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a b s t r a c t

There is considerable discussion within the scientific community as to the appropriate measures of cyto-
toxicity to use when deciding on the maximum concentration of a substance to test in vitro for its ability
to induce DNA damage using the Comet assay. Conventional cytotoxicity assessment methods, such as
trypan blue dye exclusion or relative cell number (cell counts) may not be the most biologically relevant
measurement for cytotoxicity in this assay. Thus, we evaluated for decreased levels of adenosine triphos-
phate (ATP) and activation of Caspase-3/7 as well as relative cell number and trypan blue exclusion in
order to understand the correlation among test compound concentration, cytotoxicity and genotoxicity
outcomes in the Comet assay. We tested two non-genotoxic and non-cytotoxic compounds (d-glucose
and ethanol), two non-genotoxic but cytotoxic compounds (2,4-dichlorophenol and tunicamycin) and
enotoxicity testing

omet assay
iomarkers
ytotoxicity
poptosis

four genotoxic and cytotoxic compounds (methyl methanesulfonate, ethyl methanesulfonate, etoposide
and 4-nitroquinoline-N-oxide) in TK6 human lymphoblast cells. Our data show that measuring ATP and
Caspase-3/7 levels provides more rapid and perhaps more biologically relevant measures of cytotoxicity
compared with trypan blue dye exclusion and relative cell number. Furthermore, incorporating these
two assays into the Comet assay also provided insight on the cytotoxic mode of action of the chemicals

such
tested. By extrapolation,

. Introduction

In in vitro mammalian cell-based genotoxicity tests, the
aximum concentration of a test substance is determined by

ytotoxicity, unless limited by solubility in solvent or treatment
edium, or having achieved the required maximum concentra-

ions (5 mg/mL or 10 mM) [1]. A variety of methods have been
sed to measure cytotoxicity in in vitro genotoxicity assays. These

nclude cell growth inhibition, culture confluency, mitotic index
MI), cloning efficiency (CE), binucleate index (BI) and trypan
lue dye exclusion [2,3]. However, depending on the method
sed to measure cytotoxicity, the maximum concentration of a
est substance required for an adequate test can vary greatly
ithin and across different cell types [4]. Moreover, many of

hese measurements usually require manual scoring and therefore
re labor-intensive and time-consuming. Hence, developing new

ethods for measuring cytotoxicity that are reliable, quicker and

ave higher throughput would be of great significance in genotox-
city studies.

∗ Corresponding author. Tel.: +1 301 610 2615.
E-mail address: jing.shi@bioreliance.com (J. Shi).

1 Currently with Boehringer-Ingelheim Pharmaceuticals Inc.

383-5718/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.mrgentox.2010.01.008
assays may also be useful in other in vitro genotoxicity assays.
© 2010 Elsevier B.V. All rights reserved.

The adenosine 5′-triphosphate (ATP) bioluminescence assay [5]
is based on a simple luciferin–luciferase reaction that measures bio-
luminescent signal proportional to the ATP content within the cells.
Since ATP and its phosphate bonds are the basic components of
energy exchange in many biological systems and the quantity of
ATP within each type of cells is reasonably uniform, this assay pro-
vides a direct measurement of the number of metabolically active
(viable) cells present. The ATP assay has been used in detecting low-
level bacterial contamination [6], in drug discovery screening [7,8],
in studying mechanisms of anti-cancer drugs on malignant cell
growth [9], and as a quantitative high throughput screening assay
for the cytotoxicity of large libraries of environmentally important
substances [10]. This assay has also been evaluated as a measure-
ment of cytotoxicity in the chromosomal aberration (CA) [11] and
the alkaline elution assays [12–14].

Chemical-induced cell death can occur via necrosis or apoptosis
(programmed cell death), which possesses distinct morphological
and biochemical characteristics. While necrosis usually refers to
cell death under extreme conditions that physically damage the
cells, apoptosis is a more complex, strictly regulated process that

involves a cascade of signal transduction steps. Caspases, a fam-
ily of cysteine aspartic acid-specific proteases, play an essential
role in apoptosis by activating downstream effectors and cleav-
ing target proteins, which culminate in cell death [15]. Particularly,
Caspase-3 and -7, emerging signals from both internal apoptosis

http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
http://www.elsevier.com/locate/mutres
mailto:jing.shi@bioreliance.com
dx.doi.org/10.1016/j.mrgentox.2010.01.008
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athways such as mitochondrial and endoplasmic reticulum (ER)
athways, and external stimuli through death receptor pathways,
erve as executioner caspases that directly lead to protein cleavage
nd cell death [16,17]. The Caspase-3/7 assay contains a lumino-
enic Caspase-3/7 substrate, which is routinely suppressed by
he tetrapeptide sequence Asp-Glu-Val-Asp (DEVD). When cleaved
y active Caspase-3 or -7, the released substrate can react with

uciferase and produce luminescence. Given its high sensitivity and
eproducibility, this assay has been frequently utilized in studying
arious biological processes involving apoptosis [18,19]. Combin-
ng the Caspase assay with the genetic toxicology tests will not only
rovide an assessment of cytotoxicity, but might also shed light on
he mode of action (MOA) of the test chemicals.

We evaluated the use of these two cytotoxicity assays, ATP bio-
uminescence and Caspase-3/7 activation, in the in vitro Comet
ssay, a widely used genotoxicity test to detect the ability of test
ubstances to induce DNA damage (single-strand breaks, double-
trand breaks and alkali-labile sites) [20,21]. Although other
ethods are being considered, cell viability determined by trypan

lue dye exclusion assay has been used as the primary cytotoxicity
easurement in this assay. It has been reported that scoring only

amples with viability >70% in the Comet assay may set an appro-
riate criterion to minimize false positive results due to excessive
ytotoxicity [22]. In contrast, approximately 50% of relative cell
umber is commonly required to determine the maximum con-
entration of a test substance to use in in vitro CA or micronucleus
MN) tests. Therefore, we compared ATP and Caspase-3/7 activa-
ion assays and these two more traditional methods, trypan blue
ye exclusion assay and relative cell number, concurrently con-
ucted with the Comet assay, and tested representatives of three
lasses of genotoxic/cytotoxic chemicals: non-genotoxic and non-
ytotoxic (d-glucose and ethanol); non-genotoxic but cytotoxic
2,4-dichlorophenol (2,4-DCP) and tunicamycin) and genotoxic and
enotoxic (methyl methanesulfonate (MMS), ethyl methanesul-
onate (EMS), etoposide and 4-nitroquinoline-N-oxide (4-NQO).

e conducted the study using two treatment/sampling times (4
nd 24 h) in a human lymphoblast cell line, TK6, because although
he 4-h treatment time is being considered for the in vitro Comet
ssay validation study organized by Japanese Center for the Vali-
ation of Alternative Methods (JaCVAM), we sought to determine
hether including the 24-h treatment can capture DNA damage

rom slow-acting chemicals which may not be detected using the
arlier time point. Our results from testing of various classes of com-
ounds indicate that trypan blue dye exclusion assay appears to be
he least biologically relevant method among the cytotoxicity end-
oints evaluated with the in vitro Comet assay. The combination of
he two biomarker-based assays provides a reliable assessment of
ytotoxicity and could potentially be used to determine the maxi-
um concentration to evaluate for genotoxicity in in vitro assays.

n addition, the 4-h treatment protocol appears to be more appro-
riate than the 24-h treatment protocol for detecting DNA damage

n in vitro Comet assay.

. Materials and methods

.1. Test chemicals

d-Glucose (Chemical Abstracts Service (CAS) Registration No. 50-99-7) and
thanol (CAS No. 64-17-5) were obtained from J.T. Baker (Phillipsburg, NJ). Tuni-
amycin (CAS No. 11089-65-9), 2,4-dichlorophenol (CAS No. 120-83-2), methyl
ethanesulfonate (CAS No. 66-27-3), ethyl methanesulfonate (CAS No. 62-50-0),

toposide (CAS No. 33419-42-0) and 4-nitroquinoline-N-oxide (CAS No. 56-57-5)
ere obtained from Sigma–Aldrich (St. Louis, MO). All chemicals were dissolved in

imethyl sulfoxide (DMSO) (J.T. Baker, Phillipsburg, NJ) and tested up to 5 mg/mL or
0 mM, whichever was lower, unless limited by solubility, excessive cytotoxicity or
igh percentage of ‘clouds’ (>30%) (or ‘hedgehog’, defined as cells without a discern-
ble head but with a large diffuse tail). Top concentrations selected for the evaluation
f DNA damage in the Comet assay based on various cytotoxicity measurements are
iscussed in Sections 3 and 4.
h 696 (2010) 167–178

2.2. Cell culture and treatment with test chemicals

The human lymphoblastoid cell line TK6 was acquired from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA) and cultured in RPMI 1640
medium (Gibco-Invitrogen, Carlsbad, CA), supplemented with 10% heat-inactivated
fetal bovine serum (ATCC), 1% sodium pyruvate (Gibco-Invitrogen) and 1%
penicillin–streptomycin (Gibco-Invitrogen), at 37 ◦C in 5% CO2. Cells were seeded
at 200,000 cells/mL and cell density did not exceed 1.2 million/mL during the treat-
ment. Cells were treated with at least four concentrations of each chemical and the
solvent control for 4 or 24 h to determine short- and long-term effects. All chemi-
cals were tested in the absence of any exogenous metabolizing system since these
chemicals were chosen to represent different cytotoxic and genotoxic character-
istics and do not require metabolic activation to detect genotoxicity. At harvest,
cells were centrifuged, washed once, and resuspended in cold Hanks Balanced Salt
Solution (HBSS) (Gibco-Invitrogen). The cell suspensions were then used to deter-
mine the cell number, cell viability and DNA damage. ATP bioluminescent assay and
Caspase-3/7 activation assay used unwashed cells. Experiments were performed in
triplicates for each concentration.

2.3. Comet assay

The Comet assay was performed as described by Singh et al. [20] with modifi-
cations by Escobar et al. [23]. Briefly, cell suspensions (5–10 �L) were mixed with
low melting point agarose (0.5%) (Fisher Scientific, Pittsburgh, PA) and applied to
a superfrosted glass microscope slide (Fisher Scientific), previously coated with 1%
normal melting point agarose (Fisher Scientific). The gel was allowed to solidify
at 4 ◦C for approximately 15 min. The slides were then submerged in a cold lysis
solution (2.5 M NaCl (Fisher Scientific), 100 mM EDTA (Sigma), 10 mM Trizma base
(Sigma), 1% Triton X-100 (Sigma), and 10% DMSO, pH 10), and kept at 4 ◦C for at
least 24 h. Slides were removed from lysis solution and then submerged for 20 min
in an alkaline buffer containing 300 mM NaOH and 1 mM EDTA, pH 13, to allow DNA
unwinding. Electrophoresis was performed in the same alkaline buffer at 0.7 V/cm
and 300 mA for 30 min at room temperature. After electrophoresis, the slides were
placed in neutralization buffer containing 0.4 M Trizma base at pH 7.5 for 5 min
and then dipped in 100% ethanol for at least 5 min. The slides were air dried and
stored at room temperature until analysis. For scoring, the slides were coded, stained
with SYBR GoldTM (Molecular Probes-Invitrogen, Eugene, OR), and blindly examined
under a 20× objective on a fluorescence microscope using FITC filters (490 nm exci-
tation/520 nm emission). The images of the comets were analyzed using the Comet
VTM v.4.1 software system (Perspective Instruments, Liverpool, UK). DNA damage
was quantified by determining the percentage of DNA in the tail (% tail intensity).
Fifty randomly selected cells per slide were scored for the cell culture experiments,
and a total of 100 cells were scored for each sample. The frequency of ‘clouds’ was
determined based on visual scoring of 100 cells per sample.

2.4. Relative cell number and trypan blue dye exclusion assay

Cell counts were determined by a Coulter Counter (Beckman Counter, CA)
according to the manufacturer’s directions. Relative cell number was expressed as
a percentage of the cell number relative to the solvent control. Viability was exam-
ined by the trypan blue dye exclusion assay. Basically, cell suspensions were mixed
with trypan blue (0.4% in water) (Gibco-Invitrogen) at a ratio of 1:1 and immediately
transferred to a hemacytometer. The number of viable cells (not stained) and dead
cells (stained) was counted under a microscope. Cells in all four corner squares on the
hemacytometer were counted and absolute viability was calculated as a percentage
of viable cells against total cells.

2.5. ATP cytotoxicity assay and Caspase-3/7 activation assay

The ATP determination kit and Caspase-3/7 activation kit were obtained from
Promega (Madison, WI). The two assays were performed according to the manu-
facturer’s protocols. Essentially, 100 �L of cell suspension from each sample was
mixed with 100 �L of reconstituted reagent and the mixture was incubated at room
temperature for 10 (ATP assay) or 30 min (Caspase-3/7 assay). The produced biolu-
minescence signal was measured in a Tecan Safire2TM spectrophotometer (Tecan,
Männedorf, Switzerland). ATP cytotoxicity was normalized as a percentage of the
solvent control, but not corrected for cell number. Caspase-3/7 activation was
expressed as a fold change of the solvent control.

2.6. Statistics

For DNA damage in the Comet assay, statistical analysis was performed using %
tail intensity in order to determine if the tested compound induced an increase in
the level of DNA damage. Initially, the % tail intensity data distribution was tested

for normality, which was followed by a one-way ANOVA with Dunnett’s correction
(p < 0.05). A linear regression analysis was also performed to determine the existence
of a concentration-dependent response. Chemicals were judged to be positive in
the Comet assay if one or more concentrations were statistically elevated relative
to the solvent control and a concentration-dependent increase in DNA damage was
observed. Chemicals were judged to be negative in the Comet assay if no statistically
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ignificant increase in DNA damage relative to the solvent control or no evidence of
ose response are observed.

For ATP and Caspase-3/7 activation assays, one-way ANOVA with Dunnett’s
orrection was used to determine the significant effect compared to the solvent
ontrol (p < 0.05). For relative cell number and trypan blue, statistical analysis was
ot used; instead, cut-off values of approximately 50% (relative cell number) and
0% (viability) were used, respectively, to select top concentrations for the Comet
ssay.

. Results

.1. Non-genotoxic and non-cytotoxic chemicals: d-glucose and
thanol

d-Glucose was tested at 225, 450, 900 and 1800 �g/mL (10 mM)
nd results of each cytotoxicity endpoint and the Comet assay are
hown in Fig. 1 and Table 1. At the end of the 4-h treatment, no
ignificant cytotoxicity was observed at any of the concentrations
ested by all the cytotoxicity endpoints except for the trypan blue
ye exclusion assay, in which cell viability was reduced to 63% at
00 �g/mL (Fig. 1A and Table 1). The reduction in viability was
nexpected since the cells appeared to be healthy as indicated by
ther cytotoxicity endpoints. At 24 h, no cytotoxicity was detected
y any method (Fig. 1B and Table 1). Also, no induction of Caspase-
/7 activation was observed at either sampling time (Fig. 1A, B and
able 1). Based on the trypan blue dye exclusion test data, the high-
st concentration to test should be 450 �g/mL at 4 h while based on
ny other cytotoxicity endpoint, it should be 1800 �g/mL at both 4
nd 24 h. In our study, d-glucose was tested in the Comet assay at
oncentrations up to 1800 �g/mL at both 4 and 24 h (see Section 4
nd Table 4). The Comet assay was negative for induction of DNA
amage at either time point (Fig. 1C, D and Table 1).

Ethanol was tested at 56.25, 112.5, 225 and 450 �g/mL (10 mM)
Fig. 2 and Table 1). Similar to d-glucose treatment, only the trypan

lue assay showed any evidence of cytotoxicity, with a decrease

n viability (<70%) at the highest concentration (450 �g/mL) at 4 h
nd the top two highest concentrations (225 and 450 �g/mL) at
4 h (Fig. 2A, B and Table 1). Relative cell number and ATP were
ot altered substantially at any tested concentration at either time

ig. 1. Cytotoxicity and DNA damage induced by d-glucose treatment. TK6 cells were trea
ell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation) wer
amples was examined by the Comet assay and represented by % tail intensity (C and D).
h 696 (2010) 167–178 169

point. In addition, Caspase-3/7 was not activated in response to
ethanol treatment at 24 h (Caspase-3/7 activation assay was not
conducted at 4 h). Therefore, based on viability, the top concen-
tration selected for the Comet assay should be 225 �g/mL at 4 h
and 112.5 �g/mL at 24 h and, based on relative cell number or
ATP/Caspase levels, 450 �g/mL at both sampling times (see Section
4 and Table 4). In our study, cells were exposed to 450 �g/mL and
under these conditions, DNA damage was not increased at either
sampling time (Fig. 2C, D and Table 1).

From these results, we determined that d-glucose and ethanol
are non-genotoxic and, with the exception of the trypan blue dye
exclusion test, non-cytotoxic at the concentrations tested. Among
the endpoints used here, the trypan blue assay appears to be a less
relevant measure of cytotoxicity since the treated cells appeared
to be healthy reflected by other cytotoxicity endpoints and using
higher concentrations did not result in a positive Comet assay
response.

3.2. Non-genotoxic but cytotoxic chemicals: 2,4-DCP and
tunicamycin

2,4-DCP was tested at 5, 10, 20 and 40 �g/mL [24] (Fig. 3
and Table 2). The test concentrations were selected according to
a preliminary study where excessive cytotoxicity was observed
at concentrations above 40 �g/mL (data not shown). At 4 h, rel-
ative cell number was decreased at concentrations of 10 �g/mL
and above; and at 40 �g/mL relative cell number was reduced to
57%. Trypan blue determined viability only showed a significant
reduction at the highest concentration tested. The ATP levels were
not significantly changed at any tested concentration. Caspase-
3/7 activation was observed at the highest two concentrations
(Fig. 3A and Table 2). At 4 h, based on ATP/Caspase, trypan blue,
and relative cell number, 10, 20 and 40 �g/mL, respectively, should

be selected as the highest concentration to test in the Comet
assay (see Section 4 and Table 4). At 24 h, relative cell num-
ber and viability were decreased to 33% and 57%, respectively,
at 40 �g/mL. Notably, the highest two concentrations of 2,4-DCP
induced a significant decrease in ATP levels and Caspase-3/7 acti-

ted with d-glucose for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative
e determined at each time point (A and B). DNA damage in the treated and control
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Table 1
DNA damage, cytotoxicity and apoptosis induced by non-genotoxic and non-cytotoxic chemicals.

Chemical Treatment (h) Concentration
(�g/mL)

% Tail intensity
[mean (SD)]a

% Cloudsb Relative cell
number (%)c

Absolute
viability
(%)d

Relative ATP
activity (%)
[mean (SD)]e

Relative Caspase-3/7
activation [mean (SD)]f

d-Glucose

4

0 4.6 (3.1) 2 100 91 100 (4) 1.00 (0.04)
225 8.4 (4.2) 2 96 71 95 (7) 0.78 (0.03)
450 5.7 (0.5) 3 96 69 96 (3) 0.98 (0.07)
900 2.9 (0.7) 2 100 63 98 (5) 1.05 (0.07)

1800 1.7 (1.1) 1 99 75 99 (4) 1.04 (0.04)

24

0 0.3 (0.3) 2 100 95 100 (6) 1.00 (0.04)
225 1.4 (2.0) 3 95 87 99 (2) 1.07 (0.01)
450 1.0 (0.8) 4 105 93 105 (1) 1.03 (0.02)
900 2.8 (3.4) 3 90 82 98 (5) 1.22 (0.13)

1800 0.3 (0.3) 1 97 93 112 (1) 1.05 (0.06)

Ethanol

4

0 5.0 (2.0) 3 100 84 100 (6) NA
56.25 4.1 (1.8) 4 91 74 87 (5) NA

112.5 4.0 (0.4) 3 91 80 99 (5) NA
225 4.3 (2.5) 0 92 77 99 (5) NA
450 2.8 (0.1) 0 89 63 99 (1) NA

24

0 4.2 (3.8) 4 100 89 100 (1) 1.00 (0.04)
56.25 4.1 (0.8) 3 98 91 104 (9) 0.94 (0.12)

112.5 6.3 (6.2) 8 92 79 107 (6) 0.92 (0.05)
225 5.8 (1.9) 1 86 64 102 (3) 1.04 (0.11)
450 2.2 (0.4) 0 82 58 102 (7) 0.86 (0.03)

NA, not available. Bold values indicate the top concentrations selected for evaluation in the Comet assay based on each endpoint.
a DNA damage is represented by the percentage of DNA fragments present in the Comet tail (% tail intensity). Each point represents the mean of medians of three replicates

and in parentheses the standard deviation.
b Percentage of ‘clouds’ is represented by the percentage of highly damaged cells without a discernable head but with a large diffuse tail. Each point represents the mean

of three replicates at each concentration.
c Relative cell number is represented by the percentage of the mean of the cell numbers of three replicates at each concentration relative to the mean of the cell numbers

of the three solvent control replicates.
d Absolute viability is represented by the percentage of viable cells against total cells determined by the trypan blue dye exclusion assay. Each point represents the mean

of three replicates.
e Relative ATP activity is represented by the percentage of the mean of the ATP amount in three replicates at each concentration relative to the mean of the ATP amount

in the three solvent control replicates and in parentheses the standard deviation.
f Relative Caspase-3/7 activation is represented by the fold change of the mean of the activated Caspase-3/7 in three replicates at each concentration relative to the mean

of the activated Caspase-3/7 in the three solvent control replicates and in parentheses the standard deviation.

Fig. 2. Cytotoxicity and DNA damage induced by ethanol treatment. TK6 cells were treated with ethanol for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative
cell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation) were determined at each time point (A and B). DNA damage in the treated and control
samples was examined by the Comet assay and represented by % tail intensity (C and D).
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ig. 3. Cytotoxicity and DNA damage induced by 2,4-DCP treatment. TK6 cells wer
ell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation
amples was examined by the Comet assay and represented by % tail intensity (C an
ation (Fig. 3B and Table 2). Based on our criteria, 20 �g/mL
hould be selected as the top concentration based on viability or
elative cell number, and 10 �g/mL should be chosen based on
TP/Caspase at 24 h (see Section 4 and Table 4). However, even
t the highest concentration tested, no increase in DNA damage

able 2
NA damage, cytotoxicity and apoptosis induced by non-genotoxic but cytotoxic chemic

Chemical Treatment (h) Concentration
(�g/mL)

% Tail intensity
[mean (SD)]a

% Clouds

2,4-DCP

4

0 4.5 (1.2) 4
5 5.9 (1.8) 2

10 5.7 (3.0) 1
20 5.5 (1.0) 7
40 4.3 (1.8) 20

24

0 3.5 (2.1) 1
5 4.8 (2.0) 0

10 4.8 (1.0) 1
20 3.2 (1.9) 5
40 1.6 (0.7) 11

Tunicamycin

4

0 4.4 (1.5) 2
2 3.3 (1.5) 2
4 1.9 (1.3) 3
8 4.5 (2.8) 4

20 2.7 (2.4) 3

24

0 11.1 (3.3) 2
2 1.6** (1.1) 0
4 0.3** (0.2) 0
8 0.3** (0.1) 0

20 0.2** (0.1) 5

old values indicate the top concentrations selected for evaluation in the Comet assay ba
a DNA damage is represented by the percentage of DNA fragments present in the Comet

nd in parentheses the standard deviation.
b Percentage of ‘clouds’ is represented by the percentage of highly damaged cells witho

f three replicates at each concentration.
c Relative cell number is represented by the percentage of the mean of the cell number

f the three solvent control replicates.
d Absolute viability is represented by the percentage of viable cells against total cells d

f three replicates.
e Relative ATP activity is represented by the percentage of the mean of the ATP amoun

n the three solvent control replicates and in parentheses the standard deviation.
f Relative Caspase-3/7 activation is represented by the fold change of the mean of the a

f the activated Caspase-3/7 in the three solvent control replicates and in parentheses th
* One-way ANOVA with Dunnett’s correction (p < 0.05); decreased ATP or increased Ca

** One-way ANOVA with Dunnett’s correction (p < 0.05); decreased % tail intensity.
ted with 2,4-DCP for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative
e determined at each time point (A and B). DNA damage in the treated and control
was detected in the Comet assay at both time points (Fig. 3C, D and
Table 3).

Tunicamycin was tested at concentrations up to 200 �g/mL [25].
However, at 100 and 200 �g/mL, the 100× dose formulations pre-
cipitated in the media, and the 50 �g/mL concentration resulted

als.

b Relative cell
number (%)c

Absolute
viability
(%)d

Relative ATP
activity (%)
[mean (SD)]e

Relative Caspase-3/7
activation [mean (SD)]f

100 88 100 (20) 1.00 (0.03)
102 95 118 (34) 1.00 (0.14)

72 96 117 (25) 0.93 (0.04)
73 75 117 (6) 3.15* (0.81)
57 56 82 (14) 3.95* (0.29)

100 94 100 (10) 1.00 (0.04)
109 94 104 (5) 1.18 (0.04)

87 91 108 (7) 1.37 (0.18)
64 84 62* (19) 1.67* (0.23)
33 57 22* (4) 3.01* (0.27)

100 95 100 (6) 1.00 (0.09)
94 93 111 (6) 1.02 (0.04)
93 93 104 (9) 0.89 (0.04)
91 84 107 (8) 0.91 (0.02)
73 81 80 (16) 1.06 (0.06)

100 96 100 (3) 1.00 (0.04)
59 88 44* (3) 3.65* (0.20)
49 90 38* (3) 4.17* (0.33)
42 80 32* (1) 4.5* (0.20)
29 70 18* (5) 4.7* (1.00)

sed on each endpoint.
tail (% tail intensity). Each point represents the mean of medians of three replicates

ut a discernable head but with a large diffuse tail. Each point represents the mean

s of three replicates at each concentration relative to the mean of the cell numbers

etermined by the trypan blue dye exclusion assay. Each point represents the mean

t in three replicates at each concentration relative to the mean of the ATP amount

ctivated Caspase-3/7 in three replicates at each concentration relative to the mean
e standard deviation.
spase-3/7 activation.
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Table 3
DNA damage, cytotoxicity and apoptosis induced by genotoxic chemicals.

Chemical Treatment (h) Concentration
(�g/mL)

% Tail intensity
[mean (SD)]a

% Cloudsb Relative cell
number (%)c

Absolute
viability
(%)d

Relative ATP
activity (%)
[mean (SD)]e

Relative Caspase-3/7
activation [mean (SD)]f

MMS

4

0 6.1 (2.2) 2 100 91 100 (5) 1.00 (0.01)
5 34.5* (1.5) 2 97 93 102 (3) 0.96 (0.12)

10 49.1* (11.5) 4 101 90 94 (5) 0.91 (0.15)
20 65.6* (6.9) 2 97 93 105 (4) 0.97 (0.12)
50 89.3* (0.9) 5 93 91 105 (3) 0.90 (0.20)

24

0 11.5 (0.7) 4 100 90 100 (1) 1.00 (0.03)
5 21.5* (2.9) 4 78 91 97 (3) 1.04 (0.03)

10 42.0* (1.8) 2 70 92 96 (5) 1.25 (0.08)
20 64.0* (3.8) 2 59 89 93 (5) 2.08* (0.05)
50 93.0* (1.3) 90 39 48 45* (4) 9.93* (0.62)

EMS

4

0 4.1 (2.4) 3 100 83 100 (7) 1.00 (0.12)
125 78.6* (5.1) 4 107 73 97 (2) 0.76 (0.03)
250 87.0* (9.9) 38 110 84 79* (6) 0.84 (0.15)
500 97.9* (1.4) 100 115 76 71* (9) 0.64 (0.02)

1000 NA 100 107 76 74* (11) 0.98 (0.13)

24

0 5.5 (5.9) 24 100 89 100 (2) 1.00 (0.03)
7.8 10.8 (7.0) 16 92 89 102 (3) 0.98 (0.02)

15.6 21.0 (6.3) 10 82 91 104 (3) 1.20* (0.02)
31.25 54.6* (25.4) 67 82 92 100 (5) 1.77* (0.10)
62.5 62.3* (6.6) 100 73 87 85* (8) 2.42* (0.10)

125 94.9* (3.5) 100 61 88 80* (8) 3.07* (0.11)
250 94.6* (4.2) 100 49 83 65* (2) 4.26* (0.09)

Etoposide

4

0 5.2 (2.3) 0 100 88 100 (3) 1.00 (0.38)
1.25 80.0* (6.3) 4 81 85 109 (22) 1.03 (0.02)
2.5 93.6* (0.1) 88 85 85 94 (4) 0.75 (0.10)
5 95.8* (2.0) 94 76 75 107 (21) 0.70 (0.14)

10 94.6* (4.5) 94 72 82 112 (8) 0.63 (0.09)

24

0 9.8 (1.2) 0 100 88 100 (10) 1.00 (0.33)
0.125 24.8* (5.0) 2 39 69 101 (20) 1.07 (0.12)
0.25 43.2* (0.6) 3 33 49 94 (18) 2.61* (0.35)
0.5 52.0* (1.6) 9 46 18 77 (5) 5.34* (0.07)
1 59.5* (2.0) 16 29 17 43* (3) 6.19* (0.39)

4-NQO

4

0 4.4 (0.6) 1 100 75 100 (19) 1.00 (0.08)
0.025 26.8* (5.7) 0 78 68 84 (24) 1.06 (0.23)
0.05 39.2* (1.0) 0 83 77 104 (18) 1.57* (0.39)
0.2 80.6* (4.2) 4 60 74 152** (29) 1.58* (0.21)
0.5 93.2* 99 63 71 132 (12) 1.04 (0.13)

24

0 3.9 (2.6) 10 100 91 100 (2) 1.00 (0.03)
0.00313 3.4 (2.7) 15 87 88 101 (4) 0.99 (0.03)
0.00625 10.7 (6.4) 34 93 87 104 (2) 1.10 (0.02)
0.0125 19.4 (24.0) 37 78 85 81* (1) 1.69* (0.07)
0.025 29.3 (26.0) 57 59 69 71* (6) 2.70* (0.21)
0.05 42.7 (8.4) 45 39 38 35* (9) 4.72* (0.17)

NA, not available. Bold values indicate the top concentrations selected for evaluation in the Comet assay based on each endpoint.
a DNA damage is represented by the percentage of DNA fragments present in the Comet tail (% tail intensity). Each point represents the mean of medians of three replicates

and in parentheses the standard deviation.
b Percentage of ‘clouds’ is represented by the percentage of highly damaged cells without a discernable head but with a large diffuse tail. Each point represents the mean

of three replicates at each concentration.
c Relative cell number is represented by the percentage of the mean of the cell numbers of three replicates at each concentration relative to the mean of the cell numbers

of the three solvent control replicates.
d Absolute viability is represented by the percentage of viable cells against total cells determined by the trypan blue dye exclusion assay. Each point represents the mean

of three replicates.
e Relative ATP activity is represented by the percentage of the mean of the ATP amount in three replicates at each concentration relative to the mean of the ATP amount
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n the three solvent control replicates and in parentheses the standard deviation.
f Relative Caspase-3/7 activation is represented by the fold change of the mean o

f the activated Caspase-3/7 in the three solvent control replicates and in parenthe
* One-way ANOVA with Dunnett’s correction (p < 0.05); increased % tail intensity

** One-way ANOVA with Dunnett’s correction (p < 0.05), increased ATP.

n too few cells to score (data not shown). Therefore, cytotoxicity
nd DNA damage were evaluated at 2, 4, 8 and 20 �g/mL (Fig. 4 and
able 2). At 4 h, none of the endpoints showed significant cytotoxic-
ty; therefore, 20 �g/mL should be selected as the top concentration

n the Comet assay based on any of the three criteria (see Section
and Table 4). At 24 h, relative cell number was reduced to 49% at
�g/mL, and viability was reduced to 70% at 20 �g/mL; whereas

he decrease in ATP and the induction of Caspase-3/7 activation
ere significant at all four concentrations (Fig. 4B and Table 2).
ctivated Caspase-3/7 in three replicates at each concentration relative to the mean
e standard deviation.
ase-3/7 activation or decreased ATP.

Therefore, at 24 h, 20 �g/mL should be selected as the top concen-
tration for the Comet assay based on viability, and 4 or <2 �g/mL
should be chosen based on relative cell number or ATP/Caspase,
respectively (see Section 4 and Table 4). The Comet assay results

showed no increase of DNA damage at either time point; instead,
tunicamycin induced a concentration-dependent decrease in % tail
intensity at 24 h (Fig. 4D and Table 2), suggesting the potential pres-
ence of DNA- or protein-cross-linking effect. However, the decrease
of % tail intensity was observed at 24 h but not at 4 h, which implies
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Table 4
Top concentration determined by relative cell number, trypan blue exclusion (TB), biomarkers of cytotoxicity or high percentage of clouds.

Chemical Treatment (h) Top concentration (�g/mL)
based on ≥50% relative cell
number [DNA damage]a

Top concentration
(�g/mL) based on ≥70%
TB [DNA damage]a

Top concentration (�g/mL)
based on ATP and Caspase-3/7
activation [DNA damage]a

Top concentration
(�g/mL) limited by >30%
clouds [DNA damage]a

Glucose
4 1800 [−] 450 [−] 1800 [−] NA

24 1800 [−] 1800 [−] 1800 [−] NA

Ethanol
4 450 [−] 225 [−] 450 [−] NA

24 450 [−] 112.5 [−] 450 [−] NA

2,4-DCP
4 40 [−] 20 [−] 10 [−] NA

24 20 [−] 20 [−] 10 [−] NA

Tunicamycin
4 20b [−] 20b [−] 20b [−] NA

24 4 [−]# 20 [−]# <2 [ND] NA

MMS
4 50b [+] 50b [+] 50b [+] NA

24 20 [+] 20 [+] 10 [+] 20 [+]

EMS
4 >1000 [+] >1000 [+] 125 [+] 125 [+]

24 250 [+] >250 [+] 7.8 [−] 15.6 [−]

Etoposide
4 >10 [+] >10 [+] >10 [+] 1.25 [+]

24 <0.125 [ND] 0.125 [+] 0.125 [+] NA

4-NQO
4 >0.5 [+] 0.5 [+] 0.025 [+] 0.2 [+]

24 0.025 [−] 0.025 [−] 0.00625 [−] 0.00313 [−]
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−], negative; [+], positive; [−]#, possible cross-linker; ND, not determined based o
a DNA damage results from the Comet assay.
b Too few scorable cells at the next higher concentration.

hat it may require longer than 4 h for tunicamycin to interact with
NA. Moreover, tunicamycin has not been reported with any DNA-

nteractive activity and it did not induce micronucleus formation
n CHO-K1 cells [24], so this decrease in DNA migration remains to
e further investigated.

Taken together, our data showed that these two chemicals
nduced significant cytotoxicity in the treated cells, but did not
ause an increase in DNA migration in the Comet assay. Tuni-

amycin was expected to be a non-genotoxic chemical, but our
esults showed that it is possibly a DNA- or protein-cross-linker.
he maximum concentrations selected by ATP/Caspase endpoints
ere lower than those determined by trypan blue assay or relative

ell number.

ig. 4. Cytotoxicity and DNA damage induced by tunicamycin treatment. TK6 cells were
relative cell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activat
ontrol samples was examined by the Comet assay and represented by % tail intensity (C
vailable data; NA, not applicable.

3.3. Genotoxic and cytotoxic chemicals: MMS, EMS, etoposide
and 4-NQO

MMS was tested up to 1100 �g/mL (10 mM); however, only
the data from concentrations up to 50 �g/mL are presented and
discussed here, because all the treated cells were unscorable (all
clouds) at concentrations of 50 �g/mL and above (Fig. 5C, D and
Table 3). At 4 h, over this concentration range (5–50 �g/mL), with no

cytotoxicity detected by any endpoint, a statistically significant and
concentration-dependent increase in DNA damage was observed
in MMS-treated cells compared with the solvent control (p < 0.05)
(Fig. 5C and Table 3). At 24 h, MMS treatment resulted in a signif-
icant decrease in the relative cell number, viability and ATP at the

treated with tunicamycin for 4 h (A and C) or 24 h (B and D). Various cytotoxicity
ion) were determined at each time point (A and B). DNA damage in the treated and
and D).
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ig. 5. Cytotoxicity and DNA damage induced by MMS treatment. TK6 cells were
umber, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation) w
amples was examined by the Comet assay and represented by % tail intensity (C an

ighest concentration only, while Caspase-3/7 activation was seen
or the highest two concentrations (Fig. 5B and Table 3). Therefore,
0 �g/mL should be the highest concentration to be evaluated in the
omet assay at 24 h based on relative cell number or viability; and
0 �g/mL should be selected based on ATP/Caspase responses (see
ection 4 and Table 4). In addition, MMS at concentrations above
0 �g/mL also displayed a high percentage of ‘clouds’, another indi-
ation of cytotoxicity (Table 3). Similar to the Comet results from
he 4-h treatment, a statistically significant increase in DNA damage
as observed in MMS-treated cells in a concentration-dependent
anner (p < 0.05).
EMS was examined up to 1000 �g/mL, which was selected

ased on Henderson et al. [22] (Fig. 6 and Table 3). EMS treatment
or 4 h induced a slight but significant reduction of ATP levels at
50 �g/mL and above, but had little effect on cell number, viability
nd Caspase-3/7 activation (Fig. 6A and Table 3). Concentrations of
50 �g/mL and above produced a high percentage of clouds (>30%)
nd therefore should be excluded from evaluation of DNA dam-
ge in the Comet assay. Thus, the top concentration, 125 �g/mL,
elected by the ATP/Caspase endpoints for the 4-h treatment were
n agreement with that limited by the high percentage of ‘clouds’
Table 4). Data from the Comet assay showed a dose-dependent
ncrease in DNA damage from 125 to 500 �g/mL (p < 0.05), con-
rming the genotoxicity of this chemical. At 24 h, treatment with
MS reduced relative cell number to 49% only at the highest
oncentration whereas viability was essentially unchanged. The
ecrease of ATP levels and activation of Caspase-3/7 were signif-

cant starting from 62.5 and 15.6 �g/mL, respectively (Fig. 6B and
able 3). Therefore, 250 �g/mL or above should be selected as the
op concentration for the Comet assay based on relative cell num-
er or viability, respectively; whereas 7.8 �g/mL should be chosen
ccording to ATP/Caspase responses (see Section 4 and Table 4).

oncentrations of 31.25 �g/mL and above showed a high percent-
ge of ‘clouds’ (>30%) (Table 3), which allows only the lowest two
oncentrations being evaluated in the Comet assay. The increases
n DNA damage were statistically significant only at concentrations
f 31.25 �g/mL and above (Fig. 6D and Table 3) at 24 h, suggest-
d with MMS for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative cell
etermined at each time point (A and B). DNA damage in the treated and control

ing the 24-h treatment is probably not appropriate to separate the
genotoxic and cytotoxic effects.

Etoposide was tested up to 10 �g/mL [26] (Fig. 7). At 4 h,
none of the endpoints showed substantial cytotoxicity and no
Caspase activation was observed. However, a high percentage of
‘clouds’ (>30%) was observed at 2.5, 5 and 10 �g/mL (Fig. 7A and
Table 3). Therefore, the top concentration selected in the Comet
assay should be 1.25 �g/mL at 4 h. As a result, the increase of DNA
damage at 1.25 �g/mL was statistically significant, which appro-
priately predicted the genotoxicity of this chemical. In addition,
an independent experiment which tested etoposide in the Comet
assay at 0.125, 0.25, 0.5 and 1 �g/mL showed a concentration-
dependent increase of DNA damage (data not shown). At 24 h,
relative cell number at all four concentrations was below 50%. Try-
pan blue dye exclusion assay and Caspase-3/7 activation showed
significant cytotoxicity at concentrations of 0.25 �g/mL and above
while reduction of ATP was significant only at 1 �g/mL (Fig. 7B
and Table 3). The top concentration to be selected in the Comet
assay should be 0.125 �g/mL based on viability or ATP/Caspase,
or <0.125 �g/mL based on relative cell number (see Section 4 and
Table 4). There were statistically significant increases in DNA dam-
age at 0.125 �g/mL at 24 h (Fig. 7D and Table 3). We did not test
etoposide at concentrations below 0.125 �g/mL, but it is reason-
able to argue that it may not induce significant DNA damage at
these low doses as the % tail intensity resulted from etoposide treat-
ment at 0.125 �g/mL was only around 2-fold compared with the
solvent control. Therefore, the top concentration selected for the
Comet assay based on relative cell number may be inappropriate
for etoposide.

4-NQO was examined up to 0.5 �g/mL [22] (Fig. 8). At 4 h, the
highest concentration (0.5 �g/mL) reduced viability to 71%, but did
not decrease relative cell number to below 50% (Fig. 8A and Table 4).

ATP levels increased drastically at the two top concentrations (sig-
nificant at 0.2 �g/mL), suggesting a short-term stimulation of ATP
generation in response to the treatment. Caspase-3/7 was acti-
vated modestly but significantly at 0.1 and 0.2 �g/mL but not at
0.5 �g/mL, possibly due to decreased cell number and viability at



J. Shi et al. / Mutation Research 696 (2010) 167–178 175

F ted wi
t ined
e

t
b
c
a
e
‘

F
c
s

ig. 6. Cytotoxicity and DNA damage induced by EMS treatment. TK6 cells were trea
rypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation) were determ
xamined by the Comet assay and represented by % tail intensity (C and D).

his concentration. Thus, a top concentration of 0.5 �g/mL should
e selected based on viability or >0.5 �g/mL based on relative

ell number; or 0.05 �g/mL based on ATP/Caspase for the Comet
ssay (see Section 4 and Table 4). However, 0.5 �g/mL should be
xcluded from the Comet assay due to the high percentage of

clouds’ (Table 3). The increases of DNA damage were statistically

ig. 7. Cytotoxicity and DNA damage induced by etoposide treatment. TK6 cells were trea
ell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation) wer
amples was examined by the Comet assay and represented by % tail intensity (C and D).
th EMS for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative cell number,
at each time point (A and B). DNA damage in the treated and control samples was

significant at all four concentrations (p < 0.05) and the increase
was concentration-dependent (Fig. 8C and Table 3), suggesting a

correct conclusion of genotoxicity based on all three criteria for
this chemical. At 24 h, 4-NQO treatment resulted in significant
decreases in relative cell number (<50%) and viability (�70%) only
at the highest concentration. The reduction of ATP and activation

ted with etoposide for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative
e determined at each time point (A and B). DNA damage in the treated and control
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ig. 8. Cytotoxicity and DNA damage induced by 4-NQO treatment. TK6 cells wer
ell number, trypan blue and ATP) and apoptosis endpoints (Caspase-3/7 activation
amples was examined by the Comet assay and represented by % tail intensity (C an

f Caspase-3/7 were significant at concentrations of 0.0125 �g/mL
nd above (Fig. 8B and Table 3). The top concentration selected for
he Comet assay should be 0.025 �g/mL based on relative cell num-
er or viability, or 0.00625 �g/mL based on ATP/Caspase responses
see Section 4 and Table 4). Notably, there was a high percentage
f ‘clouds’ (>30%) at 0.00625 �g/mL and above, so the top concen-
ration based on this criterion will be 0.00313 �g/mL (Table 3). As

result, in the Comet assay, although the mean % tail intensity
as increased in a dose-dependent manner in cells treated with 4-
QO at concentrations of 0.00625 �g/mL and above, the differences
ere not statistically significant, possibly due to the heterogeneous

esponse at such low concentrations.
In agreement with the findings with non-genotoxic but

ytotoxic chemicals, the top concentrations selected based on
TP/Caspase were generally lower than that based on trypan blue or
elative cell number except for etoposide at 24 h (Table 4), and more
lose to the concentrations limited by high percentage of ‘clouds’.
he 4-h treatment correctly predicted all four genotoxic, cytotoxic
hemicals and appeared to be the better time point to conduct the
n vitro Comet assay.

. Discussion

Cytotoxicity assessment is a crucial element in in vitro genotox-
city testing. The determination of high toxic concentrations and
esting below those concentrations allow an appropriate detection
f genotoxic damage, in this case DNA strand breaks (Comet assay).
n the Comet assay and other genotoxic assays, excessive cytotox-
city can lead to irrelevant positive results. Cytotoxicity endpoints
ave been used in in vitro genetic toxicology tests for decades, but
nding assays that permit a fast and reliable way of measuring
ytotoxicity, is currently being revisited [27,28].

Here, we compared four cytotoxicity endpoints in the in vitro

omet assay using TK6 cells while testing three representative
lasses of chemicals based on cytotoxicity and genotoxicity. The
rypan blue dye exclusion assay has been used routinely as the
nly cytotoxicity measurement in the in vitro Comet assay. Hen-
erson et al. [22] examined a number of cytotoxins along with
ted with 4-NQO for 4 h (A and C) or 24 h (B and D). Various cytotoxicity (relative
e determined at each time point (A and B). DNA damage in the treated and control

genotoxins in TK6 cells and found that two cytotoxins (sodium lau-
ryl sulphate and potassium cyanide) showed significant increase in
DNA migration when cell survival (viability) was lower than 70%, as
determined by trypan blue dye exclusion assay. The authors sug-
gested only scoring Comet slides with ≥70% viability in order to
avoid false positive results due to cytotoxicity. This recommen-
dation was followed by many laboratories conducting the Comet
assay and it provided a relatively effective guideline to minimize
false positive findings associated with cytotoxicity. However, since
trypan blue dye exclusion assay is based on compromised cell
membrane integrity which frequently occurs only at late stages
of apoptosis or necrosis, it is reasonable to argue that it often
underestimates cytotoxicity. Our data in the current study demon-
strated relatively lower sensitivity of trypan blue dye exclusion
assay compared to other cytotoxicity methods (Figs. 4B and 6B).
Moreover, as loss of membrane integrity could be impacted by sev-
eral other factors, such as mechanical damage and osmolarity, the
trypan blue assay tends to produce unanticipated response when
used to measure cytotoxicity for cells exposed to nonhazardous
(non-genotoxic and non-cytotoxic) chemicals at high concentra-
tions (Figs. 1A and 2). Some laboratories determine relative cell
number (or cell counts) along with the trypan blue dye exclusion
assay. The resulting relative cell survival, a product of total cell
number and viability, usually provides a better estimation of cyto-
toxicity. However, measurement of both cell counts and viability
is a labor-intensive and time-consuming effort using systems that
are not automated.

In this study, we explored the possibility of using biomarker-
based cytotoxicity and apoptosis assays for dose selection in in
vitro Comet assay. The ATP bioluminescent assay directly deter-
mines the metabolic status of a cell population and/or the number
of cells in a culture, which provides a sensitive, robust and con-
sistent measurement of cytotoxicity. The Caspase-3/7 activation

assay detects mid- to late-stage apoptosis, which represents a cel-
lular state of excessive toxicity. As increased DNA damage can
be a result of cytotoxicity instead of genotoxicity, the Caspase-
3/7 activation assay can serve as a sensitive biomarker to monitor
apoptosis-related cytotoxicity. There are limitations of using ATP
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uantification or Caspase-3/7 assays as cytotoxicity measurement
lone. It should be noted that the cellular ATP levels were elevated
hen treated by some chemicals at relatively low (non-lethal) con-

entrations (Figs. 3A, 5B and 8A) as chemical treatment resulted in
ore reduction on cell number than on levels of ATP at several

ested concentrations, which yielded elevated ATP levels per cell in
hese treated samples compared to the solvent control. The tran-
ient increase of the cellular ATP content in response to chemical
reatment has been reported previously in bacteria and eukary-
tic cancer cells and is possibly due to enhanced energy production
hen cells are undergoing self-repair in response to low concen-

ration of toxins shortly after exposure [29–32]. Moreover, since,
n eukaryotic organisms, ATP is mainly produced in the process
f cellular respiration which takes place in the mitochondria and
ytosol, chemicals that affect this process may impair the accuracy
f using ATP amount as a cytotoxic measurement. On the other
and, the Caspase-3/7 activation assay cannot work with chemicals
hat directly inhibit Caspase activation, such as tetramethylthiu-
am [33], and it does not detect non-apoptotic cell death. However,
ombination of these two assays measures both metabolic and
poptotic status of the target cells, and compensates the limita-
ions of each individual assay, and therefore can provide sensitive
nd reliable estimation of cytotoxicity.

We compared the data from the commonly used cytotoxicity
ndpoint – trypan blue dye exclusion assay with the results from
he other three cytotoxicity measurements – relative cell number,
TP and Caspase-3/7 activation. Since ∼50% of cytotoxicity (mea-
ured by relative cell number, population doubling, mitotic index
r other calculations based on cell counts) is being used for top
oncentration selection in CA or MN, here we tentatively use 50%
elative cell number as a criterion. The selected highest concentra-
ions for the tested chemicals based on viability �70%, relative cell
umber �50%, or ATP/Caspase-3/7 activation (statistical analysis)
re listed in Table 4. The majority of the selected concentrations
rom the ATP/Caspase-based criteria were equal to or lower than
hat based on the viability or relative cell number results, sug-
esting a more stringent selection using the biomarkers to cut off
ytotoxic concentrations which may interfere with genotoxicity
esting. The validation matrix of chemicals tested here for geno-
oxicity by the Comet assay appropriately predicted their positive
r negative genotoxic potential using any of these criteria following
4-h treatment. However, it is very likely the choice of cytotoxicity
ndpoint will make a difference in testing chemicals with “steep”
oxicity curves and small concentration ranges to distinguish cyto-
oxic and genotoxic effects. Careful evaluation of a larger number of
ell-characterized chemicals is required to set the dose selection

riteria. Statistical analysis of the ATP and the Caspase-3/7 activa-
ion data showed that when ATP was less than 80% of control or
aspase-3/7 activation was greater than 1.5-fold, the differences
etween the treated samples and control were generally signifi-
ant. To simplify dose selection based on cytotoxicity, we suggest
n initial standard of only scoring slides with relative ATP ≥80%
nd fold change of Caspase-3/7 activation <1.5 be used in the in
itro Comet assay in TK6 cells.

In addition to the investigation of cytotoxicity methods, we also
valuated the 4-h and the 24-h treatment/sampling time in the in
itro Comet assay. All tested chemicals were correctly judged pos-
tive or negative in genotoxicity based on DNA damage at 4 h, but
-NQO was incorrectly predicted negative at 24 h. Also, EMS treat-
ent resulted in insignificant increases in % tail intensity at low,

on-cytotoxic concentrations at 24 h. The 24-h treatment generally

nduced more toxicity of the cells and resulted in lower maximum
oncentrations to be evaluated in the Comet assay compared with
he 4-h treatment. Also, the ability of the cells to repair low lev-
ls of DNA damage and the loss of highly damaged cells could
dversely affect the sensitivity of the Comet assay. On the other
h 696 (2010) 167–178 177

hand, the 24-h treatment could potentially capture DNA damage
that resulted from some slow-acting chemicals or chemicals that
require relatively longer period of time to be metabolized into DNA-
reactive intermediates and substrates, which cannot be achieved
by the 4-h treatment. We did not test chemicals that require
metabolic activation in this study, because the primary objective
of this work is to evaluate suitable cytotoxicity measurements.
From the data here, the 4-h treatment/sampling time appears to
be more appropriate to be used in the in vitro Comet assay, but
whether the 24-h treatment/sampling time (4-h treatment plus
20-h recovery) provides advantages over 4-h treatment/sampling
time with chemicals requiring metabolic activation remains to be
examined.

Notably, a high percentage of ‘clouds’ has been regarded as an
indication of excessive cytotoxicity or genotoxicity, so it also serves
as a parameter to measure cytotoxicity [34]. Although there has
not been a standard which defines test concentrations that pro-
duced a certain percentage of ‘clouds’ should be excluded from
the DNA damage evaluation in the Comet assay, we tentatively
excluded concentrations with >30% ‘clouds’. The top concentra-
tions for the Comet assay limited by ‘clouds’ are also listed in
Table 4. Although whether formation of ‘clouds’ is an indication
of apoptosis is still under discussion, our results suggested that
the ‘clouds’ are unlikely to be the DNA fragments resulting from
apoptosis because DNA fragmentation represents almost at the
final stage of apoptosis [35] and it should occur no earlier than
Caspase activation. For example, the 4-h treatment by EMS led to
100% of ‘clouds’ at 500 and 1000 �g/mL but no significant activation
of Caspase-3/7 (Table 3 and Fig. 6A). Following 24 h of continuous
treatment by tunicamycin, robust Caspase-3/7 activation and sig-
nificant cytotoxicity were induced at all concentrations tested, but
no significant ‘clouds’ were observed (Table 2 and Fig. 4B). From
our point of view, the ‘clouds’ do represent excessive DNA damage
and/or high cytotoxicity, but may not correlate well with apopto-
sis.

In conclusion, the data support the use of ATP and Caspase assays
as cytotoxicity endpoints to be used to determine maximum con-
centrations in in vitro Comet assay in TK6 cells, and have great
potentials to be applied in other cell lines and other in vitro geno-
toxicity assays.
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