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ABSTRACT

Ekwall et al. (ATLA 17:83-100, 1989) have proposed that 8̃0% of chemical-
induced systemic toxicity is the result of disruption of basic cellular processes
common to most cell types in the body, and that systemic toxicity for many
chemicals could be estimated in in vitro cultures. Strickland et al (The
Toxicologist, Abs#761, 2003) reported on a joint European/USA validation to
evaluate two cytotoxicity assays in NHEK and BALB/c 3T3 cells to predict acute
systemic toxicity using a neutral red uptake (NRU) viability endpoint. We report
on a two-lab validation study to evaluate the ATP viability endpoint using the
optimized protocol from the aforementioned validation. Cytotoxicity was
measured as a dose-dependent reduction in ATP from which an IC50 was
determined. Initially, 20 chemicals from the Multicenter Evaluation of In Vitro
Cytotoxicity (MEIC) program were tested to determine the relationship between
the ATP IC50 values in vitro and the human LC50 values [log LC50 µM = 0.794(log
IC50 µM)+0.176; r2 = 0.887]. Subsequently, 50 chemicals from Strickland et al
were tested to determine the relationship between the ATP IC50 values and the
rodent oral LD50 values [log LD50 mmol/kg = 0.495 (log IC50 mM)+0.413; r2 =
0.399] and is similar to the prediction model published in the Registry of
Cytotoxicity (Halle, 1998). A high correlation (r2 = 0.930) was demonstrated
between ATP IC50 values and NRU50 values obtained in the cytotoxicity
validation study. The results demonstrate that the NHEK assay with the ATP
endpoint may be used to predict systemic toxicity, or rodent oral LD50 doses, and
that the ATP endpoint is an acceptable alternative to the NRU endpoint.



INTRODUCTION

The adenosine triphosphate (ATP)-based cytotoxicity assay procedure is a cell
survival/viability assay which utilizes the bioluminescent measurement of ATP
present in metabolically active cells to assess cell viability (Crouch, et al., 1993).
The ViaLight® Plus ATP assay is used to assess the viability of NHEK cultures
treated with test chemicals according to the current protocol (Phase III) In Vitro
Cytotoxicity Validation Study (ICCVAM, 2003). During the 48-hour treatment
phase, untreated NHEKs typically divide and proliferate. Exposure to a toxic
chemical, regardless of site or mechanism of action, will interfere with this
process and result in a reduction of the growth rate or viability as reflected by cell
number. Since within each cell type there is a reasonably uniform quantity of
ATP, the ATP assay provides a direct measure of the number of viable cells
present. Cytotoxicity is expressed as a concentration-dependent reduction in the
bioluminescent measurement of ATP after chemical exposure. The ATP assay
takes less than 25 minutes to conduct whereas the NRU endpoint takes over 3.5
hours. The ATP assay also uses fewer, less complex steps making it ideal for
robotic and high throughput screening systems.

Figure 1. The bioluminescent assay uses an enzyme (luciferase) which catalyzes the formation of
light from ATP and luciferin. The emitted light intensity is linearly related to the amount of ATP
present.
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Sodium lauryl sulfate (SLS) was used as the positive control. The current historic response range of 1.68 to
3.65 µg/mL is extremely similar to the range determined using the NRU endpoint (Fig. 2).



Figure 2. Positive control (SLS) dose response in NHEKs using ATP and NRU endpoints

In an initial study, 20 chemicals for which human lethal serum data were
available [MEIC program (Ekwall et al., 1998)] were selected to represent a wide
acute toxicity range. The results of this phase were used to develop the
prediction equation to estimate human lethal serum LC50 values, and were
compared to those reported previously using an NRU endpoint. In a subsequent
study, 50 chemicals for which published rodent oral LD50 values were available
were tested. The results were also compared to those reported previously using
an NRU endpoint (Strickland et al. The Toxicologist, Abs#761, 2003). At least 3
trials for each chemical were tested in GLP compliance at IIVS and at Cambrex
(Lonza).

MATERIALS AND METHODS

NHEK cells were cultured and treated with test chemicals according to the
current protocol (Phase III) In Vitro Cytotoxicity Validation Study (ICCVAM,
2003). The ATP assay was used to replace the neutral red uptake endpoint
according to the procedures described below.

Cells
Normal Human Epidermal Keratinocytes (NHEK), pooled neonatal (Lonza)

Chemicals
Test chemicals were of the highest purity available from Sigma Aldrich

Cytotoxicity Assay in NHEK cells using ATP & NRU Endpoints
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Reagents

 Growth / Treatment Media: Keratinocyte Growth Medium without Ca++

(KGM, Lonza, CC-3104) supplemented with Calcium Chloride to 0.1 mM
 Dulbecco's Phosphate Buffered Saline (D-PBS) (Quality Biological, 114-059-

101)
 Calcium and Magnesium-free Hanks' Balanced Salt Solution (CMF-HBSS)

(Quality Biological, 114-052-101)
 HEPES Buffered Saline Solution (HEPES-BSS) (Lonza, CC-5022)
 Trypsin Neutralizing Solution (TNS) (Lonza, CC-5002)
 Trypsin/EDTA 0.025% (Lonza, CC-5012)
 Dimethylsulfoxide (DMSO) 99.9% HPLC Grade (Sigma Aldrich)
 ViaLight® Plus Cell Proliferation and Cytotoxicity BioAssay Kit (Lonza, LT27-

102) includes lyophilized AMR PLUS Reagent, Assay Buffer, and Cell Lysis
Reagent

 White-walled Clear-bottom 96-well Tissue Culture Plates (Lonza, LT27-102)

NHEK Culture
Freshly thawed NHEK cells were cultured in T25 flasks at 37 ± 1ºC in a
humidified atmosphere containing 5 ± 1% CO2 in air (standard culture conditions)
until 50 to 80% confluent. Cultures were refed every 2 to 3 days with fresh
warmed KGM.

NHEKs were subcultured into the inner 60 wells of the 96-well plates, and
incubated until the cultures were approximately 20+% confluent.

Test Chemical Preparation
Fresh dosing solutions were prepared on the day of use

 The positive control (SLS) and the aqueous-soluble test chemicals were
diluted directly in KGM, to prepare a series of 2X dosing solutions

 The remaining test chemicals were first dissolved and diluted in DMSO, and
then transferred to KGM, to prepare the 2X dosing solutions series

 Dose range finding assays used eight dilutions with 1 log dilution intervals
 Definitive assays used eight dilutions with typically 1/3 to 1/4 log dilution

intervals to address the full range of survival responses.



Test Chemical Treatment
The eight serial 2X dosing solutions were dispensed into the corresponding wells
of 8-well reservoirs. Each test chemical 2X dosing solution was treated in six
wells and incubated for 48 ± 0.5 hours at standard culture conditions.

Figure 3. 96-Well White-walled Clear Bottom Plate Configuration

Treatment Termination / ATP Determination
 After 48 ± 0.5 hours of exposure, the culture plates were removed from the

incubator and allowed to cool to room temperature (RT) for at least 5 minutes.
 The dosing solutions were removed by inverting the plates.
 The wells were rinsed with 250 µL D-PBS. The rinsing solution was removed

by inverting the plates and gently blotting on sterile absorbent paper.
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 50 µL of Cell Lysis Reagent were added to each well, and the plates were
incubated for at least 10 minutes.

 100 µL of AMR PLUS reagent were added to each well, and the plates were
incubated for at least 2 minutes.

 The light emission (565 nm) of each well was measured using a Berthold
Detection Systems Orion II luminometer. Data were recorded as relative light
units (RLUs).

Presentation of Data
 Mean RLU565 values for the vehicle control-treated blank wells (VCB) were

calculated
 Corrected RLU565 values for each culture well were calculated by subtracting

the mean VCB RLU565 value from the individual RLU565 values
 The mean corrected RLU565 value for the vehicle control (VC) was calculated.
 Individual % of Control values were calculated for each culture well, by the

following equation:

% of Control = (Individual corrected RLU565 / mean corrected VC RLU565) X 100

 The mean % of Control values for each dose group were calculated
 Dose response curves were plotted presenting % of Control vs. test chemical

concentration
 IC50 values were interpolated from the dose response curves

Criteria for Determination of a Valid Test
The bioassays were accepted when the positive control, SLS, induced an IC50
that fell within 2.5 standard deviations of the current historical mean established
at IIVS (1.68 to 3.65 µg/mL).



RESULTS

ASSAY RELEVANCE

Mean IC50 values (in µg/mL) were calculated from at least 3 independent trials for
each test chemical in both the initial human serum LC50 and the subsequent
rodent oral LD50 studies. Molar equivalent IC50 values were calculated and are
presented in Tables 1 and 2. Regression analyses were performed relating the in
vitro log IC50 values to log molar human lethal serum LC50 values or rodent oral
LD50 values.

Human Lethal Serum LC50 Prediction Study

Table 1

Molar equivalent in vitro IC50 values are presented in Table 1. The log of the in
vitro IC50 values and the in vivo human lethal serum values from 20 chemicals
from the MEIC program (Ekwall, 1998) were calculated. A regression analysis of



the in vitro log IC50 (µM) values obtained at IIVS and the reported log LC50 values
was performed and is presented graphically in Fig. 4. The resulting relationship
was log LC50 µM = 0.774(log IC50 µM) + 0.353 [r2 = 0.887].

Figure 4. ATP IC50 MEIC (20 Materials)
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Rodent Oral LD50 Prediction Study

Molar equivalent in vitro IC50 values are presented in Table 2. The log of the in
vitro IC50 values and the published rodent oral log LD50 (mmol/kg) values from 45
chemicals from the ICCVAM/ECVAM Phase III In Vitro Cytotoxicity Validation
Study were calculated. A regression analysis of the ATP IC50 values in vitro and
published rodent oral LD50 values was performed and is presented in Fig. 5. The
resulting relationship was log LD50 (mmol/kg) = 0.495(log IC50 mM) + 0.413 [r2 =
0.399].



Table 2.

* - No data available



ATP Prediction Model of Systemic Toxicity
Rodent Oral Log LD50 = 0.495(ATP Log IC50) + 0.413
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Figure 5.

REPRODUCIBILITY

In the initial study to predict human serum LC50 values, 10 of the 20 chemicals
were tested in common in both laboratories. In the subsequent study to predict
rodent oral LD50 values, 20 of the 50 chemicals were tested in common in both
laboratories. These 30 chemicals, as well as the positive control SLS were used
to evaluate interlaboratory reproducibility. Intralaboratory reproducibility was
evaluated solely from the results of 30 of the 35 chemicals assayed at IIVS in the
second study.

Figure 6. Interlaboratory Reproducability - Initial Human Serum LC50 Prediction Study.
A comparison of the mean log IC50 values from the 10 MEIC chemicals tested at
both laboratories are presented in Fig. 6. The greatest difference for mean IC50
values between the labs was for Warfarin (MEIC #31) (0.28 log difference).



A regression analysis comparing the mean log IC50 values obtained from both
laboratories of the 20 chemicals tested in common in the subsequent rodent oral
LD50 prediction study is presented in Fig. 7.

Figure 7. Interlaboratory Reproducibility Rodent Oral LD50 Prediction Study

The positive control, SLS, was assayed in every trial in both laboratories in both
the initial human serum LC50 and the subsequent rodent oral LD50 studies. The
mean IC50 ± 2 standard deviation values for acceptable definitive trials conducted
in each lab are presented in Table 3.

Table 3. Interlaboratory Reproducibility of the Positive Control
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Figure 8 Intralaboratory Reproducibility Rodent Oral LD50 Prediction Study

ATP vs. NRU
Intralaboratory Reproducibility (IIVS)
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Log ATP IC50 vs Log NRU50
y = 1.002x - 0.028; r2 = 0.924
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Thirty-five (35) chemicals were tested in three trials at IIVS using the ATP
endpoint. To present the reproducibility of the results graphically, the mean IC50
values and 1 standard deviation bars of 30 of the 35 chemicals are presented in
Fig. 8 (the remaining 5 chemicals were non-toxic, and hence did not result in an
IC50 value). The same 30 chemicals were also tested in three trials using the
NRU endpoint (Paris, et al, 2003), and are presented for comparison.

COMPARISON BETWEEN ATP AND NRU ENDPOINTS

Figure 9. The in vitro IC50 prediction of rodent oral LD50 using in vitro values obtained from ATP
and NRU endpoints is extremely similar [ATP (green) and NRU (red) regression formulas are
noted].
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-4

-2

0

2

4

-6 -4 -2 0 2 4
in vitro Log IC50 (mM)

R
o

de
n

t
O

ra
lL

o
g

L
D

50

(m
m

o
l/k

g
)

NRU
ATP
NRU Regression
ATP Regression

Figure 10. Further comparison of the in vitro log IC50 values showed a strong correIation between
the ATP and NRU endpoints (r2 = 0.924). Using the ATP endpoint, the test chemical,
Fenpropathrin (60), resulted in a notably higher IC50 value.



CONCLUSIONS

 The ATP endpoint is faster and requires fewer steps than the NRU endpoint,
hence making this endpoint very appropriate for high throughput screening

 Demonstrated relationship between in vitro IC50 values and human lethal
serum LC50 values (r2 = 0.887) and published rodent oral LD50 (r2 = 0.399)

 Very high interlaboratory reproducibility of mean IC50 values (r2 = 0.933,
rodent oral LD50 prediction study)

 Considering the dynamic range of the assay (potential responses over 8-
logs), the differences in positive control reproducibility between labs
considered biologically insignificant

 Very high correlation (r2 = 0.979, initial study; r2 = 0.924, subsequent study)
between ATP IC50 and NRU50 values indicates that the ATP endpoint
identified essentially the same IC50 as the neutral red uptake endpoint

 Results show that the NHEK assay with the ATP endpoint shows promise in
the early evaluation of potential systemic toxicity

 Since the bioassay is designed to detect cytotoxic effects in the target cells,
certain classes of materials shown to be neurotoxic (Organophosphates,
Pesticides, and Insecticides) have been shown to be underpredicted using
both the NRU and ATP viability endpoints.
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