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The development of a dermatotoxicokinetic (dTK) model for
p-nitrophenol (PNP), a common metabolite from a variety of
compounds and a biomarker of organophosphate (OP) insecticide
exposure, may facilitate the kinetic modeling and risk assessment
strategy for its parent compounds. In order to quantify and then
clarify in vivo-in vitro correlation of PNP disposition, multicom-
partment kinetic models were formulated. Female weanling pigs
were dosed with [*C]PNP intravenously (150 ug in ethanol, n =
4) or topically onto non-occluded abdominal skin (300 ug/7.5cm’
in ethanol, n = 4). PNP and p-nitrophenyl-f-D-glucuronide
(PNP-G) profiles were determined in plasma and urine in addition
to total “C quantitation in many other samples. Disposition pa-
rameters (rate constants, F,,, Ty, Tk AUC, Vss, C;,, MAT, and
MRT) and the simulated chemical mass-time profiles on the dosed
skin surface and in the local, systemic, and excretory compart-
ments were also determined. Total recoveries of 97.17 * 4.18%
and 99.80 = 2.41% were obtained from topical and intravenous
experiments, respectively. Ninety-six hours after topical and in-
travenous application, 70.92 = 9.72% and 98.65 * 2.43% of the
dose were excreted via urine, and 0.55 = 0.16% and 0.51 = 0.10%
via the fecal route, respectively. Peak excretion rate and time were
also determined. It was suggested by experimental observation and
modeling that urinary "“C excretion correlates with the systemic
tissue depletion profile well and may be used as a biomarker of
PNP exposure. This study also supports the strategy of using
urinary PNP as a biomonitoring tool for OP pesticide exposure,
although some precautions have to be taken. The strategy used in
this study will be useful in comprehensive dTK modeling in der-
mal risk assessment and transdermal drug delivery.

Key Words: p-nitrophenol (PNP); toxicokinetics; skin absorp-
tion; metabolism; pig.

Maibach, 1989)p-Nitrophenol (4-nitrophenol, PNP) is often
used as a biomarker to quantitate dermal (@tal.,1994) or
even oral exposure (Pena-Egidbal., 1988) to many organo-
phosphate (OP) pesticides such as parathion and methyl para-
thion. Although OP pesticide usage has been reduced in th'_é\_'
United States since 1992, PNP dermal exposure hazard is sti§
a concern due to PNP’s direct use and its occupational OE
environmental appearance via pesticide degradation and wasg
disposal. Urinary excretion of PNP parallels urinary excretiong
of parathion and paraoxon after dermal parathion exposure i
c

the pig (Qiaoet al., 1994). Additionally, a linear relationship 3
exists between the plasma concentration of orally dosed pard
thion and the urinary excretion rate of PNP in the rabbitQ
(Pena-Egidcet al., 1988). In order to use PNP as a biomarkerﬁ
for parent compound exposure, we should be prudent before an
understanding of PNP’s disposition after topical and systemic%
exposures independent of exposure to its parent pesticides can
be established. Similarly, such an understanding is required tg'
properly integraten vitro dermal absorption data inia vivo §
risk assessment. This can best be accomplished by developi@
a comprehensive dermatotoxicokinetic (dTK) model of PNPZ
disposition that can then be used to facilitate dTK modeling ofg
its parent pesticides.
PNP is a common metabolite or degradation product of OP%
pesticides, occurring both vivoin animals and humans and in >
the environment. According to a national survey, PNP is thes
fourth most commonly detected contaminant found in humane
urine screening in the United States (Ketzl.,1992). PNP is N
used mainly in the manufacture of drugs, fungicides, OP pesS
ticides, and dyes, in addition to its direct use as a fungicide for
leather products and as a leather-darkening agent. It can de-
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The use of metabolic biomarkers to quantify systemic egrade in water and surface soil, but the breakdown takes longer
posure to environmental chemicals receives increasing attgideeper soil and in groundwater. PNP has been detected in
tion. Dermal exposure has been demonstrated to be a primgfine samples of people who did not have any known exposure
route for systemic exposure to many environmental chemicgspNP. Of environmental concern, PNP often comes from the
(Honeycutt et al.,, 1985; Wanget al., 1989; Wester and i viyo breakdown of common OP pesticides (e.g., parathion,
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parathion) used in agriculture and forestry. PNP was
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incident with methyl parathion house spray [Agency for Toxic
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Substance And Disease Registry (ATSDR, 1996)]. However, MATERIALS AND METHODS

due to PNP’s coexposure potential with its parent compounds

and PNP’s dermal absorption-enhancing effect, proper usgjenals

of urine PNP as a biomarker for dermal exposure of OPEight- to ten-week-old female weanling Yorkshire pigs (~20 kg, T-Sharp,
pesticides and PNP (as a fungicide) requires careful kineBecky Mount, NC) were acclimated for 1 week. The animals were individually
evaluation of PNP dermatodisposition. Additionally, PNP h\/ﬁyused in metabolic cages (72°F and 12:12 h light:dark cycle), given 15%

. . . . otein) pig and sow pellets (~2 Ibs/pig/day) and given free access to water.
often served as a model substrate in conjugation studies t pigs were randomly assigned to receive either topical or iv exposutre (n

differentin vitro and in vivo systems (Antoineet al., 1993; 4/exposure). Throughout the experiments, all pigs were humanely handled

Berry et al., 1975; Bocket al., 1973; Gessner, 1974; Hamadaccording to preapproved North Carolina State University animal use and care

and Gessner, 1975; Machiéa al., 1982; Mincket al., 1973; protocols.

Moldeuset al., 1976; Vessey and Zakim, 1973; Vesstwl.,

1973) and has even been used in the purification of enzyM&

isoforms (Antoineet al., 1993). [*C-ring-2,6]PNP (11.7 mCi/mmol) was purchased from Sigma Chemical
PNP can cause reversible blood disorders in both anim&g (St. Louis, MO). Ethanol (absolute, Aaper Alcohol and Chemical Co.,

o Shelbyville, KY) was used as the dosing vehicle. Cold PNP g&u.l) and
and humans, such as a decreased ablllty to cagr’gp(ﬁssues p-nitrophenylg-D-glucuronide (PNP-G) (Sigma) were used in topical dose

(ATSDR, 1992) via methemoglobinemia, in addition to itgmulation and high performance liquid chromatography (HPLC) methodol- =
CNS effects, mutagen activity, and direct burns on skin amgy development. Other chemicals were HPLC or gas chromatography (GC
eyes (Coopeet al.,1997). Cutaneous irritation reactions suclrade.

as erythema, edema, moderate to severe corneal cloudiness,

blistered conjunctival tissue, and corneal neovascularizatiBfs"9

were observed in rats and rabbits after large-dose dermatopical application. Pigs were anesthetized with halothane following
exposure. Considerable ingestion of PNP also led to deathkgfmine (11 mg/kgy xylazine (1.5 mg/kg) intramuscular (im) injection. The

rats, mice, and rabbits. There is no evidence of carcinoge e vein and jugular veins were catheterized. Hair in the selected abdomin

PR . . .. sing site was clipped carefully 6 h prior to PNP dosing (Ggaal., 1993,
activity in male and female Swiss-Webster mice receiving PNjBg7y" approximately 30@ug of PNP (150ug cold PNP+ 150 ug [“C]PNP

topical doses of up to 160 mg/kg, three times/week for Z&th 10 uCi total radioactivity) in 100ul ethanol vehicle was evenly applied

weeks (ATSDR, 1992), although PNP is considered a mutagera 7.5 cm circular dosing zone in the abdominal area of pigs. This dose

(Cooperet al., 1997)_ provided a surface concentratior} of 4@/cn?. The dosed skin was non-
. . . occlusively protected by a Hill Topchamber with holes, covered by nylon

The pig is awell—accgpted animal model for study!ng hum%greemng, and positioned by Elastiéomrapping tape.

per.cutaneous absorptlon (Bartek al., 1972] Ha\,Nll(mS and Intravenous dosing. To avoid any potential dose-dependent kinetics of

Reifenrath, 1984; Meyeet al., 1978; Monteiro-Riviere and pnp disposition in the pig, a smaller iv dosage (half of the total topical dose,z

Riviere, 1996; Qiaoet al., 1993; Reifenrath and Hawkins,i.e., 150u9) was selected based on the estimated dermal PNP bioavailabilitys

gs and Chemicals
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1986; Reifenrathet al., 1984; Westeret al., 1998). Topical of 50%. This pure labeled PNP (~1@Ci, no cold PNP) in ethanol was I
absorption of PNRN vitro andex vivoin porcine models have injected into the bloodstream through an ear vein cannula followed by a 10-m

. . physiologic saline flush to provide an instant and complete bolus dose. >

been examined (Brooks and Riviere, 1996; Chatgal., @

. . D

1994a,b). Dermal absorption and dTK modeling were al%%mp“ng and“C Assay @

conducted following intravenous (iv) and topical application of 0

parathion one of the PNP parent compounds (@'ac{ﬂ Blood samples (14 topical and 30 iv per animal, 5 ml each) were withdrawn>

) o . . . ...via the jugular vein cannula from 0 to 96 h. Plasma was routinely separatedg
1993; 1994; Qiao and Riviere, 1995). The parathion dispositiof e was collected immediately after voiding. Feces samples were collecteds

dTK model included the parathion-derived PNP componentsice a day, weighed, and homogenized with distilled water (~50:50, wiw). AL
which provided a tool to explore the differences between tl9é h postdosing, pigs were sacrificed and the dosing materials/devices werg.
kinetic disposition of directly applied PNP and that of metagollected and extracted with ethyl acetate: Elasticon tape and screetb2nl; 0

. . . . . . dosing chamber 5¢< 15 ml; cotton swabs for skin surface wash [10% dish- R,
bolically derived PNP in thén vivo porcine model. PNP washing liquid (three times, DovelLever Bros. Co., New York, NY) and Q&

disposition is relatively simple, as PNP is not significantlyater (three times)] 2« 45 ml. The stratum corneum was isolated by tape 5

metabolized in the skin, and therefore thevivo andin vitro stripping (10 times) and digested in ethyl acetate (15 ml per stripping).

disposition differences are minimized. Full-thickness skin, subcutaneous fat, and muscle samples at the dosed site
This study was designed m) quantify the cutaneous and“er® carefully excised and assayed. All samples of tissues and excreta with

ic di i " f PNIR ViVO | . by f detectableC were also assayed for totdC recovery in our mass balance
systemic disposition fate o VIVO In swine by formu- study. For more details, our original vivo dermal absorption work should be

lating a dTK model after iv and topical applicatidn), explore consulted (Qiat al., 1993).
the similarity/difference of PNP disposition in the skin with All the samples were stored at —20°C until analysis. An aliquot of 250-500
direct topical PNP dose and with metabolically derived pr! liquid or 100-700 mg solid sample was completely burned in a tissue

L . . xidizer followed by Liquid Scintillation Counting (LSC, TriCarb 1900TR
and c) facilitate the dTK modeling strategy for its parenﬁquid scintillation analyzer, Packard Instrument Co., Downers Grove, IL) for

compounds and in transdermal drug delivery and human dgfa “c assay. HPLC separation was performed to study PNP metabolism as
mal risk assessment studies. described below.
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FIG. 1. Chromatogram of-nitrophenol (PNP) ang-nitrophenylg-D-

glucuronide (PNP-G): HPLC conditions: columnu-Bondapack G reverse-
phase, mobile phase acetonitrile/0.0085M KHPO, (65:35, v/v, pH 5.0, flow
rate of 0.7 ml/min), and detection wavelength254 nm.

HPLC Analysis

Sample preparation. Three-milliliter urine (or 1-ml plasma) samples were TO more accurately formulate the dTK model for PNP, we implicitly

QIAO ET AL.

DPM is disintegrations per minute in the LSC analyasis; 2 refers to the total
number of compounds in question (PNP and PNP-G) in the HPLC analysis.
The chemical amount-time (AT;) profiles of PNP and PNP-G in urine and
plasma over time and the totdC amount-time (AT,) profiles in the ith assay

of other samples (termination samples) were used in dTK model formulation.

dTK Modeling and Parameter Estimation

This proposed comprehensive dTK model for topical and iv PNP disposition
(Fig. 2) was constructed based on preexisting PNP dermal absorption, metab-
olism, and modeling data (Chargg al., 1994a; Qiacet al., 1994; Qiao and
Riviere, 1995; Williamset al., 1994). Because PNP-G was not identified in
perfusate samples from topically dosed isolated perfused porcine skin flap
(IPPSF), we excluded a local skin PNP-G compartment in this model, although
phase Il conjugation reactions (glucuronide and sulfate formation) may occuig
in pig skin for some other substrates (Qiabal., 1994; Qiao and Riviere, 2
1995) or in human skin epidermal cells for PNP (Rugstad and Dybing, 1975).2
This model has 12 individual compartments (Comps. 1-12) and 3 poolec@
compartments (Comps. 21-23: dosed tissue pool, central plasma pool, ar%
urine pool, respectively) to predict either the flux of individual chemicals (PNP =, =
and PNP-G) or the total radiolabel profiles for comparison with the existing o
total **C absorption/disposition data. i

—

©

extracted twice with 5 ml (4 ml for plasma) ethyl acetate, acidified with 0.6 ml (0@ssumed that the systemic disposition of PNP is independent of applicatioi;
ml for plasma) 1IN HCI followed by additional three ethyl acetate extractiongute (topical vs iv), that is, the biologic system handles PNP dispositionQ
During each extraction, the samples were shaken at 100 (60 for plasma) OSC/#itically once PNP is introduced into the general circulation, regardless 01"’
for 15 min and then stood until phase separation. Al five organic extracts wé&¥P0osure route. The systemic and excretory parameter estimation was basg
pooled in a clean vial and brought to dryness in a gentlesteam for HPLC ~Mainly on the PNP iv bolus data. The topical experiment data were used t

analysis. The dried samples were stored at —20°C until HPLC separation.

HPLC separation of PNP and PNP-G in plasma and urine.Separations
were performed with a Waters chromatographic system equipped with a 6

estimate the cutaneous (epidermis and above) parameters and also to confiig
both the compartmental structure and parameters for the iv model. Modeg
ameters were primarily estimated according to direct analysis of PNP;

solvent delivery system, 717 autosampler, column temperature control unltPNP -G, and total‘C profiles in the central systemic (Comps. 7 and 8) and

996 Photodiode Array Detector (PDA), ChemStation with Millennium ZOlHrmary excretion subunits (Comps. 11 and 12). Observed and calculate(ib
software (Waters Corp., Milford, MA), and an automatic fraction Collectoplasma profiles were given to facilitate data comparison (this report with othelQ
(Foxy 200, ISCO, Inc., Lincoln, NE). A G reverse-phase colump{Bonda published blood profiles). Liver and other highly perfused organs were not>
pack, 3.9x 300 mm), operated at 25°C, was eluted with a mobile phassgparated from the central systemic (plasma) compartments where the systen@
(0.7ml/min) of acetonitrile/0.0085M K¥PO, (65:35, viv, pH = 5.0). An metabolism of PNP occurred. Topical experiments allowed for additional 2

aliquot of 50ul of each processed sample was injected to separate PNP ametric constraints, characterizing local cutaneous disposition by providingg
PNP-G to quantify these two compounds via LSC. some terminal experimental observations of the skin surface (Comp. 1, swab)-n

HPLC separation methodology was developed using cold standards of PRISUM corneum (Comp. 4, tape strips), and dosing device (DD, Comp. 23
and PNP-G in methanol chromatographed and detected at 254 nm. The
chromatogram of the nonlabeled standards is shown in Figure 1. The extraction
efficiency ranged from 102 to 106% for PNP and 82 to 91%, for PNP-G as*
calculated by applying a published method (Q&tal., 1994).

HPLC-LSC analysis. The dried samples were dissolved in methanol (300
wl for urine or 200wl for plasma), from which 5Qxl aliquots were injected for
HPLC separation. The peak fractions were automatically collected applyin
the time windows of 3'30"-5'12for PNP-G (peaking at 3.44 min), and
5'12"-842" for PNP (peaking at 5.46 min). Fifteen milliliters of Ecoluftie
liquid scintillation cocktail (ICN Biomedicals, Inc., Irvine, CA) was added to
each fraction collection, mixed, and stood for at least 4 h before LSC analysis
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Corneum
PNP
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The fractional amount of compouridn samplei assayed by HPLC is l—‘ FNP S
e
n 5]
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DPM,;/ > DPM; (j=1,..., 1. f R
=1
10
__>_: _, Deep
This fraction was multiplied by the total burned DPM in samplBPM, puned, PNP

and the result was converted to fraction dose of compgundamplei (Aj;,
% dose):

FIG. 2. Comprehensive dermatotoxicokinetic (dTK) model fonitro-
phenol (PNP) ang-nitrophenylg-D-glucuronide (PNP-G) disposition follow-
ing intravenous and topical exposurevivo in swine (DD = dosing device;
Evap.= evaporation)

Aj; = {[(DPM;;/ >, DPM,) X DPM pymed/total DPMyeed X 100%

=1
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dosing chambet- wrapping elastic tape- window screening). Nonrecovered ™~ o
“C was assigned to evaporative loss (Comp. 3) in our topical dTK modeling 2
effort. Because there was no PNP vapor recondensation seen in prexious
vivo PNP evaporation and kinetic modeling studies (Brooks and Riviere, 1996; 1o
Williams et al., 1994), a one-way connection between compartments 1 (skin %0
surface) and 3 (evaporation) was proposed in this model (Fig. 2). A net PNP
transfer from the dosed skin surface (Comp. 1) to dosing device for binding .
(Comp. 2) was represented by another one-way connection as illustrated. The
sum of radiolabel left in the skin compartments (Comps. 4 and 5) below the @
stratum corneum (the “pool compartment” representing epidermis and othe§ *

LOG (Percent Dose}

cutaneous tissues, Comp. 21) corresponded to the'%Rimeasure. | =
The 6-compartment iv model (Comps. 7-12) was first formulated by simyl- s

taneously fitting the iv urine and plasma,A; data, employing a numerical @ 5 &

least-squares minimization algorithm (KINETICA, North Carolina State Uni- | |*,

versity, Raleigh, NC). Both the structure and the mean parameters of the iv LR — —— : Y

model were then fixed (although subject to minor adjustment to best fit the data 1 2 p B s 6 §

sets from each individual animals) and incorporated into the 12-compartment Hours 1 o

tOpiCﬁl model (Flg 2)' which was fitted to the tOpiCﬁA,-A—, and A'T' data ‘ e Calc-[7]-Mean (C.Plasma PNP) Calc-[8]-Mean (C.Plasma PNP-G) = = Cale~[22]-Mean (Total C.Plasma 14C)! g—

from plasma, urine, and other samples assayed. Rate constants, peaks, and peak®.. Ot{7}Men (C.Plasma PNF) * ObsiB}Mean (CPlasmaPNP-G) & Obs{22pMean (Tofal C-Plasma 14C) ®

times were estimated. In the modeling and data simulation, we used fraction . . . =

dose in each of the anatomical regions or kinetic compartments, as the volu glgIG. 3. The ob_served (_symbols) ag:_;unst computer-pred!cted (lines) mear%

. . - : (= "SEM) amount-time profiles of‘fC]p-nitrophenol (PNP)p-nitrophenylg-
of many compartments (e.g., dosing device binding—Comp 2; evaporatign ) - =
. ) ) -grlucuronlde (PNP-G), and tot&IC in the plasma (central compartments 7, &

loss—Comp. 3; and urine—Comps. 11, 12, 23) were not definable/measurabl Znd 22) following iv injection of FCJPNP at a dose of 150g in ethanol ©

were extremely variable across individuals. This is the reason for not usiny ) 9 Vin) Ag =
) ) ) : I female weanling pigs (= 4). ]

concentration profiles, which require a volume term. In fact, we measured P

concentrations in all the samples and had to convert the concentration results o

to fractional dose in whole organ/blood by using whole organ weight or g

volume. For absorption data conversion, the total blood volume (BV, ml/100gXperiment (complete excretion). However, total dermal penetration was calQ

in a pig (<25 kg) was estimated based on body weight (W, kg) using=BV culated as the sum of absorption (see above) plus local dosed tissue Iabg'-

9.5W *** (Engelhardt, 1966). About 65% (v/v) of the total blood volume wasesidues (Comp. 21 and 4). ANOVA with LSD multicomparison test was £

plasma in young pigs, assuming a PCV (packed cell volume)38%. Area conducted wherever applicable at= 0.05 significance level (SAS, Inc., 3
under the (zero moment) curve (AUC, % doseh), area under the first Cary, NC). 2
moment curve (AUMC, % dos& h?), mean residence time (MRT, h), mean Lg
absorption time (MAT, h), topical bioavailability (5, %), Ty.«. (PNP absorp o
tion or PNP-G metabolic formation half-life)T,, (elimination half-life), RESULTS o
distribution volume at steady state (Vss), and clearance (Cl) were calculated )
according to the following equations (Williams, 1999): The result of complete HPLC separation of cold PNP stan-@
dard from its conjugation product of PNP-G is illustrated in ‘.’,’.I

o

Figure 1. Retention timesg}tfor PNP-G and PNP peaks were =
determined as 3.4 and 5.5 min, respectively. This degree og-
HPLC separation allowed precise peak fraction collection us&(:
ing programmed time windows for further LSC analysis of the ®

AUC=f f(t)dt
0

AUMCJ t- f(t)dt
0

biologic samples with low concentration 8fC radiolabel. g

Some key parameters of iv and topical PNP are listed ing

MRT = AUMC/AUC Tables 1-3. The chemical amount-time profiles of iv andg
topical PNP are plotted in Figures 3-5 and Figures 6-11.,

MAT ,, = MRT,,, — MRT,, = 1/K, respectively. s
Fup = (AUC,,/AUC,) - (D0s6/D0sg,) - 100% .In the iv study, total recovery was.99.8% (Table.l). Becausez
this complete recovery was predominately from urine (98.7%).2

Tuzka= LN2- MAT the absolute percutaneous absorption was calculated witho®

any correction/normalization for incomplete recovery or for

Ty2=Ln2-MRT I ' : . . :
significant tissue residues after non-occlusive topical applica-

Vss= Cl- MRT tion. Only 0.5% of the iv dose was eliminated via the fecal
route. Less than 0.04% of the initial iv dose remained in the
Cl = Dose/AUC body by 96 h, indicating no tissue accumulation of PNP or its
metabolite in the pig.
Data Analysis With this non-occlusive topical application of PNP, a com-

0 i 0
Total percutaneous absorption was determined as the percentage ofm]%te recovery of 97% was determined (Table l)' About 71%

applied radioactive dose appearing in the urine and feces over the 96hthe gpplied PNP dOS? was excreted via urinary routes and
observation, because no detectai tissue residue was found at the end 00.6% via fecal routes within 96 h (Table 1). Less than 1% of
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.

FIG. 4. The dTK model-prediction of {C]p-nitrophenol (PNP) profilesin  FIG. 6. The observed (symbols) against computer-predicted (lines) mea
the peripheral and deep systemic tissues (compartments 9 and 10) following#v SEM) dosing device binding and evaporative loss profiles "6€]p-
injection of [/C]JPNP at a dose of 150g in ethanol in female weanling pigs nitrophenol (PNP, compartments 2 and 3) following topical exposure of
(n=4). [“C]PNP at a dose of 30fg in ethanol in female weanling pigs ¢ 4).

]
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ours Hours { o

=———Calc-[9]-Mean (Peripheral PNP) = = Cale-[10]-Mean (Deep PNP) : s Calc-{2]-Mean (Dose Device PNP) = = Calc[3]-Mean (Evaporated PNP) | %

: ©  Obs-[2]-Mean (Dose Device PNP) ®  Obs-{3}-Mean (Evaporated PNP) B S
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the dose was found in the stratum corneum (SC) layer and 1#fest systemic mass transfer rates governing postabsorpticg
remained on the dosed skin surface. Approximately 6% apgbcesses (distribution, metabolism, and elimination) proved t
2% of the dose were found in the dosing device and in th identical for topical and iv applicatiopp (> 0.05), demon-
dosed tissues at 96 h, respectively. PNP did not accumulatesifating route-independent systemic disposition of PNP. Only5
the body after dermal absorption. More label was found in thg ,, for iv was smaller than that for topicalp(< 0.05),
urine after iv than that following topical{C]PNP application, possibly suggesting the existence of a concentration- dependeﬁt
although no exposure route effect on fecal excretion was afr-saturable blood-to-urine transfer process. The opposite Wa,s
served (Table 1). found for peripheral tissue PNP returning to blood, that is, ag
The rate constants of the iv and topical model are given ginaller k , was determined with a topical application than with 2
Table 2. Some key kinetic parameters are also given in Tabl@sThis may indicate that the peripheral tissue compartment fors
3 and 4. As assumed according to pharmacokinetic theopNP (Comp. 9) is only able to hold a constant amount of PNPJ

nolpfoy

‘sje

9

IOO-%H}HEE 111 d P I

Percent Dose
Percent Dose
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! Hours ' ; 28 60 72 8 96‘
|
| =——Calc-{11]-Mean (Urine PNP-G) - -~~~ Calc-[12]-Mean (Urine PNP) Calc-[23]-Mean (Urine Total 14C) | | Hours
‘ ©  Obs-[11]-Mean (Urine PNP-G) ¥ Obs-[12]-Mean (Urine PNP) 4 Obs-[23]-Mean (Urine Total 14C) |
L - - e d : =——Calc-{1}-Mean (Surface PNP) - = Calc{4}-Mean (Stratum Comeurn PNP)
| o Obsi}-Mean (Surface PNP) & Obs-{4}-Mean (Stratum Comeum PNP) |

FIG. 5. The observed (symbols) against computer-predicted (lines) mean™
(= SEM) cumulative urinary excretion profiles of'C]p-nitrophenol (PNP), FIG. 7. The observed (symbols) against computer-predicted (lines) mean
p-nitrophenylg-D-glucuronide (PNP-G), and tot&C (compartments 12, 11, (= SEM) profiles of [*C]p-nitrophenol (PNP)on the dosed skin surface and in
and 23) following iv injection of {'CJPNP at a dose of 150g in ethanol in the stratum corneum (compartments 1 and 4) following topical exposure of
female weanling pigs (& 4). [*C]PNP at a dose of 30fg in ethanol in female weanling pigs @ 4).
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FIG.8. Mean (+SEM) [“C]p-nitrophenol (PNP) profiles in the epidermis  FIG. 10. The dTK model-prediction of'{C]p-nitrophenol (PNP) profiles
(compartment 5) and local cutaneous tissues (compartment 6) and the obseivéae peripheral and deep systemic tissues (compartments 9 and 10) followin
(open circle) against computer-predicted (line) tofg in the local dosed topical exposure of {CIPNP at a dose of 30@g in ethanol in female weanling
tissues following topical exposure of€C]PNP at a dose of 30@g in ethanol pigs (n= 4).
in female weanling pigs (i 4).
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generally longer than iv. The model-based calculation of top-
If more PNP is in the peripheral tissue, as seen with the iv dog€a| PNP bioavailability of 57.4% favorably reflects the ob-
the tissue may not be able to retain the compound and Wilrved total dermal absorption 6f70%. Similar results can
instead release extra PNP back to the general circulation f9&g pe obtained by using AUC ratio (AUG./AUC,) either
systemic elimination. This also explains insignificant PNP tigg, c plasma (56%, Comp. 22) or for PNP in plasma (57%, ¢
sue accumulation in the pig, as we experimentally observed@ra,mp_ 7) (Table 4). No dose adjustment was necessary in tl‘é
this study. Similar AUCs for Comp. 9 were determined for igermal bioavailability calculation, as the AUC unit was the &
and topical exposure, although a larger, kvas determined fractional dose-based unit of % dose h instead of the
with the iv dose. chemical weight-based unit gfg/ml X h. The dermal absorp-
MRTs for appropriate compartments after topical dose wefign half-life of PNP was 18 h, which is similar to the PNP-G
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FIG. 9. The observed (open circle) against computer-predicted (lines)FIG. 11. The observed (symbols) and computer-predicted (lines) mean (+
mean (+SEM) amount-time profiles of-{C]p-nitrophenol (PNP)p-nitrophe  SEM) cumulative urinary excretion profiles df€]p-nitrophenol (PNP)p-ni-
nyl-B-D-glucuronide (PNP-G), and totafC in the plasma (central compart trophenylg-D-glucuronide (PNP-G), and tot&iC (compartments 12, 11, and
ments 7, 8, and 22) following topical exposure 8JJPNP at a dose of 300 23) following topical exposure of'{C]PNP at a dose of 30Qg in ethanol in
g in ethanol in female weanling pigs € 4). female weanling pigs (& 4).
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TABLE 1 radioactive PNP dose was eliminated from blood within 1 h
"C Disposition Parameters following Topical (10 uCi, 300 ug/  after iv application. This plot also revealed that PNP contrib-
7.5cm’) and Intravenous (10 pCi, 150 pg) Applications of [“C-  yted much more to total plasmi*C counts than PNP-G during

Ring-2,6]PNP in Female Weanling Pigs the first 30—60 min. Parallel decline of PNP and PNP-G
Intravenous Topical profiles in plgsmq was (_jetgrmined thereafter (Fig. 3). Int'ra\'/e-
(n=2) (n = 4) nous PNP disposition kinetics reported here were very similar
Compartment Compartment # (% Dose) (% Dose)  to those of parathion previously determined after iv application
in the pig (Qiacet al., 1994).
Dose device [2 5.76 (1.22) Computer simulation of the PNP residue profiles over time
gg”g%‘zss"tvr?;; le 1;;‘2 ((g'gé)) in the systemic tissue compartments (Fig. 4) is useful in esti-
Dosed fissue [5&6] = [21] 1.80 (0.68) mating overall body burden and time for.maX|maI tissue ex-
Collected plasma [7&8F [22] 0.71 (0.23) 0.02 (0.00y Posure of PNP. For example, we can predict that by 1-1.5 dayg.J
Total in urine [11&12]=[23]  98.65(2.43) 70.92(9.72) post PNP iv application, all the tissues/organs of the animal
Total in Feces 0.51(0.10) 055(0.16)  will be cleared of PNP. This was verified by the fact that urine 2
Unrecovered (evap) [3] 0.12 (2.41} 2.84 (4.18j

excretion of label was completed by about 1 day (Fig. 5) and®
by complete recovery of the iv PNP dose (Table 1). The&
Note. The data are means SEM (n = 4). Significant differences between highest modeled tissue concentration was observed around 23
topical and iv parameters determined by ANOVA-LS® € 0.05) are indi- h after iv dose. Accordingly, the highest possibility of tissue i
cated by different superscript letters. PNRnitrophenol; SC, stratum cor- toxicity could be expected during this time frame. For the &
neum; evap, evaporative l0ss. shallow tissue compartment (Comp. 9, relatively quicker equil-=
ibration with blood), a peak time was determined at about 2 h3

_ ) ) while a deeper tissue compartment (Comp. 10, relativelyg-
metabolic formation half-life (T. of PNP-G) from PNP con  gjower equilibration with blood) may hold the largest PNP =
jugation (Table 4). Plasma clearance of PNP was faster thaiygen at 3 h (Fig. 4). This provides useful information for &

*“C, but not necessarily indicating a slower clearance of PNPExp tissue kinetics study design and drug residue prediction i
because the metabolism from PNP to PNP-G occurred in & es. 2

pooled central compartment of Comp. 22 (Table 4). PNP andrhe yrine excretion of the iv PNP and its conjugate PNP-GZ
*'C elimination half-lives were identical and less than 1 h. Faghy|d be completed by about 1 day, and more than 90% of the
distribution half-life was graphically estimated as 5 min (Figy dose was excreted in urine within the first 12 h (Fig. 5).
3) for PNP, but was slower for poole€C. From the computer pNp-G and PNP contribute about two-thirds and one-third of(g?
modeling, we found that equilibrium of dosing device bindingne total urine label, respectively (Fig. 5). This was consistents
and the evaporation processes of PNP were well establishgh the time frame of modeled tissue residue profiles (Fig. 4).2,

around 24 h after dermal exposure (Fig. 6). PNP concentratigBry similar results were obtained with urine PNP excretion 2
changes over time on skin surface, in the SC, and dosed tissues

were predicted by the model (Figs. 7 and 8). All processes prior
to penetration through cutaneous vasculature (absorption) had TABLE 2

passed their peaks by the first 24 h after topical application.pnp pharmacokinetic Modeling Parameters (h™', mean =

Recovered 99.80 (2.41) 97.17 (4.18)

e

Plasma and blood profiles of PNP, PNP-G, and t&@l are SEM) following Topical (10 uCi, 300 pg/7.5cm”) and Intravenous
given in Figure 9. Profiles in the systemic peripheral (Comp. 8)0 uCi, 150 ug) Applications of [“C-Ring-2,6]PNP in Female
and deep tissue (Comp. 10) compartments are illustratedWeanling Pigs

Figure 10. As shown in Figure 11, slightly greater than oné-

0102 ‘8 AINC uo jonuo) aseasiq

half of the total**C found in urine by 96 h was confirmed to beRates  Intravenous (& 4) Topical (n= 4)
PNP-G, _W|th the remaln_der being PNP. More PNP-G wa 3 3.350 (0.065) 3500(0314) K.,  0.011(0.002)
formed in the body during the early stage of the topica . 0.963 (0.021) 0.479(0.156) K,,  0.009(0.007)
experiments. K10 1.075 (0.048) 2.023(0.766) K.,  0.270(0.052)
Kio7 0.183 (0.011) 0.083(0.045) K,  0.165(0.024)
K712 0.890 (0.243) 2.475(0.085) K.s  0.373(0.043)
DISCUSSION Ko 2.483 (0.557) 2.638(0.090) K.,  0.358 (0.036)
Kot 6.725 (0.613) 7.425(0.246)  Kes  0.075(0.009)
After iv application, plasma PNP profiles (Fig. 3) indicated Ks,  0.283(0.044)
disposition features for a classical 2- or 3-compartment TK K7s  0.070(0.006)

model as seen in a semilogarithmic drug amount-time plot. The o _

. . . . . Note.The data are means SEM (n = 4). Significant differences between
distribution hqlf—!lveg are abO.Ut 5 min for PNP but 67 min fo{opical and iv parameters determined by ANOVA-LS® € 0.05) are indi-
total label. Elimination half-lives of PNP andC label were careq by different superscript letters. PNPnitrophenol; Ki-j, chemical trans-
about 50 min (Fig. 3 and Table 4). Approximately 95% of ther rate constant from compartmeinto compartment.
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TABLE 3

201

PNP Disposition Kinetic Parameters (mean = SEM) following Topical (10 uCi, 300 ug/7.5cm?) and Intravenous (10 uCi, 150 pug)
Applications of ["“C-Ring-2,6]PNP in Female Weanling Pigs

AUC (% doseX h) MRT (h)

Compartment Comp. # Intravenous (= 4) Topical (n= 4) Intravenous (= 4) Topical (n= 4)
Surface swabs [1] 528.21 (97.45) 6.26 (0.86)
Dose device [2] NA 51.42 (0.39)
Evaporation [3] NA 51.42 (0.39)
SC tape strips [4] 258.57 (26.83) 7.79 (0.97)
Epidermis [5] 324.56 (36.23) 24.65 (2.27)
Local tissue [6] 1474.92 (116.80) 36.12 (1.16)
Dosed tissué*C [21] 1799.48 (150.30) 34.08 (1.34)
Plasma PNP [7] 24.02 (2.34) 13.69 (2.06) 1.21 (0.07) 28.25 (2.70)
Plasma PNP-G [8] 9.11 (1.15) 4.98 (0.99) 1.24 (0.08) 28.39 (2.69)
Collected plasma‘C [22] 33.13(2.10) 18.68 (3.04) 1.21 (0.07Y 28.29 (2.70)
Peripheral PNP [9] 103.90 (15.84) 394.83 (316.50) 4.24 (0.53) 34.83 (6.91)
Deep PNP [10] 188.67 (32.80) 878.59 (480.00) 8.57 (0.87) 44.28 (7.85)
Urine PNP-G [11] NA NA 49.98 (0.22) 59.16 (0.91)
Urine PNP [12] NA NA 49.93 (0.21) 59.10 (0.91)
Total urine™C [23] NA NA 49.96 (0.21% 59.13 (0.91)

Note.The data are means SEM (n = 4). Significant differences between topical and iv parameters determined by ANOVA-4SDQ(05) are indicated
by different superscript letters. PNB;nitrophenol; PNP-Gp-nitrophenylg-D-glucuronide; SC, stratum corneum; AUC, area under the curve; MRT, mea

residence time (see details Materials and Methods); NA, not applicable.

following iv dose of its parent compound parathion (Qito States (ATSDR, 1996). However, this biomonitoring is appro-

EUJno[p10;x03!35X01//:d11u wioJ} papeojumoq

al., 1994). Therefore, urine PNP monitoring can serve as gnate only if methyl parathion shows a quick and completew

easy and reliable tool to assess the exposure and resultant tissokeansformation to PNP in the human. Otherwise, PNP urln%
residue of PNP and likely its parent compound (parathiotdvel monitoring may not be able to serve as an ideal tool forg
exposure in the pig model. Obviously, this study supports theethyl parathion risk assessment if the disposition processes &
strategic development of risk assessment by ATSDR usingethyl parathion or its active metabolite methyl paraoxon arez
urine PNP as a biomarker of methyl parathion exposure duel&egely different from that of PNP. A much faster urine excre-
the illegal house spraying with this pesticide in the Unitetlon rate was determined for PNP-G than for PNP, as a 3—1}:'

times faster blood-to-urine chemical transfer rate of PNP-GO

TABLE 4 (kg1 than PNP (k,,) was predicted (Table 2). Similar rate §
N N . ratio (~2) and absolute values of PNP-G (5.01) land PNP  §
PNP Disposition Kinetic Parameters Derived from Plasma Data 1 . .

. . . (3.19 h") blood-to-urine transfer rates were also determinedQ
Topical (10 pCi, 300 pg/7.5cm2) and Intravenous (10 uCi, 150 . ) o ; e
pg) Applications of [“C-Ring-2,6]PNP in Female Weanling Pigs after parathmr_\ exposure (Q|m al., 19_94)._ Th|.s is consistent Z

with the principle of chemical detoxification in the body and I
7 [8] [22] the fact that PNP-G is more water soluble and therefore mor@
PNP PNP-G Total “C  readily excreted via the renal route.

Topical As shown in Figure 6, dosing device PNP binding was
Em,, %) 57.01 NA 5637 €xpressed as the net transfer of PNP from the topical dos@
MAT o, (h) 27.05 27.15 27.07 (vapor, liquid, or solid) to the dosing device and occurred onlyo
Ko (h™) 0.037 0.037 0.037 during the first 24 h. The binding was saturated or a zero net

| Tuza () 18.75 18.82 18.77  transfer between the dose and the device was reached at 24 h.

ntravenous . . .

C, (mihikg) 233,16 NA 169.02 Dose evapo.ratlon qnly happengd during the first 24 h after
V.. (milkg) 5.02 NA 366 €xposure (Fig. 6) with evaporation rate constant of 0.009 h
Tue (0) 0.84 0.86 0.84 (Table 2) under non-occlusive conditions. Very low vivo

PNP evaporation loss of 3% was estimated using the dose-
recovery difference approach (Qiagt al, 1994, Qiao and
Riviere, 1995) in this study.

It seems that this dTK model could underestimate the skin
surface residue profile, as a much higher surface residue was

Note. PNP, p-nitrophenol;F,,, topical bioavailability; MAT,, mean ab
sorption time for topical doseK, PNP absorption or PNP-G metabolic
formation rate constanfT, ., half-life for absorption/metabolic formation;
Cy,, plasma clearancé, distribution volume at steady stafg;,, elimination
half-life.
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experimentally determined when compared to the compufesctional dose absorbed may be decreased. Interestingly, 2- to
simulation at the end of the experiments (Fig. 7). This may lefold increases in fractional PNP dermal absorption were
due partially to the back-and-forth direct contact of the skiobserved with dose increases from 4 to 4@0PNP/crd in our
surface against the contaminated dosing chamber. It is possibl@itro (Changet al., 1994a) andex vivolPPSF (Brooks and
to reload somé‘C-PNP to the surface from the dosing devic®iviere, 1996) dermal absorption studies. Additionally, larger
right before the termination of the experiments. This woulBNP doses also gave a quicker absorption peak)(Tdeeper
surely make an unreasonably higher assayed sutf@ceesi  skin penetration, and a larger local tissue residue iresuwivo
due than the computer simulation result. In addition, ma#itudy (Brooks and Riviere, 1996). This suggests that PNP
modeling limitations (e.g., use of simplest model, more weigkhhances its own dermal absorption in terms of both rate and
for more important or more reliable sample data sets, etc.) maxtent. PNP also enhances dermal absorption of its parent
also contribute to this and other differences between the ailmmpound parathion (Chareg al., 1994a).
served and calculated results, although effort was made to ge€onjugation, especially with glucuronide, is the major PNP
the best overall data fitness. metabolic pathway in animals. PNP glucuronidation proceede@
Theoretically, postabsorption disposition kinetics (i.e., disa kidney, lung, and liver, but sulfation occurred almost exclu- =
tribution, metabolism, and excretion) of a drug should b&ively in liver (Machidaet al.,1982). It was demonstrated that &
intrinsic and route independent. Therefore, most dTK modelman skin epithelial cells have PNP conjugation activity &
parameters (transfer rates) governing postabsorption proceg&esystad and Dybing, 1975). PNP was rapidly conjugated ug
should be similar for a compound either directly dosed via 70% of an ip dose by 3 h and up to 95% by 12 h, and PNP-G2
various exposure routes (topical, oral, inhalation, iv, etc.) @ras the dominant metabolite completely excreted in urineg
metabolically generated in the skin during penetration. On{zessner, 1974). It was demonstrated that PNP-G accountégl
some mass transfer rates, especially the absorption/metabfalic70% of the oral PNP dose in rabbits. Similar results weres
formations rates, may be affected by the compound dosebtained from a rat study after PNP iv dose, with a very quickg-
(PNP dosed directly or a dose of its parent compound suchfasmation of PNP conjugation products within 1 min (Machida %
parathion or methyl parathion) or by the dosing method. Thét al.,1982). This demonstrated that PNP-G also accounted foB.
study demonstrated that PNP local tissue distribution, PNo-thirds of the total excretion in the pig (Fig. 5), which is
metabolism to PNP-G, and PNP blood-to-urine transfer ratsisnilar to PNP metabolic disposition in other species via dif-
were similar for both directly-dosed PNP, as reported in thferent application routes. PNP conjugation is not sex specific:
work, and for parathion-derived PNP, as in our previous studiyit may be saturable/dose-dependent. PNP conjugation reag-
in the pig (Qiaoet al., 1994). The results presented hertons seemed to be limited by the hepatic blood perfusion rate>
demonstrate that the model rate constants with an identical, the hepatic extraction ratio of PNP can be as high as 1.
dTK model structure were similar for iv and topical PNKMachidaet al., 1982). It was also found that extrahepatic @
application (Table 2). Therefore, via this study it was suggestednjugation metabolism of PNP was considerable (46% of thé,’l,
that in complexin vivo dTK modeling, toxicants should beentire glucuronidation capacity) in animals (Machieggaal., g
intravenously dosed and the iv data were modeled initially i®82). At least three isoenzymes are responsible for PNF%-
simplify the more complex topical modeling task.PNP absorgenjugation in the rat (Antoinet al., 1993). Up to 1992, no
tion has been demonstrated to be as significant as 6-288dy was conducted regarding excretion in humans followin
within 8 h afterin vitro, ex vivo, or in vivadermal exposure in dermal exposure (ATSDR, 1992).
pig models in a dose-dependent fashion (Brooks and Riviere About 78% of the absorbed PNP dermal dose in the rabbig
1996; Changet al.,1994a; Qiacet al.,1996). Similarly, other and 92% of an iv dose in the dog appeared in the urine withing
researchers reported 35% and 11% of topical PNP could belay. Fecal elimination is very minorx(1%) in both cases
absorbed in rabbits and dogs, respectively (ATSDR, 1996).(ATSDR, 1996). In this pig study, urine excretion of PNP
the experiment was extended to 4 days as withithigvo pig  (one-third) and PNP-G (two-thirds) was completed within 1
model, over 70% of the topical PNP dose could be absorbeldy after iv application of PNP (Fig. 5). However, acontinuous§
Tissue residues were also found to be insignificant (ATSDRrine excretion was observed following dermal exposure. This®
1996; Qiacet al.,1996). PNP dermal absorption has also beamas due mainly to the prolonged dermal exposure (no skin
studied in otheiin vitro static and flow-though diffusion cell wash during the 4-day study) and continuous percutaneous
systems with animal or human skin (Hiezal.,1991; Hotch- absorption (Fig. 11) but not due to PNP/PNP-G release from
kiss et al., 1992). PNP absorption after oral and inhalatiotissues; label excretion is fast and tissue residue is insignificant
exposure was found to be complete and quick. More thaiffter both iv and topical exposure of PNP. PNP-G is more polar
80-90% of an oral PNP dose was absorbed in rabbits, and than the parent PNP and thus easier to excrete via the renal
blood T,.« was only several minutes in monkeys (ATSDRroute. Similar to the dog, rabbit (ATSDR, 1996), and rat
1996). (Gessner, 1974) studies, we found that fecal excretion was very
Quite often, the absolute amount (mass) of dermally abiinor (~0.5%) following both iv and dermal exposure of PNP
sorbed penetrant can be increased with dose, although ithé¢he pig (Table 1).
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Urinary PNP, as a sole biomarker of human pesticide expo.volved in p-nitrophenol glucuronidatiol@omp. Biochem. Physiol. @06,
sure, was used as a key decision-making criterion for a reme241-248.
diation strategy related to the illegal indoor application JfTSDR (1992). Toxicological Profile for Nitrophe‘nols: 2-Nitrophenol, éi-Ni-
methyl parathion in several states in the United State rophenol. US DHHS, PHS, Agency for Toxic Substance and Disease

. . egistry (ATSDR), Atlanta, GA.
(ATSDR, 1996; Grissonet al., 1998). Urine PNP can be from T DgR ();é%) b )bl_ health Advi . i thion/P |
: . . Public heal visory for methyl parathion/Pascagoula,

sources other than methyl parathion exppsure such as dll%g ckson County, Mississippi, US DHHS, PHS, ATSDR, AHAC, Atlanta,
PNP exposure from methyl parathion environmental degradaga pec. 3.
tion, although methyl parathion imposes the major health Cogs ey . 3., Labudde, J. A., and Maibach, H. I. (1972). Skin permeability
cernvia |tS aCtIVE metabo“te Of methyl pal’aOXOI’] Add't'ona"y, Vivo: Comparison in rat, rabbit’ p|g and man. J. Invest. Dermﬁal
PNP can greatly enhance dermal absorption of compounds like14-123.
parathion and itself (Charef al., 1994a,b). Due to all of those,Berry, C., Stellon, A., and Hallinan, T. (1975). Guinea pig liver microsomal
the urine PNP monitoring strategy for methyl parathion dermalUDP-glucuronyltransferase: compartmented or phospholipid-(:onstrained’?U
risk assessment should be carefully implemented. When ageffochim. Biophys. Actad03, 335-344.
methyl parathion containing PNP (e.g., methyl parathion degock, K. W., Frohling, W., Remmer, H., and Rexer, B. (1973). Effects of
radation) is exposed to skin. the resultant urine PNP Shoukﬁ)henobarbital and 3-methylcholanthrene on substrate specificity of rat live
represent two sources—dire,ct dermal absorption of PNP angﬂcrosomal UDP-glucuronyltransferadgiochim. Biophys. Acta327,46—
metabolic generation of PNP from systemic/cutaneous met%p—

20|UMO

6.

. . . ooks, J. D., and Riviere, J. E. (1996). Quantitative percutaneous absorptio
olism of methyl parathion. Therefore, environmental methyl 3,4 cutaneous distribution of binary mixtures of phenol and para-nitrophe

parathion levels and urinary PNP levels alone might not benol in isolated perfused porcine skifundam. Appl. Toxicol32, 233—243.
adequate for assessing human health threats associated @fitfhg, s. K., Dauterman, W. C., and Riviere, J. E. (1994a). Percutaneou
indoor methyl parathion exposure. A more integrated exposureébsorption of Parathion and Its Metabolites Paraoxon and P-Nitrophenol2
assessment strategy, based on the better understanding Ayfministered Alone or In Combinatiorin vitro Flow Through Diffusion
mixed exposure and more importantly metabolic and environ-Cell System. Pest Biochem. Physiag, 56-62. N

mental degradation kinetics of methyl parathion, becomes é4§2n9. S. K., Williams, P. L, Dauterman, W. C., and Riviere, J. E. (1994b). 5
Percutaneous absorption, dermatopharmacokinetics and related bio-transfot

Se.ntlal for risk anaiysis and management of the methyl paraFnation studies of carbaryl, lindane, malathion, and parathion in isolatedg
thion house spray incident.

perfused porcine skinfoxicology91, 269-280.

In anCIUSIOH' the PNP TK mOde“_ng strategy d_eveIOD_e(;dooper, A. R., Overholt, L., Tillquist, H., Jamison, D. (1997). 4-Nitrophenol.
here will be useful in the comprehensive dTK modeling of its |n cooper's Toxic Exposure@. R. Cooper, L. Overholt, H. Tillquest, and
parent compounds for human dermal risk assessment as well @s Jamison, Eds.), pp. 1610-1619. CRC Press, Inc., New York, NY.
in transdermal drug delivery studies. PNP postabsorption diswgelhardt, W. V. (1966). Swine cardiovascular physiology- a review. In
position kinetics were exposure independent. This model isSwine in Biomedical Researh. K. Bustad and R. McClellan, Eds.), pp.
structurally identical to the model used for published parathion307-329. Frayn Printing Co., Seattle, WA.
modeling work. PNP was one of the most effective percutan@essner, T. (1974). Studies of glucuronidation and sulfation in tumor-bearin
ous penetrants, with percutaneous absorption of over 70% aftdf's-Biochem. Pharmacol3, 1809-1816. '
dermal exposure in swine. PNP and its conjugation metabolftéssom. R. E., Akin, E., Susten, A. S., Brackin, B., and Stilman, T. (1998).
PNP-G were rapidly and completely transported from bIOOdReS|dent|al exposure to methyl parathion (MPyxicol. Sci.42 (1s),44.
into urine with very minor fecal excretion and insignificanﬁamada’ N., and Gessner, T. (1975). Effect of 3-methylcholanthrene pretrea
ti id . . Uri ti is th . ment on glucuronidation and sulfation in perfused rat liierug Metab.
I?SL!e residues IP swine. dr|r'1ary exct:)relion I'Sh % primary picnos 3, 407-416.
€ I_mmatlon route for PNI,D and its metabo Ite’_WIt about Or“:f‘-l_awkins, G. S. Jr., and Reifenrath, W. G. (1984). Development af aitro
third as PNP and tWO'th”dS as_ PNP-G after iv, but equa"y Snodel for determining the fate of chemicals applied to skimdam. Appl.
PNP and PNP-G following topical PNP exposure. The resultSroxicol. 4, S133-S144.

support the strategy of applying urine PNP as a biomarker gz, r. s, Lorence, C. R., Hodson, C. D., Hansch, C., Hall, L. L., and Guy, -
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OP pesticide exposure assessment, although some precautioRsH. (1991). Percutaneous penetration of para-substituted pHanateo. §
have to be taken. Fundam. Appl. Toxicoll7,575-583. o
Honeycutt, R. C., Zweig, G., and Ragsdale, N. N. (198%®rmal exposure
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