®" handling in SIRC
rabbit corneal epithelial cells. Chinese J. Physiol. 53: 178-184,
2010.

Chen, W.C., Cheng, H.H., Huang, C.J., Lu, Y.C., Chen, L.S., Liu,
S.I., Hsu, S.S., Chang, H.T., Huang, J.K., Chen, J.S. and Jan, C.R.
The carcinogen safrole increases intracellular free Ca®" levels and
causes death in MDCK cells. Chinese J. Physiol. 50: 34-40, 2007.
Cheng, J.S., Lo, Y.K., Yeh, J.H., Cheng, H.H., Liu, C.P., Chen, W.C.
and Jan, C.R. Effect of gossypol on intracellular Ca>* regulation in
human hepatoma cells. Chinese J. Physiol. 46: 117-122, 2003.
Clapham, D.E. Intracellular calcium-Replenishing the stores. Nature
375: 634-635, 1995.

Deb, D.D., Parimala, G., Saravana Devi, S. and Chakraborty, T.
Effect of thymol on peripheral blood mononuclear cell PBMC and
acute promyelotic cancer cell line HL-60. Chem. Biol. Interact.
193: 97-106, 2011.

El-Nekeety, A.A., Mohamed, S.R., Hathout, A.S., Hassan, N.S., Aly,
S.E. and Abdel-Wahhab, M.A. Antioxidant properties of Thymus
vulgaris oil against aflatoxin-induce oxidative stress in male rats.
Toxicon 57: 984-991, 2011.

Grynkiewicz, G., Poenie, M. and Tsien, R.Y. A new generation of
Ca’" indicators with greatly improved fluorescence properties. .J.
Biol. Chem. 260: 3440-3450, 1985.

Hsu, S.S., Lin, K.L., Chou, C.T., Chiang, A.J., Liang, W.Z., Chang,
H.T., Tsai, J.Y., Liao, W.C., Huang, F.D., Huang, J.K., Chen, L.S.,
Liu, S.I,, Kuo, C.C. and Jan, C.R. Effect of thymol on Ca*" homeo-
stasis and viability in human glioblastoma cells. Eur: J. Pharmacol.
670: 85-91, 2011.

Ishikawa, J., Ohga, K., Yoshino, T., Takezawa, R., Ichikawa, A.,
Kubota, H. and Yamada, T. A pyrazole derivative, YM-58483, po-
tently inhibits store-operated sustained Ca®* influx and IL-2 pro-
duction in T lymphocytes. J. Immunol. 170: 4441-4449, 2009.
Jan, C.R., Chou, K.J.,, Lee, K.C., Wang, J.L., Tseng, L.L., Cheng, J.S.
and Chen, W.C. Dual action of palmitoyl! trifluoromethyl ketone
(PACOCF3) on Ca*" signaling: activation of extracellular Ca*" in-
flux and alteration of ATP- and bradykinin-induced Ca”" responses
in Madin Darby canine kidney cells. Arch. Toxicol. 74: 447-451,
2000.

Jan, C.R., Ho, C.M., Wu, S.N. and Tseng, C.J. Bradykinin-evoked
Ca’" mobilization in Madin Darby canine kidney cells. Eur: J.
Pharmacol. 355: 219-233, 1998.

Jiang, N., Zhang, Z.M., Liu, L., Zhang, C., Zhang, Y.L. and Zhang,
7.C. Effects of Ca®" channel blockers on store-operated Ca>" channel
currents of Kupffer cells after hepatic ischemia/reperfusion injury
in rats. World J. Gastroenterol. 12: 4694-4698, 2006.

Kawasaki, T., Ueyama, T., Lange, 1., Feske, S. and Saito, N. Protein
kinase C-induced phosphorylation of Orail regulates the intracel-
lular Ca" level via the store-operated Ca>" channel. J. Biol. Chem.
285:25720-25730, 2010.

Kohlert, C., Schindler, G., Mérz, R.W., Abel, G., Brinkhaus, B.,
Derendorf, H., Grife, E.U. and Veit, M. Systemic availability and
pharmacokinetics of thymol in humans. J. Clin. Pharmacol. 42:
731-737, 2002.

Kruk, 1., Michalska, T., Lichszteld, K., Ktadna, A. and Aboul-Enein,
H.Y. The effect of thymol and its derivatives on reactions gen-
erating reactive oxygen species. Chemosphere 41: 1059-1064,
2000.

Lee, S.P.,, Buber, M.T., Yang, Q., Cerne, R., Cortés, R.Y., Sprous,
D.G. and Bryant, R.W. Thymol and related alkyl phenols activate
the hTRPA1 channel. Brit. J. Pharmacol. 153: 1739-1749, 2008.
Liu, S.I., Cheng, H.H., Huang, C.J., Chang, H.C., Chen, W.C., Chen,
I.S.,, Hsu, S.S., Chang, H.T., Huang, J.K., Chen, J.S., Lu, Y.C. and
Jan, C.R. Melittin-induced [Ca2+]i increases and subsequent death
in canine renal tubular cells. Hum. Exp. Toxicol. 27: 417-424, 2008.
Mahmud, H., Mauro, D., Foller, M. and Lang, F. Inhibitory effect



98

217.

28.

29.

30.

31.

32.

33.

34.

35.

Chang, Chou, Liang, Lu, Kuo, Shieh, Ho and Jan

of thymol on suicidal erythrocyte death. Cell. Physiol. Biochem.
24: 407-414, 2009.

Nerio, L.S., Olivero-Verbel, J. and Stashenko, E. Repellent activity
of essential oils: a review. Bioresour. Technol. 101: 372-378, 2010.
Pandey, S.K., Upadhyay, S. and Tripathi, A.K. Insecticidal and re-
pellent activities of thymol from the essential oil of Trachyspermum
ammi (Linn) Sprague seeds against Anopheles stephensi. Parasitol.
Res. 105: 507-512, 2009.

Peixoto-Neves, D., Silva-Alves, K.S., Gomes, M.D.M., Lima, F.C.,
Lahlou, S., Magalhaes, P.J.C., Ceccatto, V.M., Coelho-de-Souza,
AN. and Leal-Cardoso, J.H. Vasorelaxant effects of the monot-
erpenic phenol isomers, carvacrol and thymol, on rat isolated
aorta. Fundam. Clin. Pharmacol. 24: 341-350, 2010.

Putney, J.W. Jr. A model for receptor-regulated calcium entry. Cell
Calcium 7: 1-12, 1986.

Quinn, T., Molloy, M., Smyth, A. and Baird, A.W. Capacitative
calcium entry in guinea pig gallbladder smooth muscle in vitro.
Life Sci. 74: 1659-1669, 2004.

Saleh, S.N., Albert, A.P., Peppiatt-Wildman, C.M. and Large, W.A.
Diverse properties of store-operated TRPC channels activated by
protein kinase C in vascular myocytes. J. Physiol. 586: 2463-2476,
2008.

Séarkozi, S., Alméssy, J., Lukacs, B., Dobrosi, N., Nagy, G. and Jona, 1.
Effect of natural phenol derivatives on skeletal type sarcoplasmic
reticulum Ca”*-ATPase and ryanodine receptor. J. Muscle Res.
Cell Motil. 28: 167-174, 2007.

Shen, A.Y., Huang, M.H., Wang, T.S., Wu, H.M., Kang, Y.F. and
Chen, C.L. Thymol-evoked Ca”" mobilization and ion currents in
pituitary GH3 cells. Nat. Prod. Commun. 4: 749-752, 2009.
Shideman, C.R., Reinardy, J.L. and Thayer, S.A. y-Secretase ac-
tivity modulates store-operated Ca®" entry into rat sensory neurons.

36.

37.

38.

39.

40.

41.

42.

Neurosci. Lett. 451: 124-128, 2009.

Stammati, A., Bonsi, P., Zucco, F., Moezelaar, R., Alakomi, H.L. and
von Wright, A. Toxicity of selected plant volatiles in microbial and
mammalian short-term assays. Food Chem. Toxicol. 37: 813-823,
1999.

Thastrup, O., Cullen, P.J., Drebak, B.K., Hanley, M.R. and Dawson,
A.P. Thapsigargin, a tumor promoter, discharges intracellular Ca**
stores by specific inhibition of the endoplasmic reticulum Ca?-
ATPase. Proc. Natl. Acad. Sci. USA 87: 2466-2470, 1990.

Tsien, R.Y. New calcium indicators and buffers with high selec-
tivity against magnesium and protons: design, synthesis, and proper-
ties of prototype structures. Biochemistry 19: 2396-2404, 1980.
Waliwitiya, R., Belton, P., Nicholson, R.A. and Lowenberger, C.A.
Effects of the essential oil constituent thymol and other neuroac-
tive chemicals on flight motor activity and wing beat frequency
in the blowfly Phaenicia sericata. Pest Manag. Sci. 66: 277-289,
2010.

Wang, J.L., Lin, K.L., Chen, W.C., Chou, C.T., Huang, C.J., Liu, C.S.,
Hsieh, C.H., Chang, C.H., Huang, J.K., Chang, H.T., Liu, S.I., Hsu,
S.S. and Jan, C.R. Effect of celecoxib on Ca®" fluxes and prolifera-
tion in MDCK renal tubular cells. J. Recept. Signal Transduct.
25:237-249, 2005.

Yeh, J.H., Cheng, H.H., Huang, C.J., Chung, H.M., Chiu, H.F., Yang,
Y.L., Yeh, M.Y., Chen, W.C., Kao, C.H., Chou, C.T. and Jan, C.R.
Effect of anandamide on cytosolic Ca*" levels and proliferation in
canine renal tubular cells. Basic Clin. Pharmacol. Toxicol. 98: 416-
422, 2006.

Zhang, D.X. and Gutterman, D.D. Mitochondrial reactive oxygen
species-mediated signaling in endothelial cells. Am. J. Physiol. Heart
Circ. Physiol. 292: H2023-H2031, 2007.



