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TOWARD A BETTER UNDERSTANDING OF PESTICIDE DERMAL
ABSORPTION: DIFFUSION MODEL ANALYSIS OF PARATHION
ABSORPTION IN VITRO AND IN VIVO

Matthew A. Miller, Gerald B. Kasting

James L. Winkle College of Pharmacy, University of Cincinnati Academic Health Center,
Cincinnati, Ohio, USA

Human skin absorption of radiolabeled parathion was studied in vitro at specific doses (mass
loadings) of 0.4, 4.0, 41, or 117 pg/cm?, with and without occlusion. The compound was
applied in small volumes of acetone solution to split-thickness skin. Permeation of radiolabel
into the receptor solutions was monitored for 76 h, after which the tissue was dissected and
analyzed for residual radioactivity. For the 3 lower doses, cumulative permeation after 76 h
was approximately dose-proportional, ranging from 28.5-30.5% of applied dose (unoc-
cluded) to 45.5-55.7% (occluded). Total absorption, calculated as receptor fluid plus dermis
content, followed a similar pattern. Both permeation rate and total absorption continued to
increase up to the highest dose tested, consistent with results from other laboratories. These
results are compared with predictions from a previously developed skin diffusion model
(Kasting et al., 2008a). The model predicted total absorption to within a factor of 1.4 at 0.4
pg/cm? and 1.6 at 4 pg/cm?, but substantially underpredicted absorption at the 2 higher
doses. The analysis showed that parathion partitioned more favorably into the stratum cor-
neum than the diffusion model prediction. Nevertheless, comparison of the model predic-
tions to a previously reported human study showed that the skin absorption model, when
corrected for surface losses occurring in vivo, satisfactorily described in vivo dermal absorp-

tion of parathion applied at 4 ug/cm? to various body sites.

The skin absorption of parathion (O,O-
diethyl-O-4-nitrophenyl phosphorothioate, CAS
number 56-38-2) has been extensively studied
in humans (Maibach et al., 1971; Feldmann &
Maibach, 1974; Maibach & Feldmann, 1974)
and a variety of other species in vivo (Bucks et
al., 1990; Qiao et al., 1993, 1994; Qiao &
Riviere, 1995; Reifenrath & Hawkins, 1986;
Reifenrath et al., 1991; Shah & Guthrie, 1983;
Van der Merwe et al.,, 2006) and in vitro
(Bartek & LaBudde, 1975; Chang & Riviere,
1991, 1993; Chang et al., 1994; Hawkins &
Reifenrath, 1984; Moody et al, 2007;
Reifenrath, 1995; Reifenrath & Hawkins, 1986;
Reifenrath et al., 1991; van der Merwe &
Riviere, 2005). Parathion is of interest not only
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as a pesticide, but also as a surrogate for organ-
ophosphorus nerve agents (Moody et al.,
2007; Wester et al., 2000). These results were
recently reviewed in this journal in the context
of new in vitro absorption measurements made
by Moody and coworkers (2007). This highly
lipophilic pesticide penetrates skin well, occa-
sional low in vitro permeation results notwith-
standing (Hawkins & Reifenrath, 1984). The
Reifenrath et al. (1991) assessment that these
low values were due to poor clearance from
full-thickness dermis is in accord with current
thinking about methodology for studying skin
absorption of highly lipophilic compounds
(OECD, 2004). Most in vitro studies overpre-
dict human in vivo absorption of parathion
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from the volar forearm (Maibach et al., 1971;
Feldmann & Maibach, 1974), but not that from
many other body sites (Maibach et al., 1971).
The factors leading to these differences are not
completely understood.

The needs remain to reconcile the various
experimental measurements of parathion skin
absorption and to extrapolate these laboriously
obtained results to other chemicals and expo-
sure conditions. Mathematical models provide
a means to this end. A systemic pharmacoki-
netic model for topical and intravenous admin-
istration of parathion to pigs was developed
that provided a framework for the cutaneous
and systemic metabolism of this compound
(Qiao & Riviere, 1995; Qiao et al., 1994).
More recently, the same group presented a
physiologically based pharmacokinetic (PBPK)
model for dermal absorption of three organo-
phosphorus  pesticides including parathion
through porcine skin in vitro that included
details of stratum corneum (SC) structure rele-
vant to a presumed tortuous lipid absorption
pathway (Van der Merwe et al., 2006). A
drawback of this model is that some parame-
ters, e.g., the mass transfer factor MTf, were
estimated from data without a theoretical
basis. The model has not, to our knowledge,
been successfully applied to predict or inter-
pret human skin absorption. A diffusion/evapo-
ration model was developed for chemical
disposition on skin based on detailed SC
(Nitsche et al., 2006; Wang et al., 2006, 2007)
and dermis (Kretsos & Kasting, 2007; Kretsos et
al., 2008) microstructure that shows promise
for predicting pesticide absorption (Bhatt et al.,
2008; Kasting et al., 2008a); however, its use
to date has been largely confined to analyzing
in vitro skin absorption studies. In this report a
new in vitro human skin permeation study with
parathion designed to test the dose depen-
dence and effect of occlusion on absorption is
presented. The results are compared with
those obtained in other laboratories (Chang &
Riviere, 1993; Moody et al., 2007; Reifenrath
etal., 1991) and analyzed in terms of the
diffusion/evaporation model. Finally, model
predictions are compared to human in vivo
absorption of parathion applied in acetone at a

dose of 4 ug/cm? to various body sites (Maibach
et al., 1971). A case is made that the diffusion
model, when run in a manner that incorporates
surface losses commonly encountered in occu-
pational exposures, satisfactorily represents the
absorption rates inferred from this study.

MATERIALS AND METHODS

Materials

Parathion, [ring-"*C(U)] labeled (80 mCi/
mmol; 0.1 mCi/ml), was purchased from
American Radiolabeled Chemicals (St. Louis,
MO). The radiochemical purity was stated by
the manufacturer to be 99%. A specific activity
this high indicates that some of the molecules
were double-labeled (single-label limit is 62.3
mCi/mmol). All experiments were done within 2
mo of receiving the radiochemical. Unlabeled
parathion was purchased from Sigma-Aldrich
(St. Louis, MO). The purity was estimated by the
manufacturer to be 98.8% by high-performance
liquid chromatography (HPLC). Calcium-free
Dulbecco’s phosphate-buffered saline was
obtained from Sigma-Aldrich (St. Louis, MO).
Pesticide-grade acetone was purchased from
Fisher Scientific (Pittsburgh, PA). Split-thickness
human cadaver skin from the posterior torso
(2 donors) and anterior leg (1 donor), having a
nominal thickness of 400 um, was procured
from the New York Firefighters Skin Bank. The
skin was preserved in RPMI 1640 with 10%
glycerol, oxacillin sodium, and gentamicin and
kept at —70°C until use.

Skin Permeation Study

Excised split-thickness human cadaver skin
was mounted on modified Franz diffusion cells
(Merritt & Cooper, 1984). A skin integrity test
was performed with *H,O as described in Kast-
ing et al. (1994). The median cumulative
amounts of *H,O collected in the receptor
compartment after 1 h of accepted cells in the
integrity test were 0.70, 0.32, and 1.39 pl/cm?
for the 3 donor skins, and the average value
over all cells was 0.87 ul/cm?. Cells in which
greater than 2 pl/cm? *H,O was absorbed were
rejected. Test conditions were as previously
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described (Bhatt et al., 2008) with the follow-
ing modifications/clarifications: The receptor
solution was Dulbecco’s phosphate-buffered
saline (pH 7.4) with 0.02% sodium azide w/v
added as a preservative. The surfactant used in
Bhatt et al. (2008) was not included in the
receptor solution; nor was bovine serum albu-
min, because the water solubility of parathion
is greater than 10 ug/ml, a condition that leads
to acceptable in vitro results with saline receptor
solutions (Bronaugh & Stewart, 1984; Kasting
et al., 1997). The exterior of the ground glass
joint holding the skin was sealed with Parafilm.
Radiolabeled parathion solutions in acetone
(5wl and 0.1 pCi per 0.79-cm? cell) were
applied to the skin following an overnight
equilibration, yielding average doses of 0.4, 4,
41, or 117 pg/cm?®. Each dose was studied
under occluded and unoccluded conditions,
yielding a total of eight treatments. Occlusion
was achieved by covering the top of the donor
chamber with aluminum foil and a glass cap,
which were placed over the top within 30 s
after dosing and held securely with a rubber
band. Under these conditions most of the ace-
tone evaporated from the skin surface prior to
application of the occlusive covering, based on
measurements made in our laboratory (Ray
Chaudhuri et al., 2009; R. Gajjar, personal
communication). The skin was obtained from
three donors with two to five replicates per
donor for each treatment. Each treatment was
studied on at least 10 skin samples.

Cells and the thermostatted blocks were
placed in a fume hood with the sash raised to
18 inches. The entire receptor solution (4.5 ml)
was collected at 2, 4, 9, 24, 32, 54, or 76 h
post dose. At this point the skin was dissected
to obtain epidermis and dermal samples, and
the part of the skin (both epidermis and der-
mis) that was pressed in the ground glass joint
was cut away from the rest. Each of these three
portions was then dissolved separately in 2 ml
Soluene. The diffusion cells were rinsed with
approximately 1.5 ml acetone and the wash
was collected in a separate vial. Parafilm and
aluminum foil were also collected in individual
vials. All samples were analyzed by liquid scin-
tillation counting (LSC). Tissue analyses were
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corrected for recovery of a known dose of
["*Clparathion applied to control samples. The
correction factors were 1.6, 1.4, and 1.2 for
epidermis, dermis, and joint, respectively.
Data so obtained were averaged for each treat-
ment for each donor and then averaged across
donors to obtain the reported results.

Uptake/Desorption Study

A study of the equilibrium uptake of
["*Clparathion from aqueous solution into iso-
lated human SC followed by a desorption time
course was conducted as described in Kasting
et al. (2005). The study employed five samples
of SC from one surgical skin donor prepared by
heat separation followed by trypsinization. SC
samples were immersed for 24 h in the same
buffer solution used in the permeation studies
but initially containing 6.9 ug/ml of parathion
spiked with 0.17 uCi/ml of ["*C]parathion. The
equilibrium concentrations of parathion in the
uptake solution were about 2 pg/ml. Samples
were then sequentially desorbed into fresh
buffer solution for 4 d. The SC was then dis-
solved with Solvable for 2 h at 65°C. Residual
levels of radioactivity in the tissue were mea-
sured. Analysis of these data according to
homogeneous membrane theory (Kasting et
al., 2005) allowed an independent determina-
tion of diffusivity D,. and partition coefficient
K. for parathion in fully hydrated human SC.
In this analysis D, was determined from the
linear portion of a plot of amount desorbed
versus the square root of time, and K. was esti-
mated from the ratio of desorbable radioactivity
levels in the tissue to those in the uptake solu-
tion. Thus, parathion that was bound to the
tissue in an irreversible or slowly reversible
manner was not included in the calculation.

Data Analysis

Cumulative absorption data from all per-
meation experiments were analyzed using the
numerical methods and diffusion/evaporation
model described in Kasting et al. (2008a). A
brief introduction to this model is presented in
the Appendix. Physical properties of parathion
relevant to this calculation were taken from the
literature. Particular attention was paid to
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vapor pressure, P, which is the most impor-
tant determinate of volatility from skin. Log P,
values at various temperatures from different
sources were plotted versus the reciprocal of
absolute temperature, and the value at 32°C
(skin temperature) was determined by linear
regression. A linear plot is anticipated based on
the Antoine equation with a constant heat of
vaporization. Occluded and unoccluded skin
permeation data sets were analyzed sepa-
rately, but several of the parameters were
shared. Each data set had 36 observations, cor-
responding to 7 receptor solution sampling
times and 2 tissue samples (epidermis, dermis)
at each of 4 doses. Parafilm and joint counts
were included as amounts in the epidermis.
Several model variations were considered,
three of which are reported here. Model 1
employed the parameters given in Kasting et al.
(2008a) with no adjustments. These calculations
did not rely on the new parathion data and
may thus be considered an a priori estimate or
prediction. Model 2 represented an equal
weighted, least-squares fit to the cumulative
permeation data and tissue concentrations at all
four doses in which two model parameters—
stratum corneum diffusivity, D, and stratum
corneum/water partition coefficient, K, —were
optimized. D, and K, were fitted separately to
the data for occluded and unoccluded samples.
Model 3 was similar to model 1, except that K .
was optimized separately at each dose and
occlusion condition. This was done to test the
hypothesis that large doses of parathion
increased its effective partition coefficient in
the SC. In addition to the preceding descrip-
tions, models 2 and 3 included a first-order
clearance constant in the dermis, k., that
accounted for binding of radiolabel to the tis-
sue. The optimum value of k,, was determined
to be approximately 3 x 107/s independent of
the model used. This parameter has the same
mathematical effect as does the capillary clear-
ance in other accounts of this model (Kasting et
al., 2008a), but the interpretation of the first-
order loss in this case is binding to the tissue
rather than systemic uptake. An identical bind-
ing constant, k.4 = kg, was assumed in the via-
ble epidermis although the model was not

sensitive to this parameter. These values were
used in all the model 2 and 3 calculations. The
rationale for these choices is described later.

RESULTS

Parathion Physical Properties

Physical properties relevant to the diffusion
model calculation are shown in Table 1. The
analysis leading to the selected value of P, =
2.5 x 107 torr at 32°C is shown in Figure 1. A
least squares fit to these data yielded

logP,, =—4.38(1000/T)+9.75
293K < T < 318K (1)
n=10;s=0.099;r* =0.95

where P, is vapor pressure in torr and T is the
temperature in Kelvin. The root mean square
departure of the reported vapor pressures from
Eg. (1) is 26% and the maximum deviation is
52%. Thus, it is postulated that Eq. (1) predicts
parathion vapor pressure to within about 25%
over the temperature range of interest for
dermal studies (20-45°C).

TABLE 1. Physical and Environmental Properties of Parathion at
32°C and Standard Pressure

Parameter Units Value Reference
Mw g/mol 291.26
ra g/lcm? 1.27° ChemGold MSDS¢
log K, 3.83 EpiSuite®
Py torr 2.5%107°8 Figure 1
Sy g/L 0.011’ EpiSuite®
mp/ °C 6.1 EpiSuite®
bp* °C 375 EpiSuite®
‘Density.

bValue at 25°C.

“Integrated Chemical Management Solutions (2009).

dOctanol/water partition coefficient.

°U.S. EPA (2009).

Vapor pressure.

8Estimated as described in text.

"Water solubility.

'Value at 20°C unchanged by temperature correction based
on ideal solubility theory.

/Melting point.

“Boiling point.
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Skin Permeation Study

The mass balance on radioactivity 76 h
after application of [*Clparathion to human
skin in vitro is shown in Table 2. Cumulative
permeation into the receptor solution ranged
from 19 to 31% of the applied dose in unoc-
cluded cells and from 31 to 56% in occluded
cells. An appreciable amount of radioactivity

10

Pypx 10°, torr

310 315 320 3.25 3.30 3.35 3.40 3.45
1000/T,K

FIGURE 1. Reported vapor pressures of parathion over the tem-
perature range 20 to 45°C: ( (Kim et al., 1984); ( (Agricultural
Research Service, 2009); (Ngeh-Ngwainbi et al., 1986); ( EpiSuite
(U.S. EPA, 2009). The solid line corresponds to Eq. (1) in the text.
The dashed line shows the calculated vapor pressure at 32°C.
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was recovered from the epidermis and (for the
donor that had the greatest thickness) the
dermis, suggesting a long residence time of
parathion in the skin layers. About 5% of the
dose was trapped between the ground glass
joints for all treatments. Parathion levels in the
epidermis and dermis were about threefold
higher in the occluded cells than the unoc-
cluded cells for all but the highest dose, where
the differences were smaller (epidermis) or
nonexistent (dermis).

The mean appearance of radioactivity
associated with parathion in the receptor solu-
tions as a function of time and dose is listed in
Table 3. Cumulative plots of these data,
expressed in micrograms per square centime-
ter, are shown in Figure 2. The maximum per-
meation rate was achieved between 4 and 24
h post dose for all treatments except for the
highest dose, for which the maximum flux was
reached on the second day. The permeation
rate for the latter case remained fairly constant for
the 3-d duration of the experiment (Figure 2, g
and h). At a given dose, the cumulative perme-
ation of parathion from occluded treatments
was on average 1.7-fold higher than that for
the corresponding unoccluded  treatments

TABLE 2. Disposition of Radioactivity (Percent Dose) Associated With ['*ClParathion 76 h After Application to Human Skin In Vitro

Mean dose 0.4 pg/cm?

Mean dose 4.0 pg/cm?

Mean dose 41 pug/cm? Mean dose 117 pg/cm?

Application Unoccluded Occluded  Unoccluded Occluded  Unoccluded Occluded  Unoccluded Occluded

In/on skin
Foil® NA 0.5+0.2 NA 0.5%0.1 NA 1.5%£0.2 NA 0.8+0.2
Wash? 1.3£0.2 59+£1.0 21+04 6.8£19 3.1£05 9.5+£26 119£25 16.1+2.1
Parafilm® 0.0x0.0 0.2+0.1 0.1£0.0 0.1+0.0 0.2%0.1 0.1+0.1 0.0+0.0 0.1+0.0
Joint? 3.1+0.7 8216 73£15 57206 3.0%1.2 6.2+19 39%0.2 4.8+£0.8
Epidermisf 5.7%£0.6 18623 45%£04 21005 7.7+x1.4 244+t16 204£29 326+2.8
Dermis 1.4+£1.1 5039 13+04 43+£26 24%1.1 75+t34 4937 42+24

Absorbed
Receptor fluid 28.5+3.7 52.2+9.2 30.5+4.4 55.7+6.4 29.6+t4.0 455147 19.4%2.6 31.0+1.8
Total absorbed 29.9+4.2 57.2+8.5 31.8+4.1 60.0£53 32.1+44 53.0+x4.2 24349 35.2+3.6
Potentially absorbed  38.8 3.7 84.2+£6.8 43.7£1.0 86.8t4.7 43958 83.6%£2.2 48.71£6.8 72.7+1.3
Total recovery 40.1+£3.5 90.7+4.9 45.8+£2.7 94.0+3.8 46.0£5.3 94.7£0.6 60.6%6.8 89.6x£3.4
Missing 59.9+3.5 9.3%£49 542%27 50£3.8 53.0%£53 531206 39.4+£6.38 10.4+3.4

Note. Values are expressed as the percent of dose applied (mean % SE of 3 donors, n = 2-5/donor).

2Foil, amounts found on the occlusive foil.
Wash, amounts found in washes of the Franz cell tops.

“‘Amounts found on the parafilm wrapped around the outside of the ground glass joint.

9

oint, amounts found in the skin that was between the ground glass joints of the Franz cell.

The epidermis was separated from the dermis using forceps and dissolved with a tissue solubilizer.
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TABLE 3. Appearance of Radioactivity in the Receptor Solution for the [**C]Parathion Skin Disposition Study Reported in Table 2 (Mean

of 3 donors, n = 2-5/Donor)

Percent of dose

Dose, ].lg/cm2 0-2 h 2-4 h 4-9h 9-24 h 24-32 h 32-54 h 54-76 h
Unoccluded
0.4 0.69 1.38 4.19 9.64 4.02 5.49 3.06
4.0 0.90 1.73 4.83 10.58 4.12 5.40 2.91
40 0.45 0.96 3.21 9.28 4.26 6.77 4.70
120 0.21 0.40 1.18 417 2.20 5.84 5.43
Occluded
0.4 1.02 1.65 5.58 15.11 717 12.36 9.33
4.0 1.28 2.16 5.86 15.73 7.24 13.11 10.31
40 0.63 1.22 3.69 11.72 6.13 11.79 10.35
120 0.63 0.88 2.23 6.87 3.43 8.52 8.47

(range 1.5-1.8). Permeation was approximately
dose-proportional for the lower three doses
(0.4, 4, and 41 pg/cm?) and still increased for
the highest dose (117 pg/cm?), but at a lower
rate.

Figures 2 and 3 show the calculations from
skin diffusion models 1, 2, and 3. The parame-
ters associated with each calculation are shown
in Tables 4, 5, and 6. Model 1, the a priori
calculation, worked best in the case of low
doses. It accurately predicted overall perme-
ation for the occluded samples (Figure 2, b and
d) and underpredicted it for unoccluded sam-
ples (Figure 2, a and c). However, it overesti-
mated the initial permeation rates in both
cases. In both cases it underestimated the
residual amounts of parathion in tissue at 76 h
(Figure 3). At the two higher doses, model 1
significantly underestimated the permeation
rates for both unoccluded and occluded skin
samples (Figures 2e-2h), as well as the residual
amounts in the tissue (Figure 3). The discrep-
ancy of model 1 from the data was greatest at
the 117-ug/cm? dose. The pattern of departure
of the model predictions from the data might
be understood on the basis of the interplay of
dose and the capacity of the upper stratum
corneum for the permeant, as shown later.

Model 2 represented a fit to the data in
which parathion diffusivity D, and partition
coefficient K, in the stratum corneum were
allowed to vary, and the first-order loss con-
stants kg, and k.4 in the dermis and viable epi-
dermis were included. It can be seen from

Figures 2 and 3 that this model reasonably
approximated both the parathion permeation
data and the tissue concentration data under
all conditions tested. This was accomplished by
means of a small (<2-fold) reduction in D,
and a large (>30-fold) increase in K. for both
occluded and unoccluded samples. The rise in
K,. means that the model estimates of the satu-
ration concentration of parathion in the SC,
C,v and the dose required to saturate the
upper SC, M, were increased by the same
factor (cf. Appendix equations A-1 and A-2).
This implies that the solubility of parathion in
the SC was much higher than the model 1
prediction.

Further analysis showed that the small but
systematic departure of model 2 permeation
rates from the observed values for unoccluded
samples (Figure 2) might be eliminated by
upwardly adjusting the evaporation mass trans-
fer coefficient k,. The optimum fit was
obtained using a k, value of 1859 cm/h, about
2.5-fold higher than the default value for unoc-
cluded samples of 738 cm/h. Such a change
leads to a 13-fold reduction in the normal-
ized sum of squared residuals, SSR,, versus
the model 2 value, with little or no impact
on the values of D, and K. It is worth not-
ing that the higher evaporation rate pre-
dicted by this fit cannot at present be
justified, given the previous calibration work
done on this parameter (Bhatt et al., 2008;
Kasting et al., 2008a) and the vapor pressure
data in Figure 1.
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FIGURE 2. Cumulative permeation of radioactivity (mean + SE)
associated with [”C]parathion through unoccluded (O) and
occluded (@) human skin in vitro for the study reported in Table
2. The dashed lines represent the a priori diffusion/evaporation
model (model 1). The solid lines represent a two-parameter
least-squares fit to the data (model 2). The dotted lines represent
a least-squares fit to the data employing the model 1 value for
diffusivity (D,) and a partition coefficient (K, that was optimized
separately at each dose (model 3). (a, b) 0.4 ug/cmz; (c, d) 4.0
ug/em?; (e, ) 41 pg/em?; (g, h) 117 pg/em?.

It was evident from the preceding analysis
that the departures of the a priori (model 1)
predictions from the experimental permeation
data in Figure 2 increased with the dose
applied. A scenario was considered in which
parathion impacted its own permeation in a
positive manner. The shape of the permeation
profiles, combined with precedent from the

M. A. MILLER AND G. B. KASTING

chemical enhancer literature (Kim et al., 1992;
Yamashita et al., 1993), suggested that the
primary transport parameter impacted by the
dose was the SC/water partition coefficient K.
Consequently a model was constructed, desig-
nated as model 3, that derived from model 1
except that a nonzero clearance constant in
the dermis and viable epidermis, kg, = k.q = 3
x 107°/s, was included (as in model 2) and K
was optimized separately for each dose and
occlusion condition. Results are shown in
Figures 2—4. Under these constraints, K. was
found to increase markedly with dose for the
unoccluded samples, but not for the occluded
samples (Figure 4). This analysis represents a
departure from our previous treatments of
chemical penetration enhancement, in which
the parameter influenced by dose was D, the
diffusivity of the permeant in the SC (Kasting et
al., 2008a; Miller etal., 2006). The analysis
indicated that a high-quality fit could be
obtained by this approach, and the K, value
for the lowest dose of parathion applied to
unoccluded samples approached the model 1
value.

To address the possible concern that par-
athion permeation and tissue concentration
data in Figures 2 and 3 emphasize long expo-
sure periods uncommon in the workplace, a
plot was constructed of the cumulative perme-
ation 9 h post dose versus the predictions from
models 1 and 2 at this time. Results are shown
in Figure 5. Further shown on this plot are data
from Chang and Riviere (1993) showing par-
athion permeation through excised pig skin
after 8 h. Both sets of experiments and the
model calculations indicate a rapid fall in per-
cent permeation with dose for doses greater
than a threshold value that ranges from about
1 to 40 pg/cm?. The experimental data from
the present study (open and closed circles)
have a higher threshold dose than do the
model 1 predictions. This is reflected in the
model 2 (fitted) calculation. Interestingly,
model 1 matches the pig skin data (Chang &
Riviere, 1993) quite closely.

Finally, a plot of model 1 and model 2
dermal absorption predictions was constructed
with several removal scenarios versus urinary
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TABLE 4. Model Parameters for Calculation of ['*C]Parathion Permeation Through Unoccluded
Human Skin In Vitro

Parameter Units Model 1 Model 2 Model 3
Stratum corneum

D,. cm?s™ [2.72x 107" 1.52x 107" [2.72 x 107"

K. — [94.9] 3493 see Figure 5
Viable epidermis/dermis

Ko K s 0] [3.0x 107 3.0x107°°¢
Derived parameters

h /D, h 18 33 18

Con mg/cm? 1.04 38.4 Varies

M, pg/cm? 0.14 5.14 Varies

k, cm/h 0.006 0.056 Varies

X — 3.69 0.18 Varies
Statistics

n 36 36 36

s % dose 13.9 6.7 6.1

r — — 0.57 0.68

SSR@ (% dose)? 194 45 37

Note. Formulas for all parameters may be found in Bhatt et al. (2008). Parameters that do not vary
between models are reported in Table 6.

“Brackets denote that a parameter value was fixed rather than optimized.

bFirst-order clearance constants accounting for binding of permeant to the viable tissues.

“Value optimized over both occluded and unoccluded data.

9Sum of squared residuals normalized by degrees of freedom; equivalent to Xo in Kasting et al.
(2008a).

TABLE 5. Model Parameters for Calculation of ['*C]Parathion Absorption Through Occluded Human

Skin In Vitro
Parameter Units Model 1 Model 2 Model 3
Stratum corneum

D, cm?s™! [7.07 x 107192 412 %107 [7.07 x 10719

K. - [33] 1061 see Figure 5
Viable epidermis/dermis

Koy kgl s’ [0] [3.0x 1079 3.0x107°°¢
Derived parameters

h /D, h 7 13 7

Con mg/cm? 0.37 11.67 Varies

M, pg/cm? 0.16 5.06 Varies

kp cm/h 0.016 0.074 Varies

% — 0.37 0.02 Varies
Statistics

n? 36 36 36

s % dose 20.5 3.6 2.0

r — — 0.96 0.99

SSR,? (% dose)? 420 13 4

Note. Formulas for the transport parameters may be found in Bhatt et al. (2008). Parameters that do
not vary between models are reported in Table 6.

?Brackets denote that a parameter value was fixed rather than optimized.

PFirst-order clearance constants accounting for binding of permeant to the viable tissues.

“Value optimized over both occluded and unoccluded data.

9Sum of squared residuals normalized by degrees of freedom; equivalent to X, in Kasting et al.
(2008a).
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TABLE 6. A Priori (Model 1) Parameters for Parathion in the Skin
Diffusion Model

Parameter Units Unoccluded Occluded
Stratum corneum

D, cm?s™ 2.7 x107" 7.1%x107"°

K. — 94.9 33

h um 13.4 43.4

Paep um 1.34 4.34
Viable epidermis

Doy cm? s 1.08 x 1077

Ky — 9.59

heq um 100

ke s 0
Dermis

Dyge cm? s 1.08 x 107

K. — 9.59

hye pum 300

Kye s 0°
Environmental factors

T 32 32

u m/s 0.72 0.14

k cm/h 738 207

8

Note. Formulas for the transport parameters may be found in
Bhatt et al. (2008) or Nitsche and Kasting (2008).

“In vitro value. The value of k. is nonzero for an in vivo simu-
lation involving capillary clearance.

||E== Model 1 a)
Model 2
60 -|| I Model 3

Percent of Dose

04 4 41 17
Dose, pug/cm

FIGURE 3. Tissue levels of parathion 76 h post dose. The exper-
imental data from Table 2 are shown in comparison to the pre-
dictions from models 1-3. Model parameters are given in Tables
4 and 5. Missing bars reflect percent of dose values close to zero.
(a) Epidermis, unoccluded; (b) epidermis, occluded; (c) dermis,
unoccluded; (d) dermis, occluded.
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Dose, ug/cm?

FIGURE 4. Values of SC/water partition coefficient for parathion
associated with model 3, Tables 4 and 5; O unoccluded; @
occluded. The lines are a guide to the eye.

% of Dose Permeated

0.1 1 10 100 1000
Dose, ug/cm?

FIGURE 5. Effect of dose and occlusion on in vitro permeation
of radioactivity associated with ['*Clparathion through human
skin (circles, 9 h post dose) and pig skin (triangles, 8 h post dose):
(@) unoccluded; (b) occluded. Human skin data are from the
present study; pig skin data are from Chang and Riviere (1993).
The dashed lines are the predictions for human skin from model
1 and the solid lines are those for model 2 (see Tables 4 and 5).

excretion rates of radioactivity following
["*Clparathion application at 4 pg/cm? to various
body sites of human volunteers (Maibach
etal., 1971). Results are shown in Figure 6 and
discussed later.
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S R o Forearm
4 1 . Abdomen
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P Fossa cubitalis
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""" & Scrotum

— — — Model 1 No wash
Model 18 No wash
K ———-  Model 1 outdoors
14 N Model 2
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N
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FIGURE 6. Parathion absorption rates calculated from computa-
tional model assuming a 4-ug/cm? dose of parathion applied in
acetone (unoccluded), plotted versus urinary excretion rate of
radioactivity for the same dose of ['*Clparathion in humans
applied to various body sites (Maibach et al., 1971). The urinary
excretion data were corrected for incomplete elimination as
described in Feldmann and Maibach (1974). The parameters
used in the calculation were those in Table 4 (models 1 and 2)
with the exception of the wind velocity and wash scenario,
which were varied as described in the text.

Uptake/Desorption Study

The time course for ["*C]parathion desorp-
tion from isolated human SC was satisfactorily
described by a homogeneous membrane
model (data not shown). More than 96% of
the radioactivity taken up by the SC samples
desorbed from the tissue in the second phase
of the study. Analysis of the data (mean * SE of
5 samples) yielded D,. = (4.1 £ 0.9) x 107'°
cm?/s and K, = 66 + 9. The former value
closely matched the value D = 4.12 x 107"°
cm?/s estimated from the permeation data for
occluded skin (Table 5, model 2). Both of
these numbers were within a factor of 2 of the
a priori value of 7.07 x 107'° cm?/s (Table 5,
model 1). On the other hand, the K, value
determined from equilibrium uptake was closer
to the model 1 value (33) than the model 2
value (1061). Data further reinforces the finding
that transport results for organophosphorus
compounds obtained or predicted from dilute
aqueous solution experiments (uptake/desorp-
tion study and model 1) do not always predict
the results of concentrated solutions applied to
the skin (Figure 1 and model 2).

DISCUSSION

Parathion absorption through human skin
appears to be a slow process, stretching over
days. In a diffusion cell with no removal pro-
cess other than gradual evaporation, a large
proportion of the compound is eventually
absorbed (Table 2); in vivo this is not usually
the case (Maibach et al., 1971; Figure 6). A
considerable amount of applied material binds
to the tissue in a manner that is either irrevers-
ible or slowly reversible. These statements fol-
low from the continuous appearance of
radioactivity in the receptor solution following
topical application of ['*Clparathion for at least
76 h (Table 3 and Figure 2) and from the
appreciable tissue levels remaining after 76 h
from all 4 doses (Table 2). The tissue binding is
consistent with results reported by others
(Moody et al., 2007). The findings also support
the interpretation that SC acts like a “sink”
rather than an impermeable barrier for pesti-
cides (Wester & Maibach, 1985). The recovery
of radioactivity was substantially higher for the
occluded samples relative to unoccluded. Only
about 5-10% of the dose remained unac-
counted for in the occluded case. The addi-
tional missing material in the unoccluded
samples was presumed to have evaporated
from the skin.

Despite the prolonged absorption profile,
lag times for absorption through skin appear to
be less than 1 h for the 2 lower doses and 0.5—
2.5 h for the 2 higher doses. These are consis-
tent with the predicted lag times from models
1 and 3 (1-3 h), but lower than those from
model 2 (2.3-4 h). The relatively short lag
times may also reflect transport through the SC
by way of a secondary pathway with a low
capacity and high diffusion coefficient, such as
a hair follicle. Accumulation of parathion in
hair follicles was first noted by Fredriksson
(1961) and may account for a significant frac-
tion of the tissue binding of radioactivity noted
in Table 2. Hair follicles are not explicitly
accounted for in the present diffusion model,
model 1. The inclusion of non-zero epidermis
and dermis clearance constants k.4 and kg, in
models 2 and 3 allowed for accumulation of
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compound in the lower skin layers and may be
thought of as a way of representing binding to
hair follicles, albeit in a spatially averaged or
distributed manner.

Occlusion Effect

Occluded cells yielded, on average, 1.7-
fold higher absorption of parathion than did
unoccluded cells based on either receptor fluid
accumulation or total absorption (Table 2). Fig-
ure 5 shows a comparison of these data with
the hydration study results of Chang and
Riviere (1993) in pig skin in vitro. Our data fall
within the range reported by these investiga-
tors, although the pattern of absorption versus
dose is different. Most other studies yielded
comparable hydration effects for parathion.
For example, Wester et al. (2000) reported a
2.2-fold increase in skin absorption of par-
athion in vitro when dosed to wetted army uni-
form (1:1 nylon:cotton) as compared to dry
uniform. Qiao et al. (1993) reported increases
ranging from 1.7- to 5.9-fold (mean 3.2-fold) in
total urinary plus fecal excretion of radioactiv-
ity associated with ["*C]parathion when dosed
to weanling swine in vivo from an occluded
application versus an unoccluded application.
In another swine study, Qiao and Riviere
(1995) reported moderately elevated dermal
absorption of parathion under occlusion versus
unoccluded application. However, systemic
bioavailability of the parent compound was
found to not rise under occlusion due to an
increase in cutaneous metabolism at the
occluded sites. The exception to this pattern is
the 6.4-fold rise under occlusion for parathion
absorption from human volar forearm in vivo
reported by Maibach and Feldmann (1974). As
Chang and Riviere (1993) noted in their study,
it is possible that the aluminum foil occlusion
method employed herein does not yield full
hydration. However, larger hydration effects
were observed for other compounds using the
same diffusion cell methodology. For example,
a 2- to 6-fold increase in permeation into the
receptor solutions was found for tecnazene
along with a 5- to 10-fold rise in total absorp-
tion (Bhatt et al., 2008). These examples show
that the occlusion effect on parathion dermal
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absorption is about 2- to 3-fold in most cases.
The higher ratio obtained by Maibach and
Feldmann (1974) may have resulted from a
combination of skin hydration, lower evapora-
tion, and prevention of incidental rub-off from
the occluded sites. Parathion thus follows a
trend exhibited by many compounds of mod-
erately increased skin absorption under occlu-
sion (Zhai & Maibach, 2001).

Dose Dependence

Parathion permeation rate increased with
dose up to the highest dose tested, 117 pug/cm?
(Figure 2). The increase was approximately
dose-proportional up to 41 pg/cm?®. These
results are consistent with those of Moody et
al. (2007), Chang and Riviere (1993), and
Wester and Maibach (1985), who found
increasing parathion absorption at doses up to
3200 pg/cm? (human skin in vitro), 400 pg/cm?
(pig skin in vitro), and 2000 pg/cm?® (human
skin in vivo), respectively. They may be con-
trasted with the expectations from the diffusion
model, which yields nearly dose-proportional
permeation up to a threshold dose, M, fol-
lowed by a plateau in which total permeation
is independent of dose (Kasting & Miller,
2006). In the latter region, percent absorption
decreases inversely with dose—see, for exam-
ple, the model 1 calculations in Figure 5. The
values of M, calculated in this study for unoc-
cluded skin were 0.14 and 5.14 pg/cm?* for
models 1 and 2, respectively (Table 4). The
higher value for model 2 derives from its
higher value of K., as may be seen from Egs.
(A-1) and (A-2) in the Appendix. It is clear from
Figure 2 that high doses of parathion on
excised human skin are absorbed more effi-
ciently than predicted by the a priori calcula-
tion, model 1. Although model 2 did a fairly
good job of representing this absorption, a rep-
resentation nearly as good was generated by
model 3, in which the SC/water partition coef-
ficient K. varied with dose. The value of K. at
low, unoccluded doses approached that of
model 1 (cf. Figure 4). This is consistent with
the hypothesis that partially hydrated skin
swells with increasing doses of organophos-
phorus pesticides such as parathion, an effect
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not taken into account by model 1. The impli-
cation of this finding is that the model 1 pre-
dictions may still be valid for low doses of
parathion applied to skin. The following exam-
ple shows this to be the case.

Comparison With Clinical Data

Figure 6 shows a comparison of the
absorption model calculations with ["C]par-
athion absorption in humans as determined by
the urinary excretion method of Maibach et al.
(1971). The clinical protocol employed in this
study was used to study absorption of a wide
variety of drugs, pesticides and other chemicals
(Feldmann & Maibach, 1967, 1969, 1970,
1974; Maibach et al., 1971). Although the
forearm was the most common site of applica-
tion, some compounds including parathion
were studied on a large number of body sites
(Feldmann & Maibach, 1967; Maibach et al.,
1971). Data from selected sites are shown in
Figure 6.

It is evident from the figure that all models
shown overestimate human in vivo absorption
rates following dosing of small amounts of par-
athion to the volar forearm. Equally evident is
the fact that absorption from the forearm was
lower than that from many other body sites; in
fact, absorption from the forearm was the low-
est of 13 body sites tested in the original study
(Maibach et al., 1971). Absorption ratios com-
pared to forearm ranged from 1.3 (palm) to
11.8 (scrotum). Model 1 (Table 3, unoccluded)
yields a predicted cumulative absorption of
parathion of 43.4% over 5 d, comparable to
the 36.3% absorption measured on the fore-
head in the clinical study and about 5-fold
higher than the forearm absorption value of
8.6%. The peak absorption rate in the calcula-
tion occurred at 22.7 h post dose, just prior to
depletion of the surface parathion film. Experi-
mental absorption rates peaked at 8—12 h post
dose at most body sites (Figure 6). The calcu-
lated absorption profile using model 1 parame-
ters can be matched to typical clinical
absorption data in the Maibach et al. (1971)
study either by removing the residual dose
after 8 h (Figure 6, model 1, 8-h wash) or by
increasing the effective wind velocity to 0.72

m/s, a representative outdoor value (Figure 6,
model 1 outdoors). These artifices led to
cumulative absorption over 5 d of 19.4 and
19.7%, respectively, with absorption rates
peaking at 11-12 h post dose. The adjusted
profiles are comparable to those obtained from
the forehead and fossa cubitalis (inner crease
of elbow). Cumulative absorption is just over
twofold higher than the forearm value of
8.6% reported by Maibach et al. (1971) or the
comparable forearm value of 9.7% reported
in a later study by the same investigators
(Feldmann & Maibach, 1974). Based on this
analysis, it is suggested that the current
absorption model (i.e., model 1 in Table 3),
modified to incorporate surface loss by means
of a simulated wash after 8 h, provides a rea-
sonable estimate of parathion absorption in
humans for low-to-moderate exposures. High
skin exposures to parathion, i.e., doses
exceeding about 40 ug/cm?, are expected to
lead to absorption rates greater than those
predicted by the model, as may be seen from
Figure 2. However, such exposures will not
be encountered in the workplace unless there
is either an accident or complete disregard for
safety measures.

In Vivo/In Vitro/In Silico Correlations and
Dermal Risk Assessment

It was stated in the introduction that most
in vitro studies overpredict human in vivo
absorption of parathion from the volar forearm.
The present study is no exception. However,
as was shown by Maibach and coworkers
(1971; Figure 6), parathion absorption from
other body sites is substantially higher than that
from the volar forearm; thus, the majority of in
vitro results obtained with this compound are
indeed appropriate for human dermal risk
assessment. Model 1 as presented herein is
consistent with the in vitro absorption data for
parathion for low, unoccluded doses (Figure 2)
and thus may be considered to be appropriate
for use in dermal risk assessments under these
exposure conditions.

In vivo human absorption of high dermal
doses of parathion and most other pesticides
has not been studied. The in vitro results
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presented here and elsewhere (Chang &
Riviere, 1993; Wester & Maibach, 1985) sug-
gest that absolute absorption rates of parathion
in humans will continue to increase with load-
ing on the skin up to very high doses, although
percent absorption will decrease under these
conditions. This pattern has been observed for
other pesticides (Nolan et al., 1984; Wester
etal., 1996) as well as for unrelated compounds
(Wester & Maibach, 1976). In the case of par-
athion, the present diffusion model (model 1)
cannot account for the increase in absolute
absorption rate with dose above approxi-
mately 4 pg/cm?. It seems likely this finding
will carry over to some other compounds,
although reasonable agreement of model cal-
culations with in vitro absorption data for
DEET (Santhanum et al., 2005) and benzyl
alcohol (Miller et al., 2006) was obtained for
doses several-hundred-fold higher than this
value. A recent analysis of other skin absorp-
tion models (Farahmand & Maibach, 2009)
suggests that they, too, often underpredicted
in vivo absorption under high exposure condi-
tions involving complex vehicles, in this case
for drugs applied to skin in transdermal
patches. The implication from both these
lines of experiments is that permeation
enhancing effects of topically applied com-
pounds and/or excipients cannot be ignored
when exposure levels are high. Specifically,
model 1 cannot be recommended for use
with organophosphorus pesticides at skin
loadings above 4 ug/cm?. Models 2 and 3
were fitted to parathion in vitro absorption
data over a wide range of doses and do
describe the in vitro absorption pattern over
the full range of doses tested (0.4-117 pg/cm?).
However, the absorption profile calculated
from model 2 comes no closer to the human
in vivo profile than does model 1 (Figure 6).
The large K, values associated with models 2
and 3 were not observed when excised
SC was equilibrated with dilute aqueous solu-
tions of parathion (uptake/desorption study).
These values are specific to parathion perme-
ation in the in vitro study and should not be
applied to other exposure scenarios in the
absence of supporting data.
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SUMMARY

This study describes the absorption of par-
athion through human skin. In a new in vitro
study, 19.4-30.5% of an applied dose of radio-
labeled parathion in acetone was recovered in
the receptor fluid of unoccluded Franz cells
after 76 h. The corresponding range for
occluded cells was 31-55.7%. When the
amounts recovered from the dermis were
included, 24.3-32.1% of the applied dose was
found to be absorbed from unoccluded cells
and 35.2-60% under occlusion. Permeation
and total absorption increased in a dose propor-
tional manner up to a specific dose of 41 ug/
cm?, with a further increase at 117 ug/em?
Absorption was described in terms of an existing
skin diffusion model (model 1) and two varia-
tions thereon (models 2 and 3). The analysis
showed that the in vitro absorption data for par-
athion at doses <4 pg/cm? and also excretion of
radioactivity associated with a 4-ug/cm? dose of
parathion in acetone applied to human subjects
in vivo were satisfactorily described by model 1,
although a simulated wash step was included in
the latter case to better match the excretion
profile. Absorption of larger doses of parathion
in vitro was underpredicted by model 1 in a
manner consistent with chemical penetration
enhancement. The analysis indicated that large
doses of parathion applied to unoccluded skin
lead to an increase in solubility and partitioning
of the compound in the stratum corneum.

We acknowledge a helpful conversation
with Dr. John Kissel. Financial support for this
study was provided by NIOSH/CDC grant RO1
OHO007529. The conclusions reached repre-
sent the opinions of the authors and have not
been endorsed by NIOSH.

APPENDIX: OUTLINE OF SKIN
DIFFUSION MODEL

The diffusion model employed in the
present analysis has been summarized several
times. The model framework and transport
parameters for unoccluded skin may be found
in Kasting et al. (2008a, 2008b). Additional
details, including transport parameters for
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occluded skin, may be found in Bhatt et al.
(2008) and Nitsche and Kasting (2008). The
key paper for understanding the stratum cor-
neum component of the model is Wang et al.
(2007), and the corresponding paper for der-
mis is Kretsos et al. (2008). At the present time,
viable epidermis is treated as unperfused der-
mis. Each skin layer i in the diffusion model is
represented by a slab having diffusivity D;, par-
tition coefficient K;, and thickness h;. All parti-
tion coefficients are expressed relative to the
unionized form of the permeant in water. The
upper SC has a porous deposition region of
thickness hy,, into which topically applied com-
pounds are immediately deposited. The value
of hyep is 10% of the SC thickness, h,. For vola-
tile compounds, there is a first-order surface
loss that may be represented by a gas-phase
mass transfer coefficient k,. The value of k
depends on molecular weight and wind veloc-
ity, u, as described in Kasting and Miller (2006).
In addition to diffusion and evaporation,
there is an option for permeant loss within each
layer of the skin due to chemical degradation,
metabolism, binding, etc. Losses are represented
by first-order rate constants, k, where i repre-
sents the tissue layer. The loss rate is calculated
as k,C,, where C; is the local concentration of per-
meant in the tissue. For example, capillary clear-
ance in the dermis is represented by a first-order
rate constant k., which is turned on when ana-
lyzing in vivo absorption and set to zero for in
vitro studies. The kg, value employed for models
2 and 3 in the present analysis is an additional
clearance representing binding of parathion to
dermis tissue. For the present analysis, k., was
set equal to kg, and k. was set equal to zero.
Thus, losses due to tissue binding were assumed
to occur only in the viable skin layers.
Parameters derivable from the above infor-
mation are reported in Tables 4 and 5. They
include the saturation concentration of per-
meant in the SC (C,,), the saturation dose of
permeant in the deposition layer (M), the
steady-state skin permeablllty coefﬁcnent
and the volatility parameter (x). Formulas fr(a)r
these parameters are given here.

Csat = KSCSW (A_1)

My = Coae X hyep (A-2)

k, =6320u®7" /MW (A-3)
p =k 2 A
Y= hgecva”p (A-5)

sat
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