
Abstract. Background: We have recently reported that
eugenol exerted indiscriminate cytotoxicity towards normal
oral cells and oral squamous cell carcinoma (OSCC) cell
lines without induction of apoptosis markers. In order to
investigate the underlying mechanisms of cytotoxicity
induction, we investigated the effect of short-term treatment
with eugenol on the metabolic profiles of a human OSCC cell
line (HSC-2). Materials and Methods: The viable cell
number was determined by direct cell counting with a
hemocytometer after trypsinization. After washing with 5%
D-mannitol solution (found to retain the highest amounts of
intracellular metabolites among several washing conditions),
cellular metabolites were extracted with methanol with
internal markers and then subjected to metabolomic
analysis. Results: Cytotoxic concentrations of eugenol
induced the reduction of ATP utilization (assessed by a
significant reduction of the AMP/ATP and ADP/ATP ratio),
of oxidative stress (assessed by the increase in oxidized form
of glutathione, cysteine-glutathione disulfide and methionine
sulfoxide), and an increase in the polyamines and glycolytic
metabolites. Conclusion: The metabolic changes observed in
this study suggest the induction of non-apoptotic cell death
by eugenol.

Zinc oxide-eugenol formulations have been used in dentistry
for many years as bases, liners, cements and temporary

restorative materials (1), and in a survey conducted in 1997,
zinc-oxide-eugenol was cited as the preferred material for
root canal fillings (2). On the other hand, it is known that
zinc oxide-eugenol releases eugenol in concentrations that
are cytotoxic (3), and one human clinical study showed that
zinc oxide-eugenol induced chronic inflammation, no pulp
healing and no dentin bridge formation up to 12 weeks
postoperatively, as compared to healing with capping with
calcium hydroxide (4). However, due to the small number of
samples, the lack of randomized clinical trials and of long-
term follow-up studies, and the absence of proper coronal
sealing, whether eugenol is the best root canal filling
material for endodontically-treated deciduous teeth, is still
questionable (5, 6).

Induction of cytotoxicity by eugenol has been reported to
be very rapid and irreversible (7, 8), and eugenol damaged
both human normal oral cells (gingival fibroblast, pulp cells
and periodontal ligament fibroblasts) and oral squamous cell
carcinoma cell lines (HSC-2, HSC-4, Ca9-22), to comparable
extents, as assessed from similar 50% cytotoxic concentrations
(CC50) for both normal and tumor cells (8). Eugenol has been
reported to induce different types of cell death; apoptosis in
human promyelocytic leukemia (9), colon cancer (10) and
breast cancer cells (11), and non-apoptosis in human normal
oral cells and oral squamous cell carcinoma cell lines (8).

Apoptosis and necrosis are two alternative forms of cell
death, with well-defined morphological and biochemical
differences (12). One crucial physiological difference
between cells that undergo apoptosis and these undergoing
necrosis is the intracellular ATP levels. Since apoptosis is an
energy-dependent process, a decrease in ATP to below
critical levels may impede the execution of apoptosis and
promote necrosis (13, 14). In order to analyze the eugenol-
induced cell death in greater detail, we investigated the effect
of eugenol on the concentrations of various cellular
metabolites including ATP in the human oral squamous cell
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carcinoma cell line HSC-2. We have reported that the 50%
cytotoxicity concentrations (CC50) of eugenol against HSC-
2 cells was 0.7 mM, and 4 h was the minimum incubation
time required for the induction of irreversible non-apoptotic
cell death, characterized by the lack of induction of
internucleosomal DNA fragmentation and caspase-3
activation (8). In the present study, we used the following
conditions: eugenol concentration of 0.7, 1.4 and 2.8 mM,
and an incubation time of 4 h.

Materials and Methods

Materials. The following chemicals and materials were obtained
from the indicated companies: Dulbecco’s modified Eagle’s medium
(DMEM) from Gibco BRL, Grand Island, NY, USA; fetal bovine
serum (FBS), eugenol (MW=164), dimethylsulfoxide (DMSO) from
Wako Pure Chemical, Osaka, Japan; 10-cm dish from Becton
Dickinson Labware, Franklin Lakes, NJ, USA. Eugenol was
dissolved in DMSO at 200 mM before use, and diluted with
medium. Treatment of HSC-2 cells with 0 or 1.4% DMSO-alone
resulted in only a 2.6% decrease of the viable cell number after 4 h
incubation (5.29±0.47×106 cells (0% DMSO), vs. 5.15±0.94×106

cells (1.4% DMSO).

Eugenol treatment. The human oral squamous cell carcinoma cell
line HSC-2 was kindly provided by Professor Nagumo, Showa
University, Japan, and was cultured in DMEM supplemented with
10% heat-inactivated FBS. HSC-2 cells (3×105) were inoculated on
a 10-cm dish (Becton Dickinson Labware) and grown to near
confluency. After replacing medium with fresh culture medium,
cells were treated for 4 h without (control) or with 0.7 mM
(corresponding to the CC50), 1.4 mM (2 × CC50) or 2.8 mM (4×
CC50) of eugenol in quadruplicate. The cell numbers recovered from
one 10-cm dish after treatment for 4 h with 0, 0.7 1.4 and 2.8 mM
eugenol were 2.80, 2.65, 2.43 and 1.85×106 cells on the average,
respectively. The cells were washed twice with 5 ml of ice-cold 5%
D-mannitol and then immersed for 10 min with 1 ml methanol
containing internal standard (25 μmol/l each of methionine sulfone,
2-[N-morpholino]-ethanesulfonic acid and D-camphor-10-sulfonic
acid). The methanol extract (supernatant) was collected and frozen
at –80˚C until capillary electrophoresis time-of-flight mass
spectrometry (CE-TOF-MS) analysis, as described below. The
relative viable cell number was determined by direct cell counting
with hemocytometer after trypsinization.

Sample preparation for CE-TOF-MS. In 400 μl of the dissolved
samples, 400 μl of chloroform and 200 μl of Milli-Q water were added
and the mixture was centrifuged at 10,000 ×g, for 3 min at 4˚C. The
aqueous layer was filtered to remove large molecules by centrifugation
through a 5-kDa cut-off filter (Millipore, Billerica, MA, USA) at 9,100
×g for 3 h at 4˚C. The filtrate (320 μl) was concentrated by
centrifugation and dissolved in 50 μl of Milli-Q water containing
reference compounds (200 μmol/l each of 3-aminopyrrolidine and
trimesate), immediately before CE-TOF-MS analysis.

CE-TOF-MS analysis. The instrumentation and measurement
conditions used for CE-TOF-MS are described elsewhere (15-18)
with slight modifications. Briefly, cation analysis was performed
using an Agilent CE capillary electrophoresis system, an Agilent

G6220A LC/MSD-TOF system, an Agilent 1100 series isocratic
HPLC pump, a G1603A Agilent CE-MS adapter kit, and a G1607A
Agilent CE-electrospray ionization (ESI)-MS sprayer kit (Agilent
Technologies, Waldbronn, Germany). Anion analysis was performed
using an Agilent CE capillary electrophoresis system, an Agilent
G6210A LC/MSD TOF system, an Agilent 1200 series isocratic
HPLC pump, a G1603A Agilent CE-MS adapter kit, and a G1607A
Agilent CE-ESI source-MS sprayer kit (Agilent Technologies). For
the cation and anion analyses, the CE-MS adapter kit includes a
capillary cassette that facilitates thermostatic control of the capillary.
The CE-ESI-MS sprayer kit simplifies coupling of the CE system
with the MS system, and is equipped with an electrospray source.
For system control and data acquisition, we used the G2201AA
Agilent ChemStation software for CE and the Agilent MassHunter
software for TOF-MS. The original Agilent SST316Ti stainless steel
ESI needle was replaced with a passivated SST316Ti stainless steel
and platinum needle (passivated with 1% formic acid and 20%
aqueous solution of isopropanol at 80˚C for 30 min) for anion
analysis (16).

For cationic metabolite analysis using CE-TOF-MS, sample
separation was performed in fused silica capillaries (50 μmi.d. ×100 cm
total length) filled with 1 M formic acid as the reference electrolyte. The
capillary was flushed with formic acid (1 M) for 20 min before the first
use and for 4 min before each sample injection. Sample solutions (3 nl)
were injected at 50 mbar for 5 s and a voltage of 30 kV was applied.
The capillary temperature was maintained at 20˚C and the temperature
of the sample tray was kept below 5˚C. The sheath liquid, composed of
methanol/water (50% v/v) and 0.1 μmol/lhexakis (2,2-difluoroethoxy)
phosphazene (Hexakis), was delivered at 10 μl/min. ESI-TOF-MS was
conducted in the positive ion mode. The capillary voltage was set at 
4 kV and the flow rate of nitrogen gas (heater temperature=300˚C)
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Figure 1. Loss of amino acids during the cell washing procedure. HSC-
2 cells (2.3×106/10-cm dish) were washed twice with either 5% D-
mannitol (37˚C) (A), 5% D-mannitol (0˚C) (B), phosphate-buffered
saline without calcium and magnesium [PBS (–)](C), or PBS(–) after
cell harvesting with 0.25%] trypsinization (D), and then intracellular
metabolites were extracted with methanol. Intracellular amino acid
concentration was plotted without and with (not shown) correction for
loss by multiplying the area ratio of the internal standard (IS). Each
value is the mean of quadruplicate samples±standard deviation (S.D.). 



was set at 7 psig. In TOF-MS, the fragmentor, skimmer and OCT RF
voltages were 75, 50 and 125 V, respectively. Automatic re-
calibration of each acquired spectrum was performed using reference
standards {[13C isotopic ion of protonated methanol dimer (2MeOH
+ H)]+, m/z 66.0632)} and {[protonated Hexakis (M + H)]+, m/z
622.0290]}. Mass spectra were acquired at the rate of 1.5 cycles/s
over an m/z range of 50-1,000.

For anionic metabolite analysis using CE-TOF-MS, a
commercially-available COSMO(+) capillary (50 μmi.d. ×105 cm,
NacalaiTesque, Kyoto, Japan), chemically-coated with a cationic
polymer, was used for separation. Ammonium acetate solution 
(50 mmol/l; pH 8.5) was used as the electrolyte for separation. Before
the first use, the new capillary was flushed successively with the
running electrolyte (pH 8.5), 50 mmol/l acetic acid (pH 3.4), and then
the electrolyte again for 10 min each. Before each injection, the
capillary was equilibrated for 2 min by flushing with 50 mM acetic
acid (pH 3.4) and was then flushed for 5 min with the running
electrolyte. A sample solution (30 nl) was injected at 50 mbar for 
30 s, and a voltage of –30 kV was applied. The capillary temperature
was maintained at 20˚C and the sample tray was cooled below 5˚C.
An Agilent 1100 series pump equipped with a 1:100 splitter was used
to deliver 10 μl/min of 5 mM ammonium acetate in 50% (v/v)
methanol/water, containing 0.1 μM Hexakis, to the CE interface. Here,
it was used as a sheath liquid surrounding the CE capillary to provide
a stable electrical connection between the tip of the capillary and the
grounded electrospray needle. ESI-TOF-MS was conducted in the
negative ionization mode at a capillary voltage of 3.5 kV. For TOF-
MS, the fragmentor, skimmer and OCT RF voltages were set at 100,

50 and 200 V, respectively. The flow rate of the drying nitrogen gas
(heater temperature=300˚C) was maintained at 7 psig. Automatic re-
calibration of each acquired spectrum was performed using reference
standards {[13C isotopic ion of deprotonated acetic acid dimer (2
CH3COOH-H)]–, m/z 120.03841} and {[Hexakis+deprotonated acetic
acid (M+CH3COOH-H)]–, an m/z 680.03554}. Exact mass data were
acquired at a rate of 1.5 spectra/s over an m/z range of 50-1,000. We
have searched a total of 578 compounds (310 cationic and 268
anionic) including various metabolic pathways. 

Data processing. Raw data were analyzed by our proprietary
software MasterHands (18), which follows typical data processing
flows including detecting all possible peaks, eliminating noise and
redundant features, and generating the aligned data matrix with
annotated metabolite identities and relative area (peak areas
normalized by those of internal standards) (19). Concentrations were
calculated using external standards based on relative area.

Preparation of heat map. The amount of each metabolite was
expressed as the molar concentration per single cell (amol/cell).
Only metabolites that were detectable in more than 60% of 16
samples (n≥10) were used. The concentration of each metabolite
was averaged among quadruplicate samples, converted by a factor of
log 2 (to increase the contrast of color intensity), and then
subtracted by the mean values calculated in all groups per each
metabolite to determine the color for the heat map. The mean value
is expressed by a white color. The Pearson’s correlation was used
for clustering metabolites.
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Figure 2. Heat map and bar graph visualization of the quantified metabolites. Heat map showing the quantified matabolites using a blue–white-red
scheme. Red and blue indicates that the averaged inter-cellular metabolites were relatively higher and lower, respectively, for each metabolite. The
labels (A) to (F) are the representative metabolite clusters. The values of 0, 0.7, 1.4 and 2.8 indicate the concentration (mM) of eugenol used.
Concentrations of the metabolites colored in light blue were significantly different (q-value <0.05) in the cells treated with 1.4 mM of eugenol,
compared to the untreated (control) cells. 



Statistical analysis. Student’s t-test (two-tailed) was used for
statistical comparison between the metabolite concentrations in the
cells treated without (control) and these treated with 1.4 mM of
eugenol. To account for multiple testing, we calculated q-values, a
false discovery rate (FDA), for all p-values (20), and a q-value
<0.05 was considered as statistically significant. Data analyses and
visualization were conducted using R-software (2.14.0) and Mev
TM4 software (version 4.7.4. Dana-Farber Cancer Institute, Boston,
MA, USA) (21).

Results

Selection of best washing solution for metabolomics analysis.
It was important to minimize the leak of intracellular
metabolites during the washing process. Therefore, we first
selected the washing buffer that retained the greatest amounts
of all metabolites (Figure 1). Washing with 5% D-mannitol
solution, whether pre-warmed (37˚C) (A) or chilled (0˚C)
(B), resulted in a higher recovery of all amino acids, as
compared with washing with phosphate-buffered saline

without calcium and magnesium (PBS(–))(C). Cell harvest
by 0.25% trypsin-0.025% EDTA in PBS(–), resulted in a
significant loss of intracellular amino acids (D). Similar
trends were observed after the correction by internal standard
(IS). Washing with pre-warmed 5% D-mannitol solution, but
not with chilled 5% D-mannitol solution, resulted in the
slight decrease of arginine. Based on these data, chilled 5%
D-mannitol solution was used for cell washing in the
subsequent experiments.

Overview of the detected metabolites. A total of 150
substances were identified and, out of these, 134 were used
for clustering analysis (Figure 2). Overall, metabolites were
separated into six clusters (labeled A to F). The intracellular
concentrations of most of the metabolites increased with an
increase in eugenol concentration (clusters B to D). Cluster
D metabolites exhibited a higher increase in the intracellular
concentration at 1.4 mM eugenol, as compared with cluster
B and C. Meanwhile, metabolites in clusters F, and especially
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Figure 3. Changes in the intracellular concentrations of ATP, ADP and AMP (A), and ADP/ATP ratio (B), AMP/ATP ratio (C) after treatment for 
4 h with the indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 



cluster E, exhibited a decreasing tendency for intracellular
concentration with an increase in eugenol concentration. 

Among cluster E metabolites, compounds that are
involved in ATP metabolism markedly declined. All amino
acids with an increase in eugenol concentration were
included in clusters B and C. Other clusters included a
variety of types of metabolites. We compared data at 0 and
1.4 mM eugenol, since a higher concentration (2.8 mM)
devastatingly damaged the cells, causing rather non-specific
alterations in many metabolites.

Decline of ATP utilization. With an increase in eugenol
concentrations, the ATP concentration increased (Figure 3A).
On the other hand, the ADP concentration was slightly
reduced (Figure 3A), resulting in a 53% decline of the
ADP/ATP ratio (Figure 3B). Similarly, the AMP concentration
markedly declined (Figure 3A), resulting in a 70% decline of
the AMP/ATP ratio (Figure 3C). This indicates the significant
reduction of ATP utilization into ADP and AMP.

With an increase in eugenol concentration, the UTP
concentration was increased. On the other hand, the UDP
concentration was reduced (Figure 4A), resulting in a 60%
decline of UDP/UTP ratio (Figure 4B). Similarly, the UMP
concentration declined (Figure 4A), resulting in 75% decline
of the UMP/UTP ratio (Figure 4C).

The GTP concentration was increased with an increase in
eugenol concentrations (Figure 5A). Since GDP and GMP
concentrations did not change significantly (Figure 5A), the
GDP/GTP and GMP/GTP ratios declined (Figure 5B, C), but
to relatively low extents (49 and 55%, respectively). 

Changes in glycolytic pathway and tricarboxylic acid (TCA)
cycle. Eugenol treatment induced slight elevation of the
intracellular concentrations of the metabolites involved in the
glycolytic pathway: 3-phospho-D-glyceric acid (Figure 6A),
2-phospho-D-glyceric acid (Figure 6B), phosphoenol
pyruvate (Figure 6C) and an end product of glycolysis
pathway, lactate. On the other hand, changes in the
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Figure 4. Changes in the intracellular concentrations of UTP, UDP and UMP (A), and the UDP/UTP (B) and UMP/UTP (C) ratios after treatment
for 4 h with the indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 



metabolites of the TCA cycle were relatively small: succinate
(Figure 6D), isocitrate (Figure 6E), fumarate (Figure 6F) and
2-oxoglutarate (Figure 6G).

Changes in redox compounds. Eugenol treatment more
potently increased the intracellular concentration of the
oxidized form of glutathione, as compared with the reduced
form of glutathione, thus increasing the ratio of the oxidized
form/reduced form by 69% at maximum (Figure 7A). The
intracellular concentrations of cysteine (Figure 7B),
cystathionine and cysteine-glutathione disulphide (Figure 7C)
were also increased. It should be noted that the increase of
cysteine-glutathione disulfide, a molecule that is formed upon
oxidative stress of gluthathione, reached 203% that of the
control at the maximum (Figure 7C). All these data clearly
show that eugenol induced oxidative stress in HSC-2 cells.

Methionine is known to be oxidized into methionine
sulfoxide. Eugenol treatment increased the intracellular

concentration of methionine sulfoxide (Figure 8A) more
potently than that of methionine (Figure 8B), resulting in an
increase in the ratio of methionine sulfoxide/methione by
37% (Figure 8C), further supporting the induction of
oxidative stress by eugenol.

Changes in polyamines. Eugenol treatment stimulated
polyamine synthesis, as judged by the increase in the
intracellular concentration of putrescine (Figure 9A)
spermidine (Figure 9B) and ornithine (Figure 9C). 

Changes in amino acids. Eugenol treatment slightly increased
the total intracellular concentration of amino acids (Figure
10A), but did not affect the ratio of glycine to total amino
acids (Figure 10B). Eugenol changed the intracellular
concentration of proline to a lesser extent, since the ratio of
proline to total amino acids rather declined slightly with an
increase in eugenol concentration (Figure 10C). 
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Figure 5. Changes in the intracellular concentrations of GTP, GDP and GMP (A), and the GDP/GTP (B) and GMP/GTP (C) ratios after treatment
for 4 h with the indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 
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Figure 6. Changes in the intracellular concentrations of 3-phospho-D-glyceric acid (3PG) (A), 2-phospho-D-glyceric acid (2PG) (B), phosphoenol
pyruvate (PEP) (C), succinate (D), isocitrate (E), fumarate (F) and 2-oxoglutarate (G) after treatment for 4 h with the indicated concentrations of
eugenol. Each value is the mean of quadruplicate samples ±S.D. 



Discussion 

The present study demonstrated that eugenol reduced the ATP
utilization, but increased the polyamine levels in the cells.
The reduction of ATP utilization may disturb many cellular
processes that require ATP, and direct the cells toward
necrotic cell death rather than apoptosis. The increase of
polyamine levels may reflect the emergent response of cells
to repair membrane damage (possibly induced by lipid layer
breaks), since polyamines influence actin re-organization and
motility, and thus modify the membranes function (22, 23).

It has been reported that the addition of N-acetyl-L-
cysteine, but not superoxide dismutase and catalase,
protected human osteoblastic cells from eugenol-induced
cytotoxicity, suggesting that the inhibitory effects were
associated with the level of gluthatione (24). Eugenol has
been also reported to reduce the intracellular levels of

gluthathione and increase the lipid peroxidation products
(thiobarbituric acid reactive substances) in breast cancer cell
lines (11). The present study supports and extends the results
of these reports, by first providing evidence that eugenol
induced the accumulation of cysteine-glutathione disulfide,
a molecule formed upon oxidative stress of gluthathione
(25). Furthermore, we demonstrated that eugenol increased
the intracellular accumulation of methionine sulfoxide, an
oxidation product of methionine (26). All these data strongly
suggest that eugenol induced oxidative stress in HSC-2 cells.

Among these factors, only oxidative stress markers [(i) of
oxidized form of glutathione/reduced form of glutathione,
(ii) cysteine-glutathione disulphide, (iii) ratio of methionine
sulfoxide/methionine] and polyamines (spermine and
spermidine) reached a maximum at 1.4 mM eugenol,
whereas other markers (ATP, ADP/ATP, AMP/ATP, UTP,
UDP/UTP, UMP/UTP, glycolytic pathway metabolites, TCA
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Figure 7. Changes in the intracellular concentration of oxidized form of glutathione (GSSG), reduced form of glutathione (GSH) and ratio of
GSSG/GSH (A). Changes in the intracellular concentration of cysteine (B), cysteine-glutathione disulphide (C) after treatment for 4 h with the
indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D.
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Figure 10. Changes in the intracellular concentrations of total amino acids (AA) (A), ratio of glycine to total AA (B) and the ratio of proline to
total AA (C) after treatment for 4 h with the indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 

Figure 9. Changes in the intracellular concentrations of putrescine (A), spermidine (B) and ornithine (C) after treatment for 4 h with the indicated
concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 

Figure 8. Changes in the intracellular concentrations of methionine sulfoxide (A) and methionine (B), and the ratio of methionine sulfoxide/methionine
(C) after treatment for 4 h with the indicated concentrations of eugenol. Each value is the mean of quadruplicate samples ±S.D. 



cycle metabolites) increased up to 2.8 mM eugenol. Based
on these facts, we propose the after sequence of intracellular
events after eugenol treatment. Eugenol firstly induces
oxidative stress, secondly membrane damage and repair
(polyamine synthesis required), and finally decline of ATP
utilization. A detailed time-course study is needed to confirm
this hypothesis.

We recently found that eugenol significantly enhanced
interleukin (IL)-8 production by IL-1β-stimulated human
gingival fibroblasts, whereas it stimulated or inhibited IL-8
production by human pulp cells at lower and higher
concentrations, respectively (27). This points to the
possibility that eugenol further aggravates inflammation
accompanied by induction of necrosis. This pro-
inflammatory action of eugenol on human gingival
fibroblasts is quite different from the lipopolysaccharide-
activated mouse macrophage system where eugenol had an
anti-inflammatory action (28, 29), as well as its direct
superoxide-scavenging action (30, 31). The different results
between gingival fibroblasts and macrophages may be due to
the different cytokine production systems. 

Considering the very narrow safety margin, careful oral
treatment with eugenol is necessary. Although eugenol is non-
genotoxic to human pulp cell cultures (32), care should be
taken to reduce the possibility of pulpal as well as periapical
irritations from inadvertent extrusion in clinical usage.

Finally, we investigated the possible changes in glycine
and proline after treatment with eugenol, since we have
recently found that among salivary amino acids, glycine and
proline exhibited unique changes during aging (33) and in
the recovery process after template therapy (34). The present
study demonstrated that intracellular concentrations of both
glycine and proline had similar patterns of increase to those
of other amino acids, suggesting that these amino acids are
not specific targets of eugenol-induced cell death.
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