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ABSTRACT

,772-Bi1t6':i§*éceﬁc acid (BAA), a metabolite of 2-butoxyethanol (BE), is responsible for the
‘'observed hemolytic téxicity of BE in laboratory animals. BE-induced hemolysis occurs in a

| #p'es;.iesi-,r agé, and gende - dependent manner, which can be explained, in part, by differences in
red blood cell si!sceptibil! ~r to lysis. Additional differences in rates of formation, distribution,
and elinﬁnation of BAA n.vy also significantly contribute to its hemolytic potential. Studies
have rsuggested.that BAA is actively secreted in the kidney and may account for some of the
differences observed in toxicity. The objective of the present study was to characterize the age-,
species-, and gender-dependent inrfuences on the renal climination of BAA. In vifro estimates of

- renal acid secretion of BAA were determined using precision cut renal slices from young and
old,'ma',le and female, rats and mice. Time-course studies were conducted in which renal slices
were incubated with various concentrations of “C-labeled BAA alone or in combination with
probenecid in a dynamic culture system. The data indicate marked differences between ruts and
mice with respect to the active transport cf BAA, as well as possible age- and gender-dependent
GIHCrenees i fa"s Renal active ansport of BAA did not differ between young and old male
rats, but did differ among female rats. Gender-dependent differences were observed in both old
and young rats, where females have a lower affinity, but higher capacity pathway compafe:d to
male rats of similar age. In coptrast, mice have only a marginal ability to actively transport BAA
in the kidney. These data.indicate that species-, age- and gender-differences in hemolysis

resulting from exposure to BAA could be attributable, in part, to differences in the active

secretion of BAA.
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INTRODUCTION

Animal exposure studies indicate several toxicological findings, including hemolysis,
decreased body weight gains, liver and kidney toxicity (secondary to hemolysis), and skin
irritation (Tyler, 1984). The acute hemolytic anemia has been reported to occur in a dose-,
species-, age-, and gender-dependent manner (Smyth et al., 1941; Carpenter et al., 1956; Tyler,
1984; Ghanayem er al., 1587a, 1990; Ghanayem, 1989; Ghanayem and Sullivan, 1993; Udden,
1994; Udden and Patton, 1994). In general, studies suggest that older animals are more sensitive
than younger animals (Tyler 1984, Ghanayem ef al. 1987a, 1990), females are more sensitive
than males (Udden and Patton 1994), and rodents are significantly more sensitive than humans
(Carpenter ef al. 1956, Udder ind Patton 1994).

The primary BE metabolite, butoxyacetic acid (BAA), has been shown to be responsible
for the hemolysis .of red blood -cells {Ghanayem, 1989; Ghanayem and Suilivan, 1993; Udden
and Patton, 1994; Udden, 1994). Factors which may contribute to the species difrerences in
toxicity include both pharmacodynamics (sensitivity of red blood cells to the internal dose of
BAA) and pharmacokinetics (absorption, distribution, metabolism and elimination). For
example, Grant ef al. (1999) observed species-, gender-, and age-dependent differences in BAA
formation from BE via the alcohol/aldehyde dehydrogenase pathway similar to the age-related
differences reported in male rats by Ghanayem et al. (1987a, 1590).

Pharmacokinetic differences between species have been the focus of efforts to improve
human health risk assessments for BE and its hemolytic metabolite BAA. To this end, a PBPK
model was developed to describe the disposition of BE aad BAA in male rats and hﬁfnans

(Corley et cl., 1994). Sensitivity analyses of this model demonstrated that parameters describing
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T o the formation of BAA; its distribution (protein binding) and elimination (renal active transport),

were critical parameters in accurate prediéﬁons of internal dose estimates of BAA (Lee ef al.,

' 1995). Furthermore, a chronic bioassay in F344 rats and B6C3F1 mice in progress at the

Ngtf:onal to:d;olggy Progmm includes groups of aninsals to evaluate the kinetics of BE over the

course of the bioassay. Therefore, it is important to expand the current PBPK model to inciude
 both genders of mice and rats, as well as the potential impacts of aging.

The focus of the present study was to determine the effect of age, gender, and species on
the renal active transport of BAA, using precision-cut renal slices. This methodology offers the
advantage of maintaining tissue architecture, and prevides for easier cross-species comparison
than alternative in vitro systems (Bach et al., 1996). In a companion paper (Grant ef al., 1999)

the effect of age, gender, and species on the formation of BAA is described.
MATERIALS AND METHODS

Animals. Young adult male and female F-344 rats (8-10 weeks of age) and young adult male and
female B6C3F1 mice (4-5 weeks of age) were obtained from Charles River Breeding
Laboratories (Raleigh, NC). Old male (21 fnonths of age), and female (18 months of age) ¥-344
rats, and old male B6C3F1 mice (18 months of age) were obtained through the National Institute
of Aging (Bethesda, MD). Aged female mice were not available. Animals were maintained for
a minimum of 5 days in 12h light:12h dark cycle in a temperature controlled animal facility and

allowed food and water ad libitum until use.
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Chemicals. Teconical grade 2-butoxyacetic acid was donated by Shell Development
Corporation (Houston, TX). Radiolabeled 2-butoxy({1-"*CJacetic acid was purchased from
Amersham Life Science (Buckinghamshire, England) with a radiocheimical purity of 98.6% and
specific activity of 16.9 mCi/mmol. All other chemicals were reagent grade and purchased from

standard vendors.

Reno’ slice preparation. Animals were sacrificed by exsanguination under CO: aneschesia.
Renal slices were prepared as described previousl: (Pritchard 1976, 1990) with: the following
modifications. Following excisicn, kidneys were stored in ice-coid; oxygenated Krebs-
Hensleit/Hepes (KHH) buffer (pH=7.45) and slices (200 + 25 pm in thickness) were prepared
within 10 min of removal using a Krumdieck tissue slicer. Slices containing only the cortical
section of the kidneys were discarded and the remaining slices were placed on mesh screen half

cylinders, which were fitted into teflon or titanium inserts.

Renal slice incubation. 1cubations were carried out using the dynamic organ culture method
described by Smith ef al. {1985) with the following modifications. Slices were incubated in vials
containing 0.05, 0.25, 0.50 1.0 mM 14C-labeled BAA in KHH buffer (95%/5% 02/CO;) with or
without probenecid. Pilot studies demonstrated that at least three times more probenecid- than
BAA resulted in maximum inhibition of active transport, therefore a ratio of at least 3-fold (up to
10-fold) was used throughout the renal studies. Slices were removed from the buffer following
5, 15, 30, or 45 min of incubation, blotted dry on filter paper, weighed, and solubilized in_ 1 mlof
1M NaOH overmight, then counted in a liquid scintillation counter with Optitluor sciptiliation

cocktail (Packard, Meriden, CT).
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) Delemmmtmn of slice vzabslity and BAA toxicity. To assess viability of control and treated

liver slices, intracellular A“I‘P and K* content were measured in the supematant of shces

o rihomogemzed in 10% (w/v) mchloroacenc acid and centrifuged at 10,000 x g. ATP content was
" measured using the luciterin-luciferase assay (Kricka, 1988) as described by Hoivik ef al. (1956)

; WIth a Turner Designs TD-20/20 LMometa. K* content was subsequently measured using a

ﬂahe photométer (Model PFP7, Jenway, Essex, England) per the manufacturer’s instructions.

'ATZ and K" data were compared for treatment-related differences using a one-way analysis of
s using y analy

veriance. Differences were significant if p < 0.01.

Kinetic analysis. The uptake of BAA by the kidney slice was analyzed using a two compartment
model (Figure 1) Vsimilar to one used to describe the ir vifro protein binding of methyl -butyl
cther in kidney homogenates (Poet and Borghoff, 1997). In this model, the transfer of free BAA
between the media and the slice (k; and PK) and the active transport of BAA within the slice (Kw

and V) were described  _ug the following series of equations:

dSLICE _ ko x BAd, — K x BAA,,- o
SLICE = MTEG(i“—S-Ld{E@ 0. o) @
BAA, = SLICE — BA4, (3)
dBAA, BAA,
—_ = Vmax Xe o ) ’ :
dt (X, + B44;) @) :
\ )

INTEG( £.0.0
dt )
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Where k; is the first-ords. tiansfer coefficient between media and slice (min™), PK is the
kidney:media partition coefficient, Km (ng/mg slice) and Vmx (ng/min/mg slice) are the
Michaelis-Menten constants for renai active transport, SLICE is the total concentration of BAA
in the slic: (ng/mg slice), BAAy is the concentration of BAA in the media (ng/mg media), BAAr
is the concentration of free BAA in the slice (ng/my slice) and BAAg (ng/mg slice} is the
concent-ation of BAA actively transported by the slice (ng/mg slice).

To determine the Ky, and Vmax for renal active transvort, the parameters driving the non-
specific. uptake of BAA (k; and PK) in the two-compartment model were determined by fitting
the model to the concentration-time course data for the total uptake of BAA (SLICE) in the
presence of the renal active transport inhibitor, probenecid (setting Vma = 0). Once the non-
specific uptake parameters were determined for each set of kidney slices, Ky and Vi, for renal
active transport were determineﬂ by fitting the model to the concentration-time course data for
the total uptake of BAA without probenecid. All parameter estimates were determined using the

maximum likelihood estimation method of SimuSolv® (The Dow Chemical Company).

RESULTS

Renal slice viability
Control and treated slices for all experiments maintained their viability throughout the

incubation period, as reflected by their K" and ATP content. Even after 45 min of inc:uBatidn
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intraceliular levels of ATP and K" levels in all slices did not differ from their respective controls
T (datanotshown).
Active.secretwnofBAA m r;enal slicés from rais
" The active secretion of BAA via the renal organic anion transport system was determined
in z‘itr;J using k:dney slices prepared from young and old, male and femnale rats following
. incub;tion with BAA alone (active and non-specific uptake) or in combination with probenecid
(non-specific uptake). There was a nxarkéd, consistent increase in the accumulation of 'C in all
slices incubated With BAA alone compared to those co-incubated with probenecid. The
difference reflects active uptake and suggesis tiict BAA is actively secreted in the rat (Fig 24).
Non-specific uptake of BAA from the media to the kidney slices from youﬁg male rats
~ was analyzed using the two-compartment model (Fig 3). Single estimates of k; and PK were
determined for the model that besi described all of the data from each dose level (Table 1).
Similar simulaiicns were conducted for young and ofd fer ‘le and old male rats (simulations not
shown) and k; :;nd PK estimates are given in Table 1.

Parameters for active transport, K, (affinity) and Vimax (capacity), were determined using
the two-compartment model by setting k; and PK equal to the estimates determined previously,
and optimizing uptake of BAA data in slices incubated with BAA alone (Fig 4). Young an'd old
female rats have a higher Ky, and Vimax for active transport of BAA compared to male rats of
similar age (Table 1). In addition, while there- was 10 age-dependent difference in active

transport in male rats, old females rats had a lower K.. and Vg than did young females rats

(Table 1).
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Active secretion of BAA in renal slices from mice

Unlike rats, only a marginal time-deperdent difference between slices incubated with
BAA aloné and slices incubated with BAA + probenecid was observed (Fig 2). The magritude
of this difference in mice indicated that active transport of BAA is much lower than cbserved in
cats. To verify these results, additional studies, using BAA concentrations similar to those used
in the probenecid experiments, were conducted at 0°C tc determine if renal transport in mice
oceurred via an active process not inhibited by probenecid. BAA uptake in slices incubated at
d"C did r;ct differ from uptake in slices using provenecid as the inhibitor at 37°C (data n'ot
shown) indicaiing that probenecid effectively inhibited renal active transport in mouse renal
slices.

Estimates of non-specific uptake of BAA from the media to the kidney slice (ki and PK)
were determined as described previously using the two-compartment model and are given in
Table 1 (simulations not shown}. Estimates of Kq, (affinity) and Ve (capacity) to describe the
active secretion of BAA in renal slices were 2lso determined as described for the rat (Fig 5,
Table 1). There appear to be no age- Or gender-related differences in Kn and Viax estimates of
active transport of BAA within the groups of mice. However, all Ki, and V. estimates for mice
are substantially lower than those estimated for rats corresponding to the overall marginal

differences in uptake of BAA with and without probenecid.

DISCUSSION
Previcns studies have clearly demonstr=ted that renal active transport plays an important
role in the elimination of BAA in male F344 rats (Ghanayem ef al., 1990). In additioh,

sensitivity analyses of a PBPK model for BE and BAA in rats and huraans indicated the

cnQNio
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importance to having reliable estimates of the rates of active transport in desctibing the internal

- do'sime@:ofBAA following BE exposures (Corley e? al., 1994; Lee et al., 1995). Therefore, to
expand the current PBPK model to incorporate potential age-related changes, fcmale rats, and
: botn genders of mice, renal active transport of BAA was investigated using a precision-cut

huney slice system coupled with a two-compartment kinetic analysis. Concentrations used in
this in vitro study (0.05 — 1.0 M BAA) bracketed the expected range of metabolite

conqenttations that could be achieved during repeated-exposure toxicity studies with rats. The

lnghm concentration (1.0 mM) is clearly toxic to the red blood cells of rats (Udden and Patton,
1994) and is predicted to occur only at inhalation concentrations in excess of 200 ppm for 6-hr
exposures (Corley et al., 1994). The lowest concentration (0.05 mM) is very near the LOEL for
pre-hemolytic changes in red blood cells of rats (M. Udder, personal communication).

In the preseat study, the active uznsport of BAA by the kidney slice was determined by
comparing the upiake of BAA with and without inhibiting the active transport process. The
inhibition of active transport was accomplished with either probenecid (at least three-fold excess)
or by incubating the slices in an ice bath (mouse only}. A two-compartment model was used to
analyze the concentration time-course data utilizing data from all time points and incubarion
concentrations of BAA to estimate the rate constants for active transport. It was especially
important to use all of the data for mice since only very small, but consistent increases in BAA
uptake occurrzd in kidney slices not inhibited by either probenecid or ice. In both species, the
majority of the uptake represented partitioning and possibly protein-binding (referred to as non-
spectfic uptake).

The data presented here suggest that the renal active transport of BAA differs between

male and female rats, young and old female rats, and between rats and mice. However, these

conoll
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differences showed a strong dose-dependency. As expected, the moét significant différence
occurred between species. At low BAA concentrations, the rates of active transport were very
similar in rats and mice with the exception that very little active transport was detected in yorng
female mice (Figure 5a). By comparison, high BAA concentrations resulted in significantly
greater rates of active transport in rats than mice for comparable gender and age groups (Figure
5b).

Within a species, differences in active transport were pn'ixmrily associated with gender
and not age. For tats, males were slightly mnore efficient in transporting BAA thea females at
lower cuncentrations (Figure 5a) as reflected by their lower Kns (Table 1). At higher
coucentrations, the reverse was observed. Age-related differences in rats were confined to the
females where a slightly higher capacity ai d lower affinity for «ctive transport was observed in
younger versus older females (Table 1). Tn mice, young female mice showed a very weak
capacity for acid transport of BAA compared *o males (Figure 5). Since no aged female mice
were available to corduct this study, age comparisons were limit 4 to the males with vounger
males slightly more effective than older males in actively transporting BAA.

Circulating BAA levels are impacted by the dose/dose-rate of BE as well as by the
relative tissue:blood partition coefficients, protein-binding and renal active transport of BAA as
described by Lee et al. (1995). Grant et al. (1999) rece-tly compared the relative rates of hepatic
BAA formation from BE via the alcohol/aldehyde dehydrogenase pathway usiag the same
groups of animals as in this study. A rank order of BAA formation (Grant ef «l, 1999) and renal
active transport is given in Table 2. When BAA formation and renal active secretion are
considered collsctively, several predictions can be made. Among rats, gender- and,age«‘related

differences in toxicity could be predicted based on projected circulating levels of BAA. For

000012
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example, yﬁung male rats form BAA slower than young female and old male rats and they

siecrete BAA faster than young female rats, which should lead to higher circulating levels of

BAA in youngrfetﬁale and old male rats (Table 2). These data correlate well with in vivo toxicity

- data, which found that young males are less sensitive to BE-induced toxicity than females or old
| male rats (Ghanayem et al., 1987b, 1990; Tyler, 1984).

While no in vivo kinetic data exist for mice, seveial a priori predictions can be mude
based on the rank order of BAA formation and active secretion. For example, young female
mice are likely the most sensitive among the groups of mice tested as they have the highest rate
of metabolism to BAA but a limited capacity to actively secrete BAA compared to both young
and old male mice (Table 2). In addition, while no age- related difrerences were observed with
respect to active secretion of BAA in young and old mice, old mice formed BAA slightly faster,
which could result in slightly higher circulating levels of BAA for longer periods of timu
resulting in increzsed hemolyticppotential (Table 2).

While it is clear from these studies that theré are species-, gender-, and age-related
differences in the renal acti st of BAA in laboratory animals, these data alone are
insufficient to predict the in vivo internal dose of BAA following various BE exposures.
However, the comparative in vitro rates of renal active transport and the in vivo studies
conducted in male rats (Ghanayem er al., 1990} can be u'sed to estimate the in vivo rates of éctive
transport in young and old female rats and mice of both genders, using the parallelogram
approach of Reitz et al. (1988). Additional studies are also in progress, which evaluate the tissue
partitioning and plasma protein binding of BAA as a function of species, gender and age. This

information will be important in developing the next generation PBPK model .capaB'le of
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describing the internal dosimetry of BE and BAA in young and old, male and female, rats and

mice.
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FiG. 1. Two-compartment model describing the uptake and active transport of BAA by kidney
slices. PK is the kidney:media partition coefficient, k; is the first-order transfer coefficient
between media and slice, Km and Vmax are the Michaelis-Menten constants for renal active
transport, BAAm, BAAF and BAAg are the concentrations of BAA in the media, free in the slice

and actively transported in the slice, respectively.

Media . Slice
BAA,, ——— - BAA,
k /PK
Kﬂl Vmax
BAA,

CeNo4s



Blant Dawais Dot Ve Danal Tranenort

12 l'mwv“rnsb et R S T ik

Project 25529

Daca 12 af 24

F1G. 2. Uptake of BAA into (a) young female rat, and (b) young female mouse renal slices

incubated in the presence of either 0.25 mM BAA alone (*) or in combinatior. with 1.0 mM

~~probenecid (). Data are means + SD of uptake into kidney slices (n=4).
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FIG. 3. Two-compartment model simulations (lines) and data (symbols, means + SD) for the
uptake of BAA by (a) young male rat, (b) young female rat, (c) old male rat, and {d) old female

rat kidney slices incubated without probenecid to inhibit active transport. Simulations of the
non-specific uptake of BAA (BAA incubated in the presence of probenecid) are included (dotted -

lines) for comparison. The concentrations of BAA in the media were 0.05, 0.25, 0.5 and 1.0

mM.
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FiG. 4. Two-compartment model simulations (lines) and data (symbols, means = SD) for the
 uptake of BAA by (2) young male mouse, (b) young female mouse and (c) old male mouse
_ kidney slices incubated without probenecid to inhibit active transport. Simulations of the nén-
R : specific uptake of BAA (BAA incubated in the presence of probenecid) are included (dotted -

lines) for comparison. The concentrations of BAA iﬁ the media were 0.05, 0.25, 0.5 and 1.0

mM.
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FIG. 5. Two-compartment model simulations of the rate of active tr. nsport in renal slices after
45 min of incubation (BAA alone — [BAA + Probenecid]) assuming the same non-specific
uptake of BAA by all groups of kidney. Simulations conducted at a concentretion of BAA in the
media of (a) 0.05 mM and (b) 1.0 mM. YMR = young male rat, OMR = old male rat, YFR = °
young female rat, OFR = old female ret, YMM = young male mouse, OMM = old male mouse

and YFM = young female mouse.
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TABLE 1
Two-Compartment Model Parameters of 2-Butoxyacetic Acid uptake
by precision cut renal slices
Group ki | PK Km Vmax
(rm'n") (ng/mg slice) (ng/min*mg slice)
Young male rat 0.131 0.767 12.31 0.562
O1d male rat 0.176 0.827 12.31 0.562
Young female rat 0.151 0.798 32.39 0.968
Old female rat 0.220 0.719 21.18 0.758
Young male mouse 0.106 0.684 496x10° 0.13/
Old male mouse 0.090 0.591 6.12x10° 0.0996
Young female mouse 0.147 0.805 5.50x 10° 0.0417
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TABLE 2

Rank Order Predictions of 2-Butoxyacetic Acid Formation and its Renal Active Secretion’

Rat Mouse
Young Old Young oud
M F M F M F M
- BAA formation + A e et -
BAA Renal Secretion At ++ i + - *

! Rank order predictions for BAA formation (V/S ratio) (Grant ef al., 1999) and renal active

seorction on & scale of one {+ ) being the lowest rate to five (++++) for the highest rate.

CCGOES



B 14 | - R

CERTIFICATE OF AUTHENTICITY

THIS IS TO CERTIFY that the microimages appearing on this m!croﬂc‘h. are accurate
and complete reproductions cf the recrrgds of U.S. Environmental Protection Agency
~ documaents as deliverad In the regular csurse of buzineas for microfilming.

pase provucea Qo B 1] 00 ﬂl&%&m&
{Month) {(Day) (Year) C a Qpara!or

Place Syracuse New York
(City} ~ (State)

corp




