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Tissue distribution and macromolecular binding of extremely low
doses of }*C]-benzene in BC3F; mice
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Chemistry, San Francisco, CA 94143 aiglology and Biotechnology health, it is not clear how to extrapolate these data to humans
Research Program, L-452, Lawrence Livermore National Laboratory, 7000 €xposed to low levels of benzene via their environment.

East Ave, Livermore, CA 94550, USA Since tumor studies are only carried out at high doses,
SCurrent address: SRI International, 333 Ravenswood Ave., Menlo Park, cA2Ndpoints other than tumor formation are routinely used to aid
94025, USA in extrapolating to lower doses for estimating human cancer

risk. Two such endpoints, protein adducts and DNA adducts,
are recognized as biomarkers of exposure and are thought to
be valid measures of the active dose to target molecules (5).
DNA adducts have been reported to correlate with mutagenic
activity and tumorigenicity (6,7). Covalent binding of xenobiot-
ics to proteins can serve as surrogates for DNA adducts and
disrupt functionality, which may also contribute to neoplastic
transformation (8).

While the exact mechanism for benzene-induced hematoxic-
ity is still unknown, it is thought to involve metabolism
of benzene to reactive intermediates and adduct formation
514%9/ kg dose) by accelerator mass spectrometry (AMS). 4 9 10 11). Metabolic profiles for benzene vary significantly
[**C]-Benzene levels were highest in the liver and peaked \ith dose, with extremely high doses favoring the formation
within 0.5 h of exposure. Liver DNA adduct levels peaked ot b tatively less toxic metabolites (12). Such dose-related
at 0.5 h, in contrast to bone marrow DNA adduct levels,  gjierations in the metabolite profile can affect the apparent
which peaked at 12-24 h. Dose-response assessments afissye distribution and clearance kinetics of the compound
1 h showed that adducts and tissue available doses increased ; its metabolites. Thus, an important question is how the
linearly with administered dose up to doses of 16 mg/kg  5gministered dose of benzene and the tissue distribution of
body wt. Tissue available doses and liver protein adducts penzene relate to the formation of macromolecular adducts

plateau above the 16 mg/kg dose. Furthermore, a larger \yithin these tissues, particularly at doses relevant for human
percentage of the available dose in bone marrow bound t0  onvironmental exposures.

DNA relative to liver. Protein adduct levels were 9- to 43- Until recently, the measurement of adducts at human-
fold greater than DNA adduct levels. These data show that  g|evant doses of environmental contaminants has been diffi-
benzene is b|o_avallable at human_—re!evant (_Jloses and that cult, particularly with benzene. High doses or large sample
DNA and protein adduct formation is linear with dose over  gjzeg are typically needed to achieve adduct levels measurable
a dose range spanning eight orders of magnitude. Finally, py traditional techniques. We recently reported on the use of
these data show that the dose of bioactive metabolites is gccelerator mass spectrometry (AMS*) to measure DNA
greater to the bone marrow than the liver and suggests that  5qqucts following administration of low doses of carcinogens
protein adducts may contribute to benzene’s hematoxicity. (13,14). AMS is a nuclear physics technique for measuring
isotope ratios with high sensitivity, selectivity and precision

, (15). AMS sensitivity with“C-labeled carcinogens is in the
Introduction low attomole (168 mol) range, with DNA adduct detection

Benzene has been one of the most heavily utilized industriggensitivity (depending on specific activity) of a few adducts/
solvents in the last 100 years. It is also present in cigarettd0™ nucleotides (14,16). In this study, we used AMS to
smoke and unleaded gasoline, is a product of combustion, arftHantify the level of benzene DNA and protein binding in the
is present in rural and urban air (1). In animals, benzene hdéver and bone marrow of rodents giveHC]-benzene at doses
been shown to be a multi-potential carcinogen, causing cancef$ low as 700 pg/kg body wt. We also measured the effect of
in multiple species, at multiple sites and in both sexes (1_4)adm|n|stered dose on f[he tissue dlstrl_butlon of th(_a benzene
In humans, occupational exposure to benzene is associatél@se. The purpose of this work was to: (i) determine if benzene
with the induction of acute myelogenous leukemia and maydducts are present in macromolecular DNA and protein at
also be associated with other types of cancer such as luntpw doses, (ii) determine how adduct levels relate between
chronic myeloid or lymphocytic leukemia, and lymphocyte- lIver, where significant amounts of benzene metabolism occurs,
and bone marrow, which is the primary target organ for cancer,
. N _ and (iii) to assess the linearity of the dose-response from the
irﬁgg;ﬁ;ﬁ;’ggjl}(ﬁ]'}ﬂségﬁﬁe:;’ﬁord?:ﬁthsr‘;ﬁgﬁoggg?"p'\grocﬁgfim;gﬂw}':% high doses where rodent tumor studies have been conducted

phosphate buffered saline; HPLC, high-performance liquid chromatographytO the low doses rO_Utinely encountered in the environment by
AUC, areas under the curve. the human population.

4To whom correspondence should be addressed

The tissue distribution and macromolecular binding of
benzene was studied over a dose range spanning nine-
orders of magnitude to determine the nature of the dose—
response and to establish benzene’s internal dosimetry at
doses encompassing human environmental exposure¥(]J-
Benzene was administered to fCsF; male mice at doses
ranging between 700 pg/kg and 500 mg/kg body wt. Tissues,
DNA and protein were analyzed for [“C]-benzene
content between 0 and 48 h post-exposure (625 Ng/kg and
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Materials and methods except that no proteinase K was added. After centrifugation, insoluble tissue
. was removed and 70% perchloric acid (PCA) in water was added to the
Chemicals supernatant to give a final concentration of 5% PCA. The samples were

[U-1“C]Benzene (50.3 mCi/mmol), obtained from Sigma Chemical Co.centrifuged at 3000 r.p.m. for 15 min at room temperature, and the pellet was
(St Louis, MO), was checked for radiopurity using a Hewlett Packard modelresuspended in 1-2 ml 5% PCA. The precipitate was then pelleted by
1084B, high-performance liquid chromatography (HPLC) system equippedentrifugation and washed twice in 50% methanol and EtOH/ether (1:1 v/v).
with a Rainin (Emeryville, CA) C-18 column (10 mm internal diameter The resultant pellet was allowed to air dry before resuspension in ultrapure
%25 cm). The analysis was carried out isocratically (70% methanol/30%(18 MOhm) water for measurement by AMS. PCA precipitate from bone
water) at a flow rate of 1 ml/min. Detection was carried out by UV absorptionmarrow was solubilized in 1 N KOH by overnight incubation at 37°C followed
at 254 nm and liquid scintillation counting of HPLC fractions collected at by adjustment to pH 7.0 with HCI. The protein content of the bone marrow
1minintervals. Under these conditions, benzene eluted at ~7 min. Radioactivityas then determined with the Bradford microassay (Pierce) by following the
associated with the benzene peak wa89%. RNase A (E.C. 3.1.27.5), manufacturer’s instructions and using bovine serum albumin as a standard.
RNase T1 (E.C. 3.1.27.3), proteinase K (E.C. 3.4.21.14), 3-[N-morpholineMacromolecules isolated using this procedure are hereafter referred to as
propanesulfonic acid (MOPS), urea and Triton-X 100 were also obtained fronprotein, although this method does not provide a pure protein preparation.
Sigma Chemical Co. Benzene (used to dilute the specific activity-Aaf]{ .
benzene) and tributyrin were obtained from Aldrich Chemical Co. (Milwaukee, Préparation of samples for AMS measurement
WI). Protein assay reagent and dithiothreitol (DTT) were obtained from PiercePreparation of samples for radiocarbon analysis by AMS requires conversion
(Rockford, IL). All other chemicals were analytical grade. of the samples to graphite. All tissues, DNA isolates, protein fractions and
Animals reagents were handled carefully to avoid radiocarbon cross-contamination.
This required the use of disposable materials for any item that might come
hto contact with a sample (e.g. gloves, tubes, bottles containing buffers,
bench paper). For frozen tissues, samples were cut into ~25-mg pieces by
qL;’sing disposable needles or scalpels and placed in&06nm quartz tubes.
! e h one marrow in PBS (1 ml), DNA in water, protein, and whole blood (50
They were given watero and foaatl libitum, kept on a 12 h light/dark cycle, ul) were pipetted into 50 mm quartz tubes using aerosol-resistant pipette
and maintained at ~22°C throughout the study. ; ) .
tips. For small samples, such as the DNA isolates or the protein isolated from

Preparation of dosing stocks and treatment of mice bone marrow, 1-2 mg of carbon in the form of tributyrin (diluted in methanol)
Dosing solutions were prepared by serial dilution'¥]]-benzene with filter-  was added to bring the total carbon content to 1 mg (an amount known to
sterilized corn oil. For benzene doses above 500 ng/kg, the specific activitproduce uniform graphite). All samples were then dried either under a stream
was adjusted using unlabeled benzene. The final specific activities for eaaf N, gas or by vacuum centrifugation.
dose level were as follows: 500 mg/kg at 810> mCi/mmol, 15.78 mg/kg The dried samples were converted to graphite by a two-step process
at 0.00158 mCi/mmol, 50@ig/kg at 0.051 mCi/mmol, 15.78g/kg at 1.52  described by Vogel (18). Briefly, the dried samples were oxidized tg O
mCi/mmol, 500 ng/kg and below at 50.3 mCi/mmol. Each dosing stockheating at 900°C for 4 h in the presence of copper oxide. The W43 then
concentration was verified by liquid scintillation counting prior to adminis- cryogenically transferred to a second quartz tube under vacuum using a
tration. Nalgene 'Y’ connector and reduced to filamentous graphite in the presence

For animal treatments{C]-benzene was administered to the animals by of cobalt, titanium hydride and zinc powder. The resultant graphite was placed
i.p. injection (0.2 ml/25 g body wt). The maximum amount of radioactivity in the ion source of the spectrometer and analyzed using previously published
administered to each animal was 8-10 nCi. Mice treated with 500 pg/kg ang@rotocols (16).
15.78 ng/kg benzene received 8 pCi and 254 pCi, respectively. Mice treategMS Vsi
with 625 Ng/kg and 5ug/kg were euthanized at 0.5, 1, 3, 6, 24 and 48 h analysis
post-administration by CQasphyxiation followed by cardiac puncture to AMS measures the ratio of a rare isotope relative to a stable isotope of the
collect blood. Mice utilized in dose-response studies were euthanized at 1 Isame element. For4C]-benzene analysis, we measuré@ relative to'3C
Tissues were removed using disposable forceps and scalpels and blotted fraed normalized to theé4C/*%C ratio of 1950 carbon using the Australian
of blood as described by Frant al. (17). Tissues were not perfused to National University sugar reference standard (16). The ratios are converted
remove residual blood and blood volume corrections were not performedio picograms of ¥¥C]-benzenelqg tissue, after subtraction of the background
Bone marrow was collected by flushing each femur with ~1 ml of phosphateadiocarbon contributed from the sample and carrier, and correction for the
buffered saline (PBS), pH 7.4. All tissues were frozen at —20°C until processedipecific activity of the benzene and the carbon content of the original sample.
DNA isolation Carbon contents of the samples were determined using a C:N:S analyzer
(Carlo-Erba NA1500, series 2). Tissues, including blood and bone marrow,
were determined to have carbon content ranging between 11% and 17% (wet
weight). DNA and protein were determined to contain 29% and 48% carbon

BeCsF; male mice (~8 weeks of age; 25-30 g) were obtained from Simonse
Laboratories (Gilroy, CA) and acclimatized for a minimum of 1 week in an
AAALAC-accredited animal care facility before use. Animals were housed
three per cage in filter top, polycarbonate cages with hardwood chip beddin

DNA was isolated from liver and bone marrow as described by Franét

(17). Briefly, ~100 mg of pulverized liver or bone marrow from 1-2 femurs
was solubilized overnight in 4-5 ml of freshly made lysis buffer containing - :
4 M urea, 10 mM Tris—HCI (pH 8.0), 1% Triton-X 100, 10 mM DTT, 100 mm_ (OrY Weight) respectively.

. ! o - In these studies, we analyzed radiocarbon content in tissues, DNA and acid
NaCl and 800ug/ml proteinase K in a 37°C shaking water bath. Samples o iitapie macromolecules. Since AMS only measures the radiocarbon label
were centrifuged to remove undigested tissue, and the supernatants We{D

forced through a 26-g, 1/2-inch (1.3 cm) needle 10 or more times to shea][Ffthe fraction analyzed, we cannot distinguish between the parent benzene

the DNA. RNase A (0.5 mg/ml, final concentration) and T1 (2500 units, final
concentration) were then added and incubated for an additional 30-60 min
37°C to digest RNA. Aliquots of 1 M MOPS (5QI/ml) and 5 M NacCl

(180 pl/ml) were then added to the lysates and the samples were loaded onttatistical analysis

Qiagen tip 100 anion exchange columns (Qiagen Inc., Chatsworth, CA) thafpee animals were used at each time point and at each dose level. Regressions
had been opre-eqwllbrated V‘gth a loading buffer (750 mM NaCl, 50 MM qt the natural logarithm transformation of benzene levels in the tissue and
:\(A)gdi?j’ ;theﬁ)c(l)zltucr’n":] ?/\r/]a(ljsov.\/]élssﬁegr:/tv?tﬁ)t(h;ng’cgmr;ﬁo\)/oﬁjfrtﬁé;hvsagﬁiitg t‘)"(ﬁfse?acromolecules against the natural logarithm transformation of dose were

' B ""“calculated using the JMP statistical package (SAS Institute,Cary, NC). Hypo-
1M NIaCI, 50 'I“M MOfPSI, .15%bE]£fOH' sz 7.0) andct?e DNA wasoelusted '3 thesis testing for linearity and for equality of slopes used a two-sifedlue
one column-volume of elution buffer (125 mM NaCl, 50 mM MOPS an qual to 0.05. In order to stabilize the variance, and because the data were

15% EtOH.' pH 8.0). One cplymn-volume of ice-cold isopropanol was adde easured by subtracting a baseline concentration of radiocarbon, we added a
to thoe elution buffer containing the DNA and the samples were stored aonstant of 0.1 pg benzene/g sample to the measured benzene concentrations
—20 .C for'12 h. At the end of this 12-h 5“3“”‘99 the DNA was pelleted b{})efore taking the logarithms. All samples were analyzed multiple times by
centrifugation at 3000 r.p.m. for 4-5 h at —4°C. The DNA pellet was washe IAMS (n = 3 in most cases) and averages of each were used for statistical

with 70% EtOH and reconstituted in ultrapure water (18 MOhm). This ’ - : :
- ~ . ; .~ analysis. We also omitted the highest dose level from the analysis (except
procedure yielded ~100g of DNA/1O0 mg tissue with an A260/A280 ratio where noted in Table Il) because of its clear non-linear relationship. For the

of 1.7-1.9. The DNA concentration was determined by UV absorption at - : : : :
260 nm, assuming an A260 of 1:0 50 pg/ml DNA. dose-response analysis, the assumption of independence is not met because

the same set of animals provided all tissues (except for bone marrow tissue
Acid precipitation of macromolecules and bone marrow protein, which were measured in a separate set of animals).
Approximately 100 mg of liver or bone marrow from two femurs was Therefore, equality of slopes was tested by fitting the data to a multivariate
pulverized and lysed using a procedure similar to that used for DNA isolationregression model.
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Benzene tissue distribution at extremely low doses

Table I. Kinetics of [14C]-benzene uptake and clearance in various tissues following i.p. administratioH'Qdépenzene equivalents/g tisséie)

Time (h) Liver Kidney Blood Bone marrow
0 124.1+ 1455 50.2+ 45.5 42.6+ 33.4

0.5 392.4+ 102.1 564.7+ 280.4 149.6+ 71.1 100.1+ 10.6
1 980.7+ 193.4 490.2+ 152.4 91.5+ 22.8 59.9+ 22.7
3 419.2=+ 100.9 437.0+= 112.8 68.8+ 50.5 241+ 55
6 132.2+ 375 135.0* 27.2 146+ 2.4 172+ 5.2
12 59.4+ 35.1 85.7+ 20.7 5.9+ 2.7 9.2+ 3.9
24 83.7+ 13.7 68.4+ 25.1 7.0+ 15 7.0+ 2.0
Time (h) Lung Spleen Thymus Heart

0 29.9* 27.0 21.4+ 20.2 8.0t 6.7 121+ 9.8
0.5 123.9+ 53.5 61.7+ 29.3 55.2+ 29.3 58.9+ 27.9
1 79.9+ 23.6 82.9+ 54.0 36.5+ 10.9 354+ 4.6
3 56.1+ 29.1 344+ 4.3 27.3+ 6.9 26.5* 6.0
6 29.7* 17.0 15.7+ 2.7 11.8+ 1.3 104+ 14
12 10.7+ 2.8 6.6+ 2.8 5.6* 0.9 40+ 15
24 95+ 14 7.1+ 0.8 51+ 0.4 45+ 04

@Data represent the mean of three animals/time pairf@D with values for unexposed controls subtracted. The radiocarbon levels in unexposed animals were
consistent with thé“C/2C ratio of present-day carboA*C/*2C = 1.14x10713).

Results 70 A
Tissue distribution and kinetics 60
Table | shows the tissue distribution dfC]-benzene equiva- 50

lents as a function of time for mice given a benzene dose of Bone Marrow DNA

628 ng/kg body wt i.p. The highest levels #C-benzene 7 ~ 40
equivalents were found in the liver and kidney, followed by & 30
the lung, blood and bone marrowC]-Benzene equivalents 2

in the liver reached a peak concentration of almost 1000 pg ¢ 20
[*4C]-benzene equivalents/g tissue 1 h post-exposure. The peakz 10
concentrations of'fC]-benzene equivalents in the kidney were @

1.7-fold lower than in the liver. The lowest benzene levels g

were found in the spleen, thymus and heart. Peak radiocarbo

levels in all tissues were observed at 0.5 or 1 h post-exposure, o
although some tissues may have reached maximum leveldd 350
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The clearance of benzene and its metabolites from the,":'
tissues was rapid. A small fraction (5-12%) of the maximum @ 250

tissue concentration remained in the tissues 24 h post-exposu & 200 Bone Marrow DNA

(Table 1). At 24 h after exposure, the concentrations¢E]- <

benzene equivalents were similar in all tissues except the liver 150 ¢

and kidney, where benzene levels were still 10-fold greater

than in the other tissues. 100 £
Figure 1 illustrates the amount df'C]-benzene equivalents 50

associated with liver DNA at time points between 0 and

48 h post-exposure following administration of benzene 0

doses of 628 ng/kg and fg/kg body wt. Within 30 min 10 0 10 20 30 40 50

of dosing, liver DNA binding reached a maximum of

166.5 = 106.0 pg/g at the higher dose. At the lower dose Time (h)

(628 ng/kg), liver DNA binding levels were proportionately

- . 1. Uptake and distribution of'fC]-benzene equivalents in malg@F
less (16.9 ng/kg) at its peak. At both the doses, the adduﬁi%e by R ar DNA and bone marrfocvg, DA, Dosi?]g was by ip. @G

levels declined steadily after 30 min post-exposure. At thegministration of 628 ng4) and 5uglkg ®) [**Cl-benzene in comn oil.

low and high doses respectively, the levels were #.2.0  Data represent mean SD of three animals/time point.

and 46.9+ 6.3 pg [“C]-benzene equivalents/g DNA 12 h

post-exposure. Radiocarbon levels in the DNA remained

essentially unchanged at subsequent time points to 48 h. The variation in the data is high at these early time points
A very different response was obtained in the bonebecause of the low radiocarbon content in the samples.

marrow DNA (Figure 1). The radiocarbon content of boneHowever, radiocarbon levels in the bone marrow DNA

marrow DNA was low between the 0 @8 h time points. steadily increased between 3 and 12 h, peaking at levels of
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234 + 76.4 pg [“C]-benzene equivalents/g DNA (Bg/kg  or metabolism was evident by the deviation from linearity in
dose level) 12 h post-exposure and at 53%814.9 pg/g all tissues at the highest dose (Table II).
(628 ng/kg dose level) 24 h post-exposure. These levels are The dose-response relationships of benzene equivalents
higher than the peak adduct levels measured 1 h posbound to liver DNA, bone marrow DNA and acid precipitable
exposure in the liver DNA. macromolecules (protein) are shown in Figure 2. DNA and
Since binding kinetics were clearly different for liver and protein were isolatt 1 h after exposure for both the liver and
bone marrow, we calculated the areas under the curveone marrow in order to make direct comparisons of the data
(AUC) to estimate the total bioactive dose to each tissueamong tissues. This time point was chosen to maximize the
AUCs for DNA binding using the data presented in Figure_probablllty of measured adducts in both tissues. No saturation
1 were calculated using the trapezoidal rule (19) from zerdS evident over the entire dose range studied (500 mg/kg to
to time ‘t (24 h for the liver and 48 h for the bone 700 pg/kg) in either liver or bone marrow DNA. Radiocarbon

marrow) without extrapolation according to the following €VeIS in the DNA at the 500 mg/kg dose reached 11.5 and

calculation: 6.8X10° pg 1“C-benzene equivalents/g DNA in the liver and

AUC = Z[(Cl + C2)/2X(t2—t]) + (CZ + C3)/2X(t3—t2) +

oo (G + CY2X (L= t0)]

The AUCs calculated using this algorithm are proportionalbackground.
to dose in the liver. The AUC to dose ratio in liver is 0.3  Figure 2B shows the protein adduct dose—response relation-
at both the high and low doses. In the bone marrowship. A linear relationship was found in both liver and bone
however, the AUC:dose ratio is 27% higher at the low dosemarrow for benzene doses ranging from 700 pg/kg to 16 mg/
kg body wt. At the high dose (500 mg/kg benzene), liver

Dose-response relationships

Table Il gives the dose-response data for tH€]fbenzene

bone marrow, respectively. At the dose of 500 ng/g-

benzene, these levels decreased to 17.20 fi@]t{enzene
equivalents/g DNA in the liver and 3.6 p&'C-benzene

equivalents/g DNA in the bone marrow. Radiocarbon levels
at doses below 500 ng/kg could not be distinguished from the

protein adducts exhibited saturation similar to that seen in the

whole tissue. Protein in the bone marrow, however, did not

equivalents in tissues over a dose range spanning nine ordesghibit saturation. Deviation from linearity in the bone marrow
of magnitude. A linear relationshig>(< 0.05) exists between protein binding kinetics is seen at the lowest dose. This result
administered dose and the level of benzene equivalents in the likely due to contamination, given the large uncertainty
tissues at doses below 16 mg/kg. Furthermore, the slopes @f the measurements, and has been omitted from further
the linear fits are paralleP(< 0.05). Saturation of absorption consideration in this study.

Table 1I. Dose-response relationship 8fC]-benzene equivalents in malg®F,; mice 1 h after i.p. administration

[*“C]-Benzene equivalents, pg/g tiséléd

Dose (ng/kg)

Liver

Kidney

Blood

Bone marréw

500064020.5

598203474 5592447.0

46302189.2 9563868.3

22859794.F 5051111.3

2520159.% 566265.1

15782020.5 15836406.F 3206380.4 18467986.6 13298040.2 3510364.¢ 860217.5 n/a

499263.9 458372.1 251031.3 435342.6: 126233.0 138810.& 87890.0 44196.8- 16418.9
15782.0 18746.9- 2487.2 14526.3+ 1360.9 5325.4+ 2828.2 n/a

540.3 543.5+ 92.5 512.4+ 191.4 139.6+ 58.3 36.0+ 9.4

18.3 27.2+ 5.6 32.1+ 219 15.7+ 145 0.9+ 0.2

0.7 0.4+ 0.2 0.4+ 0.0 0.0+ 0.0 n/a
[*“C]-Benzene equivalents, pg/g tissue

Dose (ng/kg) Lung Spleen Thymus Heart

500064020.5
15782020.5
499263.9
15782.0
540.3

18.3

0.7

19055766F 899845.2
2320340.1 326711.1
89604.% 18701.3
3117.8F 510.6

90.1+ 26.3

55+ 3.3

0.0+ 0.0

8394521.9 958579.2
1414067.6 246721.6
47818. 7% 15152.0
1892.3+ 231.6

62.1+ 25.0

24+ 05

0.0= 0.0

5399735.6 599461.2
1030709.1% 288312.9
47225.2- 7167.8
1164.3+ 37.6

21.3x 123

20+ 04

0.0+ 0.0

6835393.% 1122843.2
984392.4 95114.1
45547.8- 20206.8
1480.4+ 162.4

35.7£ 5.8

2723

0.0+ 0.0

@Data represent the mean of three animal$D, with the exception of thymus (628 ng/ky,= 2). Values for 18.3 ng/kg dose represent data from two
independent experimenta & 8 andn = 9). Values for 0.7 ng/kg dose represent four animals/dose. For the data shown the background contribution of

radiocarbon (i.e. the amount of radiocarbon in undosed animals) has been subtracted.

bRegression parameters were fit to the modet y(x)°, where a= intercept and b= slope. Parameters were generated using all data except for the omission

of the highest data point, where saturation was evident. Individual parameters for each tissue are as follows (intercept, slope): liver (1.155, 0.9895), kidney
(1.207, 0.9825), blood (0.467, 0.9553), bone marrow ( 0.044, 1.0515), lung (0.271, 0.9630), spleen (0.171, 0.9553), thymus (0.140, 0.9460) and heart (0.101
0.9795).

CStatistical tests of whether the regression slopes were equal to 1 were not rejected except for bone marrow, which had a slope sighifindriting,

spleen and thymus, which had slopes significartly.

dRegression goodness-of-fit tests showed significant non-linearity for liver, blood and thymus, but the practical size of this effect is quite small, as evidenced

by plots of the data.
®alues for bone marrow tissue were obtained from independently replicated sets of experiments. All other measurements were made from the same animal
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Benzene tissue distribution at extremely low doses

Discussion bone marrow (12-24 h post exposure) were ~1.5-3 times

; ; reater than peak adduct levels attained in the liver (1 h post-
In this study we have explored the dosimetry of benzene ovey posure). This relationship shows that kinetic differences

?Zgg)saicria?ogdeeﬁ?%?ggggalg(ﬂg Sgims\?eef?:('jr?ﬁgeggalzgﬁgowr:gg(ist between these tissues and this would not have been
administered i.p. is rapidly absorbed into the general circulatior‘i"vIdent if we relied only on the measurement of adduct levels

and binds to both DNA and protein even at doses approximatingt & Sindle time point after administration of the dose. Thus,
human environmental exposure levels. We also find that thime integrated adduct levels correlate with the primary target
total tissue available benzene doses scale with a linear functiofic_oF UMors and are a more representative measure of the
of administered dose between doses ranging from ~700 pg/ otential for benzene damage in the tissues than a single time

to 20 mg/kg body wt. The bioactive component of that dos oint measurement. . . . .
in bonegma?rrow };nd liver, using adductspas surrogates, also These data imply that either bioactive benzene metabolites

scale as a linear function of dose below the 20 mg/kg bod;?r DNA adducts accumulate in the bone marrow with time.
wt dose his implication is consistent with other reports showing

The dose-response data, which was collected at a sinngat benzene metabolites such as hydroquinone and catechol
time point, suggests a slightly greater level of adducts in IiVerconcentrate in the bone marrow (21). An additional hypothesis

relative to bone marrow. However, time integrated adduc{haatct\ily/(éuItgjer?;(g:]aemir:g?n:gzralieli ;[jri}feectTO\i/r?Tr?;agglrimmoafrrow
levels clearly show that the total bioactive dose in these tissu o ; y

is actually greater in the bone marrow. This measure o rom benzene or its mtermedlates brought to the bone marrow
bioactive dose is also dose-dependent within the human eng!i?fetrg?wtigteenebr(gtlwg(;%uItarzt(leosré' tvovgr ggtsa;biﬂgegogu?ll/?/gvrku?s ﬁ?}
sure range. Additionally, the peak adduct levels attained in thg P
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bone marrow DNA Q) and macromolecules8§ from male BCsF, mice
1 h after i.p. administration of various doses #(]-benzene. Values
represent meart SD of three animals/time point, with the exception of
liver DNA (500 mg/kg dosen = 2) and bone marrow DNA (15.78g/kg
dose,n = 2). Bone marrow macromolecules showed significant non-
linearity at the lowest dose, but the most likely explanation for this is

inadvertent carbon contamination. Statistical tests for equality of slopes

show that the slope for bone marrow DNA is marginally significantly

different from liver DNA when a multivariate regression approach is used

(P < 0.05).

process to measure the toxicokinetics of the individual benzene
metabolites in these tissues at low dose. Regardless of the
mechanism, while the distribution of total benzene metabolites

to the tissues does not appear to be indicative of target organ
toxicity, a very different picture is obtained when peak benzene

adduct levels or the time integrated adduct concentration

among tissues are compared.

Our data also raise questions about the stability of the DNA
adducts. Benzene DNA adduct levels in the livers of animals
given 628 ng/kg and ig/kg benzene peaked within an hour
of exposure, remained relatively unchanged for 6 h, and then
declined. This data suggests that a fraction of the DNA adducts
are unstable. The significance of this observation is uncertain,
since the benzene DNA adduct levels in liver at these doses
were extremely low and had a large variance between animals.
The observation that bone marrow DNA adducts, which were
significantly greater than the liver adducts, also appear to
decline after 12—24 h support the suggestion of DNA adduct
instability.

Overall, the binding of benzene metabolites to DNA is weak
relative to other carcinogenic agents. Our data are consistent
with those from other direct labeling techniques: benzene
produces a covalent binding index of ~10 (7,10,22), a value
typical for weak carcinogens. For comparison, the covalent
binding index of aflatoxin, a strong DNA binding agent and
carcinogen, is reported as ~17 000 (7). Studies usiRy
postlabeling have, for the most part, failed to detect aromatic
benzene adducts, even following prolonged dosing regimens
(22,23) where blood dyscrasias or cell toxicity are evident.
The most likely explanation is that benzene is forming tightly
associated but non-covalently bound adducts, non-aromatic
adducts or adducts with the sugar-phosphate backbone (22).
Hydroquinone (a benzene metabolite) has recently been shown
to form N?-(4-hydroxyphenyl)-2-deoxyguanosineidhos-
phate hydroquinonia vitro with DNA 32P-postlabeling studies
suggest that this adduct may foimvivo as well (23,24). To
our knowledge no other biologically relevant adducts for
benzene have been characterized, so the reasons for the
difficulty in detecting benzene adducts cannot be explained.

These data also show that benzene binds to proteins to a
much greater extent than to DNA. In view of the knowledge
that benzene is weakly mutagenic (25), that its metabolites are
known to interact with functional proteins (28) and that these
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interactions are consistent with the observation of chromosomal ﬁAS tatqgantggti\;%;ngggtm in the process of chemical carcinogenesis.
H 1 H H H utal es, 2 —. .
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S_Igm_ Ica_n measure o _'Oreac Ive benzene metabol e Orma- - ammalian cells: Mechanisms and biological significance in cancer.

tion in vivo than DNA binding (24,28). We are attempting t0  gnviron Mol. Mutagen, 8, 129-159.

identify the specific protein targets of benzene in exposeds.Pathak,D.N. Levay,G. and Bodell,W.J. (1995) DNA adduct formation in

animals at this time. the bone marrow of BCsF; mice treated with benzen€arcinogenesis
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