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ABSTRACT

The in vitro arsenite (As"") cytotoxicity dose-response (DR) of human keratinocytes (HEK001) was exam-
ined at greater statistical resolution than ever previously reported using the MTT assay to determine cell
viability. Fifty-four 96-well plates were treated with As""' concentrations of 0.25, 0.5, 1, 2, 3,4, 5,7, 10, 15,
20, 25, or 30 WM. Because of unexpected variation in viability response patterns, a two-stage DR analysis
was used in which data on plate-specific viability (%), estimated as 100% times the ratio of measured
viability in exposed to unexposed cells, were fit initially to a generalized lognormal response function
positing that HEKOO1 cells studied consisted of: a proportion P of relatively highly sensitive (HS) cells,
a proportion P, of relatively resistant cells, and a remaining (1-P-P,) fraction of typical-sensitivity (TS)
cells exhibiting the intermediate level of As'! sensitivity characteristic of most cells in each assay. The
estimated fractions P and P, were used to adjust data from all 54 plates (and from the 28 plates yielding
the best fits) to reflect the condition that P=P, =0 to provide detailed DR analysis specifically for TS cells.
Four DR models fit to the combined adjusted data were each very predictive (R? >0.97) overall but were
inconsistent with at least one of the data set examined (p <10~°). Adjusted mean responses at <3 uM
were approximately equal (p>0.30) and exceeded 100% significance (p <10-¢). A low-dose hormetic
model provided the best fit to the combined adjusted data for TS cells (R? =0.995). Marked variability in
estimates of P (the proportion of apparent HS cells) was unexpected, not readily explained, and warrants
further study using additional cell lines and assay methods, and in vivo.
© 2016 Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

from epidemiology studies, in animals, and in vitro as well as mech-
anistic research clearly support the likelihood that iAs toxicity has

Inorganic arsenic (iAs) at high doses is a known human carcino-
gen to urinary bladder, lung and skin [ 1]. In addition to carcinogenic
effects, recent data suggest that chronic high exposure to iAs may
also contribute to other non-carcinogenic health effects such as car-
diovascular diseases, obesity, diabetes, developmental defects, and
respiratory diseases [2-4].

iAs has been proposed as a threshold carcinogen for at least two
decades [5-8]. However, methods used have been inadequate to
address this in a statistically rigorous fashion [7], although data

* Corresponding author at: Health Sciences 475 14th Street, Suite 400 Oakland,
CA 94612, USA.
E-mail address: kbogen@exponent.com (K.T. Bogen).
1 Current address: 2310 Commonwealth Avenue, Newton, MA 02466, USA.

http://dx.doi.org/10.1016/j.toxrep.2016.12.003

a threshold dose below which health effects are not expected [8].
Although the threshold question for iAs remains highly controver-
sial [9,10], recent evidence supports the possibility of a threshold
for iAs-induced cancer and toxic effects, including in vitro studies
[11-13], animal studies [14,15], and epidemiologic investigations
[16-20]. Strikingly consistent no-effect levels have been reported
in animal models (approximately 1 ppm in water or diet) [8] and
in vitro (>0.1 WM trivalent arsenicals) [8,11,12]. A general lack of
increased (e.g., bladder) cancer risk in human populations exposed
to arsenic in drinking water at concentrations below 100-150 ppb
[8,16,19,20] is consistent with the associated non-cytotoxic inter-
nal concentrations of trivalent arsenic metabolites (e.g., <0.1 wM)
in urine. Recent evidence is also consistent with thresholds for non-
cancer endpoints of iAs exposure [8,15,17,18]. A practical threshold
for cancer induced by exposure to iAs is thus possible in view
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of evidence that regenerative cell proliferation associated only
with cytotoxic levels of iAs exposure consistently precedes iAs-
exposure-induced epithelial tumors, such as urinary bladder, skin,
and lung carcinomas [8,12,13]. Chemically induced regenerative
cell proliferation, in turn, is a response to induced cell killing that
for many chemicals is expected to have a threshold-like, S-shaped
dose-response [21], as is the case for a wide array of metals (includ-
ing iAs) and oxidative chemicals that stimulate the cytoprotective
Nrf2-mediated antioxidant response element (ARE) pathway that
generally is cytoprotective at relatively low levels of increased
expression [22-24].

Low-dose nonlinearity for arsenic-induced cytotoxicity in vitro
is suggested by datareported in previous studies done using various
cell lines [13,21,25-27]. However, relatively small replicate num-
bers used in such studies limited their statistical power to resolve
details of cytotoxic dose-response observed low concentrations,
including those associated with relatively small departures from
background response levels. The present study aimed to develop
more detailed data adequate to assess whether the low-dose dose-
response pattern exhibited by reductions in cell viability in vitro
following exposure to trivalent arsenic is consistent with a linear
or nonlinear (e.g., threshold-like) pattern. This study used more
than 50 assay replicates conducted at 14 iAs concentrations spe-
cially selected to focus specifically on the initial portion of the
low-dose dose-response curve for reduced cell viability. For rea-
sons of practical feasibility in a first study conducted at this level
of detail, a key limitation of the study design was that concentra-
tion effects were investigated using only a single cell line and single
(MTT) assay method, with the recognition that broader generaliza-
tions concerning observed response patterns can only be based on
results of similarly detailed studies using additional cell types and
cytotoxicity assay methods.

2. Methods
2.1. Materials

Sodium arsenite (NaAsO,) (NaAs'!) (99% purity as certified by
the vendor) purchased from Sigma (St. Louis, MO) was used with-
out additional analysis. A 10 mM stock solution was prepared in
Dulbecco’s PBS 1X (Gibco, Grand Island, NY). Treatment solutions
of As'!l at concentrations (C;) of 0.25, 0.5, 1, 2, 3, 4, 5, 7, 10, 15, 20,
25, and 30 wM, were prepared in cell culture medium fresh on the
day of treatment. Levels of iAs, monomethylarsonic acid (MMA)
and dimethylarsinic acid (DMA) were determined for Dulbecco’s
PBS 1X and cell culture medium using hydride generation-atomic
absorption spectrometry coupled with cryotrap (HG-CT-AAS). For
Dulbecco’s PBS 1X, the concentration of iAs was 0.187 ng/mL, and
concentrations of MMA and DMA were below the detection limit
(0.05 ng arsenic/mL for both). In the cell culture medium, concen-
trations were below the detection limit for iAs (0.1 ng arsenic/mL),
MMA and DMA. The 13 test concentrations were selected, based
on preliminary experiments and analysis of data from a previous
study of As!l-induced cytotoxicity in HEK0O1 cells [13], to yield a
relatively detailed expected characterization of dose-response for
As-induced cytotoxicity, including at relatively low levels of this
response in the range of 85% to 100% viability relative to unexposed
cells.

2.2. Cell culture

The HEKOO1 human keratinocyte cell line, derived from normal
human skin and immortalized by transfection of HPV-16 E6 and
E7 genes (expressing keratin 14 but not keratin 10, characteristic
of basal keratinocytes) [28], was obtained from the American Type

Culture Collection (ATCC) (Manassas, VA). Cells were cultured in
Keratinocyte-SFM (1X) containing 5ng/mL human recombinant
EGF without bovine pituitary extract, and supplemented with
5mL Glutamax™ (all from Gibco) and 100 units/ml penicillin and
100 pg/mL streptomycin (Hyclone, Logan, UT) at 37 °C in 5% CO,.
As was undetectable in the medium. Visual examination of the
cultured cells under a phase contrast light microscope showed
cells with rounded to columnar morphology. The karyotype
for the cell line is 71-86,XXY,+1,-2,+3,+5,-6,+7,+8,+9,-10,+11,-
12,+13,+14,+16,add(17)(p11.2),+18,+19,+20,+20,+2-9mar[cp20].
Cytogenetic analysis revealed the presence of an abnormal hyper-
triploid clone characterized by loss of chromosomes 2, 6, 10, and
12; gain of chromosomes 1, 3, 5, 7, 8, 9, 11, 13, 14, 16, 18, 19,
20, and several marker chromosomes; and additional material
of unknown origin on the short arm of chromosome 17. The
cp abbreviation denotes that the karyotype is a composite, due
to karyotypic heterogeneity and chromosome complexity and
morphology within the cells analyzed. Cells used for the study
were passage 3 through passage 9.

2.3. Determination of cell viability

Ninety-six well plates were seeded with approximately 6000
cells/well. Each plate contained eight control wells (C=0uM
As'' + growth medium), eight wells at each of the eight lowest
concentrations (0.25 uM < C; <7 wM), four wells at each remain-
ing concentration (C; > 10 wM), and four wells containing growth
medium but no cells for use as assay blanks. Twenty-four hours
after seeding, treatment with As!! at the concentrations listed
above was begun and continued for 72h, a treatment period
selected based on previous similar studies including from our own
laboratory showing that period to be adequate to reliably elicit an
approximate maximal magnitude of measured cytotoxicity using
the MTT assay [13,26]. At the end of the treatment period, cell
viability was determined by the MTT assay [29]. Absorbance (opti-
cal density, S) of each well was determined at 570 nm using a
microplate reader (Bio-Tek EIx800, Winooski, VT). Estimated via-
bility (S;) in the i concentration group of treated cells on each
plate was re-expressed as a corresponding percentage viability
(PS;=100% S;/So); in other words as a ratio of exposed cell viability
(S;) relative to the control (unexposed) cell viability (So) measured
on that plate. A total of 54 plates from eight experiments conducted
over a 4-month period were analyzed in this way (Table 1). Pre-
liminary experiments using unexposed and exposed HEK0O01 cells
cultured as described demonstrated no significant effect of plate-
specific well position on measured viability (data not shown).

2.4. Data analysis

The value and variance of PS; were estimated as E(PS;)
~100%{[E(S)/E(So)] (1 +y§)} (reflecting a 1st-order correction for
ratio-estimation bias ) and Var(PS;) ~[E(S;)/E(So)]? (17 + ¥3 ), respec-
tively, where yX=SD(X)/E(X)=the coefficient of X-variation for
X=S; or So, and E(X), Var(X), and SD(X)=[Var(X)]'/? denote the
expected value, variance, and standard deviation of X, respectively
[30]. Because preliminary data analyses indicated substantial,
unanticipated variability in observed patterns of viability dose-
response, viability data for each plate were analyzed in two stages.
First, plate viability data were fit as a function of As" concentration
C to the following generalized lognormal cell-viability model (LNS)

F(C) = (PS/100%) =P, + Pexp(—bC)
+(1-P)®(In(C/GM)/In(GSD)) (1)
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Table 1

LNS model fits to plate-specific viability data and related statistics.*<
Plate (j) Ny Np i P P, b (%/puM) GM (M) GSD R? Pfitadj
1 1 14 7 0.027 0.094 89.2 183 1.15 0.958 0.995
2 1 14 1 0 0 118. 17.9 1.53 0.950 0.995
3 1 14 2 0.095 0.085 7.46 19.5 1.24 0.972 0.995
4 1 14 2 0.101 0.092 8.76 19.8 1.28 0.976 0.995
5 2 16 1 0 0 113. 17.2 1.53 0.881 0.995
6 2 16 4 0.019 0.051 934 16.6 1.28 0.968 0.995
7 2 16 1 0 0.095 102. 214 1.20 0.867 0.995
8 2 16 1 0 0.056 61.7 18.8 1.33 0.791 0.995
9 2 16 1 0 0.070 101. 16.2 1.34 0.891 0.995
10 3 18 3 0.106 0.024 85.8 134 1.40 0.983 0.995
11 3 18 1 0.034 0.021 74.3 11.2 1.45 0.970 0.995
12 3 18 1 0.142 0.015 98.7 12.6 1.47 0.975 <107
13 4 18 2 0.277 0.050 8.93 15.1 1.46 0.937 ~0
14 4 18 4 0.359 0.045 4.26 15.9 1.34 0.965 0.995
15 4 18 9 0418 0 0419 17.6 1.53 0.940 0.061
16 4 18 3 0.284 0 4.54 17.5 1.50 0.931 0.665
17 4 18 4 0.250 0.028 3.14 14.9 1.58 0.959 0.995
18 4 18 6 0.330 0.058 1.44 17.4 1.27 0.935 0.684
19 5 19 2 0.192 0 8.54 13.6 1.53 0.963 0.995
20 5 19 2 0.200 0.023 7.95 12.8 1.53 0.940 0.435
21 5 19 1 0.105 0.035 108. 13.0 1.40 0.951 <104
22 5 19 3 0214 0.032 7.53 16.1 1.29 0.829 <104
23 5 19 2 0.215 0.026 9.06 14.2 1.39 0.909 10-8
24 5 19 2 0.225 0.024 9.73 14.6 1.45 0.853 0.995
25 6 6 3 0.103 0.041 104. 14.5 1.43 0.953 10-°
26 6 6 3 0.162 0.092 4.85 18.5 1.46 0.907 0.995
27 6 6 1 0.011 0 106. 18.0 1.42 0.904 0.995
28 6 6 3 0.085 0.085 5.51 17.7 1.37 0914 0.995
29 6 6 2 0.179 0 8.55 17.8 1.46 0.957 0.995
30 6 6 7 0.293 0.119 9.69 19.9 1.04 0.793 0.115
31 7 8 4 0.275 0.013 3.28 20.7 1.52 0.851 0.995
32 7 8 8 0318 0.114 0.883 22.2 1.12 0.953 0.995
33 7 8 2 0.269 0.056 16.7 20.1 1.35 0.926 0.995
34 7 8 2 0.258 0 8.79 15.1 1.72 0.818 0.995
35 7 8 9 0.209 0 0434 226 1.44 0.895 0.995
36 7 8 10 0.291 0.123 0416 235 1.01 0.949 0.995
37 7 8 4 0.269 0 101. 221 1.42 0.807 0.995
38 7 8 2 0372 0 171 18.8 1.47 0.849 0.995
39 7 8 2 0.067 0.113 8.45 13.7 1.77 0.933 0.995
40 7 8 3 0317 0.085 5.84 21.5 1.17 0.790 0.995
41 7 8 1 0 0 99.8 17.4 1.69 0.827 0.995
42 7 8 1 0.037 0 8.97 16.5 1.85 0.847 0.995
43 8 9 2 0.174 0 13.0 21.7 1.47 0.880 0.995
44 8 9 2 0.165 0 7.36 17.6 1.56 0.946 0.995
45 8 9 3 0.135 0.160 4.72 20.6 1.21 0.909 0.995
46 8 9 5 0.291 0 1.55 19.8 1.53 0.966 0.995
47 8 9 2 0.107 0.126 743 20.8 1.22 0.937 0.995
48 8 9 1 0.215 0.073 18.21 19.6 1.35 0.929 0.995
49 8 9 1 0.239 0.092 16.7 19.6 1.37 0.946 0.995
50 8 9 7 0.178 0.117 18.8 204 1.27 0.966 0.995
51 8 9 7 0.261 0.112 28.7 21.2 1.13 0.896 0.995
52 8 9 4 0.142 0 83.7 20.5 1.54 0.949 0.995
53 8 9 3 0.207 0.123 7.76 20.7 1.17 0.941 0.995
54 8 9 3 0.079 0.040 43.0 18.8 1.43 0.963 0.995
AM? All - - 0.172 0.0483 35.0 17.9 1.40 0.915 0.829
SD? All - 0.113 0.0462 41.4 297 0.173 0.0546 0.353
SEM? All - - 0.015 0.0063 5.64 0.404 0.0236 0.0074 0.048
AM?*P -b - - 0.151 0.0511 35.1 16.9 1.41 0.952 0.821
SDP -b - - 0.091 0.0419 41.2 294 0.138 0.0172 0.362
SEM2P -b - - 0.017 0.0079 7.76 0.555 0.0261 0.0033 0.068

2 LNS model variables (see Methods); those labeled without units are unitless; rational-valued entries listed are shown rounded to three significant digits. Nx = experiment
#; Np =# cell-culture passages for cells used in this experiment; i; =initial index of concentrations C; (1 <i; <13) modeled for experiment j when data were subsequently
combined over multiple experiments using Eq. (2) (see Methods, Results); R? = squared coefficient of correlation (fraction of variance explained by regression); peaqj = p-value
of chi-square goodness of fit test adjusted for n =54 independent tests (values <1010 are listed as ~0); AM = arithmetic mean; SD = standard deviation; SEM = standard error

of the mean; —=not applicable.

b Summary statistics for the subset of 28 “best-fit” plates (Plates 1, 2, 3, 4, 6, 10, 11, 12, 13, 14, 16, 17, 19, 20, 21, 25, 28, 29, 33, 39, 44, 47, 48, 49, 50, 52, 53, and 54) for

which R? > 0.91 and B > 2 (see Methods).

¢ Cell viability in a total of 4965 [=54(8x9+4x5) — 3] well measures were obtained in this study, excluding three defective measures involving C; on plate j, specifically
for: {ij}={1,30}, {5,16}, and {8,15}. For the “best-fit” subset of 28 plates, the corresponding total number of well measures is 2351.

In this model, P, is the fraction of HEKOO1 cells that appeared
to be relatively resistant (RR) to As''-induced viability reduction in
each assay conducted, P is the assumed fraction of cells appeared
to be relatively highly susceptible or hypersusceptible (HS) to As'!l-

induced viability reduction, and b is a rate constant governing
assumed 1st-order loss of HS cells exposed to As'!. In Eq. (1), In
denotes the natural logarithm, ®(z) denotes the cumulative stan-
dard normal distribution function evaluated at argument z, and z
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here involves functions of the geometric mean (GM) and geometric
standard deviation (GSD) governing assumed lognormal loss of the
remaining fraction, 1- P, —P, of As!'-exposed cells. This remaining
fraction represents those HEKOO1 cells in each assay that appeared
to exhibit an intermediate or typical-sensitivity (TS) response to
As!l! cytotoxicity—the level of sensitivity that was observed to per-
tain to most of the HEKOO1 cells examined in each assay. Eq. (1)
implies that as Cincreases, F(C) increases from F(0) = P, to a limiting
value of F(oco)=1-P.

In stage 1, the LNS model was fit to plate-specific estimates
of Cj-specific viability (PS;) by nonlinear weighted least-squares
regression (NLWLSR), using inverse variances estimated as
described above as weights [31,32], and corresponding regression-
explained fraction of total plate-specific PS; variance (R?) and
chi-square goodness of fit statistics were also calculated.

In stage 2, data were combined over all plates and modeled
as follows to characterize the dose-response relationship for As!!
cytotoxicity specifically in TS cells defined above. Estimated PS;
values for each plate j were adjusted as follows

Ps;*jj — (PS; — 100%P,)/(1 - Po — P),i =i}, ...13,j=1,...,54  (2)
to reflect conditioning on LNS-model parameter values of
P, =P=0—that is, to represent a purely lognormal (LN) model of
viability of TS cells. The initial concentration index i;>1 used for
each jth plate was calculated as Min(i) over indices i e {1,...,13}
conditional on
Ci=Fins~'(100.5(1-P}) 3)
where Fy s is the LNS model (Eq. (1)) fit to PS; estimates obtained for
plate j, and Fins~'(p) denotes the concentration predicted by this
model at viability-response level PS=100p% (0 <p <1). Condition
3 thus excludes from PSalCIJ all those points in PS; for plate j at which
the response predicted by the LNS model for this plate is likely to
be due only to HS cells. Eq. (2) and Condition 3 thus jointly imply
that models fit to each jth set of PSaclj data characterize a response
that pertains only to TS cells, and not to either HS or RR cells.
Mean values of combined plate-specific PSi;U data at each con-
centration C;, weighted by the inverse-square of its respective

standard error of the mean (SEM), were then fit numerically by
NLWLSR as described above to LN, Cubic (C), Linear-Cubic (LC), and

Table 2 i
Summary of adjusted viability data (PS?jJ )2

Hormetic-Cubic (HC) dose-response models defined by Eqs. (4)-(7),
respectively:

PSIN(C) = 100%{Fins(C)I(Po =P = 0)) (4)
PSc(C) = 100%{exp(—bC3)} (5)
PSic(C) = 100%{exp(aC —bC3)} (6)
PSun(C) = {30/d)[exp(—aC)—exp(—{a+d}C)] + 100%{exp(—bC>)} 7

These fits were obtained for the entire set of 54 plates exam-
ined, and for a subset of (28) of “best-fit” plates for each of which
a relatively predictive fit was obtained (R% > 0.91), together with
an estimate of the LNS initial-slope parameter b that was not rela-
tively small (b > 2). The latter condition served to reduce ambiguity
concerning the estimated LNS parameter P during stage 2 of data
analysis.

Assessments of PS and PS‘mlJ data normality were done by
Shapiro-Wilk tests [33], correspondmg variance homogeneity was
assessed by Bartlett’s tests [34], and p-value adjustments to corre-
sponding p,q; values that account for multiple independent tests
performed were done by Hommel’s modified Bonferroni proce-
dure [35]. Nested F-tests, yielding statistics Fyf 4, with df1 and df2°
of freedom, were used to assess the significance of improved fits
by PS;c(C) and by PSHN( C) each compared to PSc(C) [36]. To com-
pare means of PSa 4 data, parametric one-way analysis of variance
or (where mdlcated in case of unequal variances) nonparametric
Kruskal-Wallis (KW) tests were used [34,37]. All calculations were
performed using Mathematica 10.2° [32].

3. Results

MTT measures obtained for 216 blank wells had an average
(£1 SD) value of 0.000037 (4+0.0014). The eight batches of plate-
specific control measures (So) were each approximately normally
distributed with means of 0.592-0.842 and had unequal variances
(p<10~7, by Shapiro-Wilk test); the batch-specific means differed
significantly (p<10-7, by Kruskal-Wallis test). The combined 54
sets of plate-specific sets of S, measures obtained had an average
(£1 SD) value of 0.731 (£0.107), each of these sets was approxi-
mately normally distributed (p,q; >0.13), and all sets combined had
significantly unequal variances (p=0.000052) and means (p=~0,
by KW test). The latter observation justified characterizing viabil-
ity data on a plate-specific basis. Summaries of unadjusted viability
(PS) data and corresponding LNS-model fit statistics obtained for

i G (M) All plates (n=54)" Plates with R? > 0.91 and b> 2 (n=28)"
Mean (%) SEM (%) N; Padj Mean (%) SEM (%) N; Padj

1 0.25 107.2 1.85 13 0.935 108.7 1.92 6 0.910
2 0.50 108.2 2.29 28 0.930 108.6 147 16 0.910
3 1 104.2 1.61 38 0.376 104.4 1.67 22 0.061
4 2 107.4 1.69 44 0.935 105.8 1.72 26 0.910
5 3 101.7 1.74 45 0.935 99.6 1.62 26 0.910
6 4 103.1 1.65 46 0.890 100.7 141 26 0.910
7 5 96.4 1.44 50 0.935 97.2 1.28 28 0.910
8 7 94.5 1.46 51 0.041 92.7 1.56 28 0.027
9 10 88.9 1.82 53 0.935 86.2 1.99 28 0.910
10 15 55.2 2.66 54 0.935 63.4 3.67 28 0.051
11 20 36.6 2.54 54 0.935 283 3.06 28 0.910
12 25 5.21 1.50 54 0.547 3.50 1.63 28 0.910
13 30 3.40 0.79 54 0.001 3.47 0.79 28 0.062

2 Mean =weighted arithmetic mean of adjusted percent-viability data using inverse estimated variances as weights; C; =i" test concentration of As"'; SEM = standard error
of the mean; N; =# plates from which data at concentration C; were averaged (only concentrations i=i; through i=13 were included from each jth plate—see Methods and
Table 1); pagj = p-value of Shapiro-Wilk test of approximate normality of estimated weighted means, adjusted for 13 independent tests. Mean values are shown to >0.1%

accuracy or 3 significant digits, and SEM values to >0.01% accuracy.
b See Table 1.
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Viability (%)

0 5 1‘0 15 20 25 50
Arsenic Il (uM)

Fig. 1. Observed viability data (open points) and corresponding LNS-model fit
(dashed curve) for plate #4, compared to data values (solid points) that are all
adjusted to reflect this fitted model with assumed parameter values of P=P,=0
(solid curve).

each platearelisted in Table 1, based on MTT cell-viability measures
obtained for nearly 5000 control and treated wells (see Table 1,
note c). Of the 54 LNS-model fits summarized in Table 1, only
four are clearly inconsistent (pfqj < 0.01) with the modeled data
conditional on the estimated errors in estimated mean response,
but all fits nevertheless predict those mean-response patterns rea-
sonably well (0.790 <R? <0.983). Six of the variables (Np, P, Po,
B, R2, Dfitadj) defined in Table 1 exhibited no significant Pearson
product-moment correlations (p,q; > 0.20), except for a negative
association between estimates for LNS model parameters b and
P (r=-0.66, pagj = 10-7). A similar correlation pattern and similar
summary statistics for estimated parameters and LNS-model fits
were obtained for a subset of 28 “best-fit” plates (Table 1). Individ-
ual LNS-model fits to these 28 data sets appear in Supplemental
Materials.

Adjusted viability data (defined by Eq. (2)) that were com-
bined for dose-response analysis are summarized in Table 2. Fits
of LN, Cubic, LC, and HC models obtained to the complete set
of adjusted data, and to the “best-fit” data subset, are shown in
Figs. 1 and 2, respectively. Corresponding fit details and statistics
are listed in Table 3. Using data from all n=54 plates as well as
only from the 28 “best-fit” plates, approximately equal levels of
adjusted mean viability (p >0.30) occurred at the five concentra-
tions <3 uM As' examined. When combined (using either n=54
or n=28 plates), the overall mean level of relative viability at con-
centrations <3 uM As'! significantly exceeded that exhibited by
unexposed (control) cells (p < 10-6). Although the LN, Cubic, LC,and
HC models were each very predictive (R2 >0.97), none were statis-
tically consistent with the entire corresponding data set examined
(p<10~). The LC model fit to each data set contained a linear
coefficient that is positive (i.e., hormetic, which in the present con-
text, indicates increased viability with increasing concentration at
low concentrations), but not significantly so (Table 3). LC model
fits were not significantly better than corresponding Cubic-model
fits (F12,11 =0.53 and p=0.85 with n=54, F1,11 =0.18 and p=0.997
with n=28). The HC model, which also exhibits low-dose hormetic
behavior, provided the best fit to the combined data (RZ=0.995)
(Table 3), and provided a significantly better fit than the Cubic
model (Fy,10=5.62 and p=0.0051 with n=54, Fy;19=30.14 and
p=0.00081 with n=28).

4. Discussion and conclusions

The current study used a greater number of replicate plates
than in any previously reported study of in vitro As'l cytotoxi-
city and assessed cytotoxicity at many different concentrations.

Viability (%)

0 1 1 1 1 1
0 5 10 15 20 25 30

Viability (%)

0 1 L 1 1 =)
0 5 10 15 20 25 30

Arsenic lll (uM)

Fig. 2. Model fits to adjusted viability data from all 54 plates (top plot), and from 28
plates for which the LNS model yielded fits (to corresponding unadjusted data sets)
that are all relatively predictive (R2 >0.91) and have relatively steep initial slopes
(b>2—see Table 1) (bottom plot). Error bars denote +1 SEM. Fitted models shown
in each plot are: lognormal (dashed curve), cubic-hormetic (solid curve), and cubic
(dotted curve, which nearly coincides with the dashed and solid curve at C<3 uM
and C>4 pM, respectively).

Markedly variable and unexplained dose-response patterns were
observed concerning unadjusted data on HEK0O1 cell viability after
As!l exposure, The LNS model plausibly describes diverse dose-
response patterns of As!l! cytotoxicity observed for an estimated
fraction 1-P-P, of HEKOO1 cells in each test that appeared to exhibit
a typical level of resistance to As!!! cytotoxicity. Each test-specific
fraction P, of apparently highly resistant cells was estimated after
adjusting each corresponding set of viability data to exclude an esti-
mated proportion P of tested cells that appeared to be relatively
highly susceptible to cytotoxicity induced at very low As!! con-
centrations (as low as 0.25 wM). Such unexpected and unexplained
phenotypic heterogeneity in apparent ultra-low-dose sensitivity to
As'' was characterized as inter-test variation in the fraction P, esti-
mated to range from 0 to 42%, and to average approximately 17%
(Table 1). This heterogeneity challenges the hypothesis that As"
cytotoxic effects have a dose-response threshold (i.e., do not occur
atrelatively low doses), to the extent that the fractions of evidently
highly As"!-susceptible HEKO0O1 cells that were estimated to occur
in this study accurately model hypersensitive cell phenotypes that
also occur in vivo. Only if such relatively highly susceptible sub-
populations of cultured HEKOO1 cells are not relevant in vivo—for
example, if they are an unrealistic artifact of this line of cultured
cells, or of the in vitro cell culture conditions used—would the good
fits obtained in this study by the LNS model to adjusted HEK0O1
cell-viability data provide evidence consistent with a threshold-like
dose-response for As!!! cytotoxicity, conditional on the assumption
that P=0 under biologically relevant conditions in vivo. In contrast,
patterns of As''-induced cell toxicity observed in this study indi-
cate that As'! is cytotoxic to a relatively small and relatively highly
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Table 3 )
Model fits to adjusted viability data (PS?;J )2
Model Plates included® Parameter Estimate SE P-o0 R? Pit
LN 54 GM 15.77 0.705 <1079 0.979 ~0
GSD 1.435 0.061 ~0
LN 28 GM 15.30 0.860 <108 0.977 ~0
GSD 1.442 0.070 ~0
Cubic 54 b (x10%) 1.500 0.154 <108 0.983 ~0
28 b (x10%) 1.612 0.208 <10-° 0.986 ~0
LC 54 a(x10%) 2.889 3.93 0.48 0.983 ~0
b (x10%) 1.603 0.218 10>
28 a(x10%) 1.695 4.20 0.69 0.986 ~0
b (x10%) 1.681 0.280 <104
HC 54 a 1.207 8.99 0.90 0.992 <10-°
d 0.1678 189 0.99
b (x10%) 1.502 0.116 107
28 a 1.053 1.69 0.55 0.995 0.0008
d 0.7963 424 0.19
b (x10%) 1.681 0.116 <106

@ Models LN, Cubic, LC, and HC are defined by Equations 4-7, respectively (Methods). those labeled without units are unitless. SE = standard error; po = p-value from a t-test
of the null hypotheses that the parameter value is zero (values <10~ are listed as ~0); R% = squared coefficient of correlation (fraction of variance explained by regression);
Pse = p-value of chi-square goodness of fit test. Parameter and SE estimates are rounded to 4 and at least 3 significant digits, respectively.

b See Table 2.

sensitive subset of HEK0O1 cells in approximate linear proportion
to the As'!! concentration (consistent with slope parameter b in Eq.
(1)). To the extent that “typical-sensitivity” HEKOO1 cells posited by
the LNS model do exist, data obtained in this study do not provide
evidence that low concentrations of As!!l are toxic to these cells
in linear proportion to As'! concentration. Consequently, results
obtained in this study are novel and interesting, and merit further
study to address the question of whether and to what extent sub-
populations of cells that are relatively highly sensitive to As'! (in
contrast to cells that exhibit more typical levels of sensitivity to
As!ll exist in other cell lines and in vivo.

One possible explanation for the substantial variability in esti-
mated values of Pobtained in this study is that variation in values of
P, as well as our observation of statistically significantly increased
adjusted viability in the (presumptive) remainder of “typical-
sensitivity” cells exposed to <3 vs. 0 wM As!ll, was due to karyotypic
heterogeneity present in the cell line. The cell line was derived
originally from cells from the scalp of a 65-year-old male [28] that
were transfected with a plasmid p1321 containing human papillo-
mavirus (HPV) 16 E6 and E7 genes, which may have resulted in the
heterogeneity of the karyotype. Alternatively, the observed hetero-
geneity might be a result of cell passages, or possibly to artifacts of
variable aspects of in vitro testing such as plating-induced damage
to a fraction (P) of plated HEKOO1 cells. Additional experiments will
be required to determine the cause of substantial variation in the
apparent value of P that was observed in this study.

Ideally, a detailed study of this type would be repeated using
multiple cell lines and multiple viability and viability assay meth-
odsin parallel, despite the fact that low-concentration As!-induced
cytotoxicity is well known to involve induction of apoptotic path-
ways [38-42].Even using a single cell line and a single assay method
for reasons of practical feasibility for a first study conducted at
this level of detail, the study design was quite expensive and very
labor intensive. Nevertheless, results from this study represent a
monumental effort that clearly yielded interesting and unexpected
results. Future studies can extend this approach to additional cell
lines and assay methods.
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