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¥ Capable of producing thyroid and liver tumors,
;. 2Mercaptobenzimidazole (Z-MBI) is used
CXiensively as an accelerator andfor antioxi-
ot in rubber manufacturing, with a signifi-
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Prechronic {nhalation Toxicity Studies of 2-Mercaptobenzimidazole (2-MBI) in F344/N Rats,
Gaworsky, C. L., Aranyl, C., VaNA, 8, RaJENDRAN, N, ABDOQ, K., LEVINE, B. §., aND Hat1,
HI, A, (1991). Fundam. Appf. Toxicot 16, 161-171. 2-Mercaptobenzimidazoie (2-MBI), used in
rubber processing, is a suspect careinogen structurally related 10 ethylene thiourea. The inhalation
toxicity of 2-MBI was evaluated in male and female F344/N rats exposed 6 hirfday, 5 days/week
to respirable aerosols generated by spray atomization of aqueous suspensions of the 2-MBI powder
and subsequent drying of the resulting aerosols. Twelve €xposures at farget concentrations of 0,
6.3, 12.5, 25.0, 50.0, or 100 mp/m? of 2-MBI produced a dose-related reduction in body weight
gains, thyroid Follicular cell hyperplasia, adrenal cortex fatty change, and pituitary atrophy. Sub-
chronic exposures were conducted at tarpet concentrations of 0, 3.1, 6.2, 12.5, 25.0, and 50.0
mg/m? of 2-MBI, Rats at 225 mg/m® displayed hunched posture, hypoactivity, and reduced body
weight gain, with compound relatad meortality at the highest exposure level. Ancmia; increased
SGPT, SGOT, alkalinc phasphatase, sorbitol dehydrogenase, BUN, and cholesteral; and reduced
free farty acid were seen in rats at #25 mg/m’. Increased thyroid weight and thyroid follicutar
cell hyperplasia werg noted in both sexes at =62 me/n®, with reduced triiodothyrenine and:
thyroxine levels in Bolh sexes at 2(2.5 mpfm?, Thyroid follicular ceil hyperplagia was also seen

pituitary cytoplasmic vacuolization, adrenal cortex accrosis, lyenphoid depletion, thymic atrophy,
liver cejt hyperirophy, reual mineralization and tubufar atrophy, and hypocelmlarity of the bone

cant potential for occupational exposure by
the inhalation route.

Toxic effects of 2-MBI were recognized as
early as 1950 when a single oral dose was
shown to cause thyroid toxicity, as measured
by a 95% decrease in iodine uptake, in rats
(Searle ef al., 1950). Administration of 2-MBI
has been used to decrease thyroid function in
rats (Kellen, 1972). Thyroid enlargment,
which was associated with decreased plasma
concentrations of circulating thyroxine and
trifodothyronine and increased thyrotropin
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levels, has been reported in rats receiving a
single oral dose of 2-MBI (Janssen ez al., 1981).
2-METI is readily absorbed when administered
orally, has a blood half-ife of approximately
83 hr when delivered intravenously, and ac-
cumulaies in the thyroid (El Dareer e af,
1984; Janssen et al., 1981). Mice breathing 400
mg/m?> 2-MBI 2 hr/day for 15 days developed
decreased RBC counts, punctate hemorrhages
in the myocardium, allered morphology of
lung and liver, and nervous system disorders
{Mezeniseva, 1968). Reduction of circulating
L-thyroxine levels by benzimidazolethiol, a
principle metabolite of 2-MBI (Janssen ef af.
1981), along with preliminary evidence of
thymic involution following 2-MBI exposure
{Malmfors, 1976) suggests that 2-MBI may
also be immunotoxic. 2-MBI has induced em-
bryotoxic effects in female rais inocalated in-
. traperitoneally (Barilyak, 1974), chromosomal
aberrations in rat fetal cells after adminisira-
tion (Barilyak and Metnik, 1979}, and eyto-
genetic abnormalities and immunodeficiencies
in the progeny of female rats (Barilyak et al.,
1979).
Iuformation on the long-term toxicity of 2-
. MBI administered by inhalation is limited. A
I3-week subchronic inhalation study was
therefore conducted 1o investigate the toxi-
cologic effects of 2-MBT aerosols and to iden-
tify target organs, differences in sensitivity be-
tween sexes, and dose-response relationships
with repeated exposures at various concentra-
tions. A 14-day repeated dose inhalaiion study
was conducted prior 10 the subchronic study
to provide a basis for dose selection.

METHODS
Chemical Analysis of 2-MBI

The 2-MB{ bulk chemical was provided by the NTP
through Midwesi Research Institute from a commercial
supplier {Mobay Chemicat Corp., West Germany). For
purity analysis the 2-MBI bulk chemical was dissotved in
methanol and analyzed by high-pressure liquid chroma-
tography {HPLC), Samples were eluted on a Vydac Cyg
column {AllTech Associates, Deerficld, IL) preceded by a
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. with a mobile phase of 95% waier, 5% methanol containing °

_ 150°C prior to mixing with conditioned dilntion air at%

 inhalation exposuce chambers consisted of dry 2-MBI solid

Whatman Pellicular ODS guard column using 2 motn[e
phase of 75% water, 25% methanol containing [% acetiy
acid and 2 variable wave length uv detector (254 nm), The. ™
2-MBI butk chemical was greater than 98% pure. (The 29,
impurity was not identified,)

The HPLC method was also used to determine lhe2
MBI content and potential degradation products of thc
aerosols in the exposure chamber. Samples were Collected
on filters and extracted using methanal. The analyms ¢
inethod employed the same HPLC system described ahove.

1% glacial acetic acid. {The mobile phase was adjusted for %
the fitter analysts in order (o obtain retention times equiv :="E
alent to those obtained for purity analyses.)

.
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2-MBI Aerosol Generation

A wel dispersion technique using a pneumatic spray |
nozzle was devised to generate aerosols of 2-MBI from its <
10% agueous suspension, Pneurnatic dry dlSpBI'SIOR of the
2-MBI produced inconsistant acrosol delivery rates becauss :
af the oily and sticky nature of the powder. The oilines =
of the powder nesessitated very high shear rates 10 obtain ",
a homogenecus and nniform suspension. The suspcnsmn i
was prepared in (wo stages. In the first stage, the suspension’, -
was pumped through a 0,03-in.-diameter orifice at a pres-_ .,y
sure of 250 psig. This suspension was atomized in thg— ]
second stage with 4 spray nozzle (Spray Setup No. 134, by

Spraying Systems, Inc., Wheaton, IL) and the resulting 5
aerosol spray was collected with a cyclone mist collector
for use in the acrosol generators, To generate the 2-MBL ""4
test aerosol the pretreated suspension was spray alomized, "3
the mist was passed through another glass cyclone and zei'
stainless stcel transport pipe heated to approximately ’ i

the chamber inlet. The estimated residence time of thes,
aerazol in the transport tube was about [ see, The spray ~ A
nozile operated on dey compressed airand the suspensmn N
was defivered 1o the nozzle by a metering pump. The cy-;
clone was designed 10 remove any droplets or ronatomized
liquid greater than 15 gm diameter and the heated trans-
pott tube vaporized the Yiquid water in the mist to Bacilitate
drying by the dilution air, The resulting aeresal in the

particles, (Detailed description of the aeresol generation
system and its performance evaluation will be the subject
of another paper Lo be published scparately.)

Aerosol Monitaring

The exposure chambers were monitored for 2-MBI
aerosol mass concentration and particle size, Aerosol mas
concentrations were monitored continuously with RAM-
S real-time acrosol monitors (MIE. Inc., Bedford, MA) -5
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. ":and tourly by pravimetric. filter samples collected from
- easured volumes of the test atmosphares, The RAM-S
i . jesponse was used to detect potential drifts in the acrosol
i & oncentration and thereby indicate the 2djustments needed
ol the generator™s ontput to keep the test atorasphere con-
ceniration on target. Sclected aerosol samples were ana-

% lyzed chemically to ensure that the aerosol mass deter-

F Fpined gravimetsically was alf due to dry 2-MBI and not

. _water in aerosol form. In addition, the filter samples were”

nilyzed to establish thal there were no chemical degra-

» fion progucts in the aerasol relative 1a the 2-MBI bulk
" themical.

. - pevosal pacticle size distribution in the chamber at-

osphere was measured in each exposure chamber with

,_, aQuanz Crystal Microbalance (QCM)-based cascade im-

... pacior (California Measurements, Inc., Sierma Madre, CA).

3;::- Spatial homogeneity in the exposure chambers was de-

\

- Aninafs and Animal Care

.37 Male and female F344/N rats, approximately 6 to 7

. weeks of age, were obtained from Simaonson Laboratories
{Giroy, CA), for the !4-day study and from Taconic
iFarms, [nc. (Germantown, NY), for the subchronic study.
Animals were maintained in stainless siecl wire-mesh eages
in 2-m* inhalation chambers {Lab Products, Inc., May-
-woad, NJ), with 2- to 3-week quarantine periads prior to
exposure fnitiation. Cage units were rotated an & weekly
@'has;s within the chambers. Exposute chambers were
: mamtamed at 75 £ 3°F and 55 + 15% celative homidity
s$ith air flows of 15 = 2 changes per hour. NIH-07 open
formula diet (Zeigler Brothers, Inc., Gardners, PA) was
: ivallable ad filitum, excepl during exposures, Filtered City
?: of Chicago drinking water was supplied ad fibiren via an
,_,;' dulomatic watering system. A 12-hr light/dark cycle (6 am
" 106 PM light) was provided. At terminal TIECTOPSY, Serum
:ﬁi‘mmes were obtained from rats housed in the control
. ba.mber during the subchronic study for a standard NTP
g* ¥ius antibody sereen. All samples were negative for the
3 ﬂISﬁses screened,

E*Pfrtmenm:’ Design and Toxicology Procedires

anteen -day repeated dose stidy. Groups of five rats/
742 ¥were exposed al targel concentrations of 6. 3,12.5,25.0,
?«50 .0, or 100.0 mg/m® 2-MBI § hr/day, 5 day/week, fora
N 1%l of 12 exposures. Three conseciitive exposures were
g"1;,.13“'enmunf:dlalely prior 10 scheduled termination. A con-
#roup of five rats/sex was exposed to hltered air.

- Sbehropic stdy. Groups of 10 rats/sex (core study)

e exposed af target concentrations of 3.1, 6.2, 12.5,

25.0, or 50.0 mg/m® 2-MBI 6 hr/day, 5 day/week, for 13

weeks. A control group of 10 rats/sex was cxposed 1o fil-
tered air. At least two consecutive CXposures were given
immediately prior 1o the scheduled termination. MNineteen
additional male rats were included in each of the control
and the 3.1, 12.5, and 50 mg/m? groups {special study)
for scheduled collection of serum samples for thyroid hor-
roone radiormmunoassay {(RIA),

Observations and body weights. Animals were observed
twice each day for morality/moribundity, with formal
clinical observations performed daily during the 14-day
study and weekly during the subchronic study. Body
welghts were measured at’exposure initiation, weekly
thereafter, and at necropsy.

Clinical pathology and hormone analysis. All blood
samples were collected from nonfasted rats anesthetized
with 70% CO,. Blood was collected via the abdominal
vena cava from all surviving core study rats at the terminal
necropsy af the subchronic study. Hematolopy parameters
examined included erythrocyte count and indices: leu-
cocyte count and differentials; hetnoglobin, hematocrit,
reticulocyte, and platelet counts; and prothrombin and
activated partia[ thromboblastin times. Clinical chemistry
-tests included alhomin, total protein, blood urea nitrogen.
creatinine, alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatatase, glucose, total choles-
terol, serum cholinesterase, sorbitol dehydrogenase, lactic
dehydrogenase, total bilirubin, and free fatty acids. He-
maltoiogic determinations wére performed with a Baker
90430 hematology analyzer, and the clinical chemistry tests
weze performed with a Baker Ceatrifichem 500 automated
analyzer (Serono-Baker, Allentown, PAJ.

Blocd samples for radicimmunocassay of the thyraid
hormones tritodathyraning {T5), thyroxiae (T,), aad thy-
roid-stimulating hormone (TSH) were collected via the

retroorbital sinus from each of three special study rats

necropsied at 2, 4, or 8 weeks of exposure. Special study
rats scheduled to complele the entire 13-week exposure
period were sampled preexposure, at 4 and 8 weeks of
exposure, and at termination. Following coliection, the
serim was stored at —70°C until analyzed. Ty and T, were
measured using commercially available RIA kits (ICN
Biomedical, Inc., Carson, CA). TSH was measured in

serum by a double antibody method using the RIA reagents -

and procedute provided by Dr. S, Raiti through the MNa-
tional Hormone and Pituitary Progeaen (Baltimore, MD).

Necropsy, argan weights, and histopathology. All ani-
mals (excluding special study groops in the subchronic
study) received a complete necropsy and were examined
for gvoss lesions, Liver, thymus, thyreid, right kidney, right
testis, heart, brain, and lung weighis were measured. The
following tissues were collected for histopathologic ex-
amination: gross lesions and tissue masses, lymph nodes
(bronchial, mediastinal, mandibular, and mesenteric),
mammary gland with adfacent skin, thigh muscle, salivacy
gland, femur including marrow, b (coslochondral junc-
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TABLE |

SUBCHROMIC INHALATION STUDY OF 2-MERCAPTOBENZIMIDAZOLE: AEROSOL EXPOSURE CONDITIONS®

GAWORSK1 ET AL.

Experimentally determined aerosol mass Acrosol particle size
concentrations® distribution®
Atrosol
targei concn Mean
(mg/m?) (mgfm3} %RSD? N MMAD" o K
3.1 31 12.1 66 2.0 29 b
6.2 6.2 2.0, 66 2.3 29 B
12.5 125 1.5 66 22 28 ;
25.0 25,1 1.2 66 20 27
300 51.1 1.5 66 23 24

% 6 hr/day, 5 days/week.

¥ Determined from six daily gravimetric filter-collected aerosol samples aver 66 exposure days.

<The values are means of four determinations.
- 9 Relative standard deviation.

* Mass median acradynamic diameter and geometric standard deviation.

tion). nasal cavity and turbinates, (ongue, larynx, phamyx
and tracheg, lung and mainstern bronchi, heartand aorta, -
thynaus, thyroids, pavathyroids, esophagus, stomach, lavge
and small intestines, liver, pancreas, spleen, kidneys, ad-
renals, urinary bladder, preputial or clitoral glands, pros-
tate, testes, epididymides, seminal vesicles, serotal sac, va-
* gina, ovaries, uterus, brain and pituitary, spinal cord, sciatic
nerve, eyes, and Zymbal's glands. Tissues were fixed in
10% neutrat buffered formalin, idmmed, embedded in
paraffin, sectioned, and stained with hematoxylin and
eosin. A complete histopathologic evaluation inclusive of
gross lesions was conducted on all animals in the control
and high concentration exposure groups. Additionally, all
of the required tissues in the 25 mg/m® exposed female
rats in the subchronic study were exatnined due 1o the
mortality in the 50 mg/m? group. Tissues demonsteating
chemically related lesions {target argans) were identified,
and these organs plus gross lesions were examined in lower
doses until a no-observed effect level was determined,

Statistics

Qrgan weights and organ weightfbody weight ratios were
anadyzed by one-way (by sex) analysis of vadance (AN-
OVA) followed by a Dunnett's test when a significant F
wiio was obtained, Thyroid bormone data were-analyzed
by ANOVA followed by either a Dunneit's test, a one- .
sample [ test, or a Mann-Whitney test (RS/Explore soft-
ware, version 1.1, Serfal No. V658, BBN RS/Experl
Limited Partnership, BBN Software Products Corp..
Cambridge, MA). TSH: resulis were analyzed following
exclusion ol putliers, as determined by the method of
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Dixon {1953). Clinical chemistry resulls were analyzed by -3f.
ANOVA and a Dunnett’s test using LABCAT software 5
(Innovative Programming Associates, Inc., Princeton, NJ]
The Yevel of significance was p < 0.05.

RESULTS
The 2-MBI Aerosol

For the 13-week subchronic study, aerosol‘ ‘,’;
mass concentrations determined gravimetri- 2
cally were maintained within 15% relative
standard deviation (RSD) of the means for the"
entire range of dose levels throughout the 66

RSD of target concentrations in ail chambers _'f
{(data not shown). &

The acroso! mass concentrations deter: -5
mined by gravimetric method and through
chemical analysis were in good agreement for
ihe entire range of concentrations, The ratio;

chemically analyzed and gravimetrically dt’f :
termined amounts of 2-MB! ranged from 0.98
to [.12, proving that the aerosol mass dete
mined gravimetrically was all due to dry 2



+ MBI Results of the chemical analysis of the
. aerasol for potential 2-MBI degradation prod-
* ucts showed the test article to be unaltered by
., the generation process.

Particle size measurernents over the dura-
; tion of the studies demonstrated that the size
_distribution of the 2-MBI aerosol was in the
- inhalable range and that the distribution did
-t mot vary with the aerosal concentration. In
: general, the mass median asrodynamic di-
i ameter (MMAD) was legs than 3.0 pm and
the geometric standard deviation (o) was in
: {he range of 1.9 to 3.0 for both studies. The
+ vajues shown in Table | are means of four
i determinations made during the course of the
. study. The 2-MBI aerosol concentrations
" monilored by RAM-S sensors at six locations
;- within the exposure chambers revealed a spa-
+ fiaily homogeneous distribution. Typically, the
“spatia] variations belweén these six sampling
" locations were within 10% for all the exposure
¢ chambers for both the 14-day repeated dose
‘‘and the subchronic studies.

S T

[

+;, Fourteen-Day Repeated Dose Study

: - No mortalities resulted from exposure to 2-

4 MBI Clinical signs of toxicity were Hmited to -
: tbe higher exposure levels and included mild
% transient lethargy end hunched posture. Re-
& duccd body weights occurred in rats exposed
“:at 50 or 100 mg/mh’, Organ Wclght changes
.'_ attributed to 2-MBI exposure included in-

. Sreased liver weight and decreased heart, lung,

and thymus weights. Enlarged thyroids were.
i‘ noted in exposed rats at necropsy which cor-

“"-

-~ Jesponded with microscopically observed thy-
i-10id follicular cell hyperplasia in rats at the
- four highest 2-MBI concentrations. Additional
f+changes included adrenal coriex fatty accu-

*.mulation in males at >12.5 mg/m? and in fe-
§ males at >50 mg/m? and pituitary atrophy in
E both sexes at =25 mp/m°.

a

f Subchrwzic Study

Ten of the 19 male rats and all 10 females
‘BXposed to 50 mg/m® 2-MBI died, or were cu-

A L

e

il
g E

ihanized in a moribund condition, during the
study. Moribund animals were often noted to
be hypothermic, ataxic, or comatose. These
mortalities were considered 10 be test article
refated. One female conirol rat aiso died. The
principle clinical signs of toxicity seen in rats
exposed at 25 or 50 mg/m? included hunched
posture, emaciation, and hypoactivity, Fe-
males generally had a greater overall incidence
as well as an earlier time of onset of these clin-

- ical signs compared to males.

A dose-related decrease in body weight, gam
occurred in both sexes exposed to 25 mg/m?®
2-MBI, or greater (Table 2), with adverse
changes penerally apparent after 3—4 weeks of
exposure. Comparison of initial and final body
weight group means indicated essentially no
weight gain during the exposure period in ei-

TABLE 2

SUBCHRONIC INBALATION STUDY OF 2-MERCAPTO-
BRENTIMIDAZOLE: MEAN BODY WEIGHTS OF F344/
N RaTs

Body wi change

2-MBI Mean body wt
target
conch Initial Final . Absolute Relative®
(mg/m”) ® & 4] (%)
Male rats
[¢] 172 37 +199 —_
3.1 173 72 +200 +0.5
6.2 173 374 +201 +1.0
12.5 170 383 +213 +7.0
250 172 273 +10] —43.2
500 172 177 +5 ~97.5
Female rats
0 132 221 +39 —
3.1 134 226 +92 +3.4
6.2 133 235 +102 +14.6
[2.5 135 214 +89 o
25.0 i34 136 +2 -97.8
5040 133 ¥ —_— —

9 Relative = (caposed body wi change — control body '
~wt changejf(control body wi change) X {00,

#Total group mortality.
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ther sex exposed at the 50 mg/m? level or in
females exposed at 25 mg/m®. No significant
adverse body weight effects were seen in the
rats exposed at 2-MBI concentrations of 12.5
mg/m’>, or less.

Necropsy observations included dark/red
adrenal glands, discolored skin of the toes, and
enlarged thyroid glands in exposed rats. Se-
fected organ weights are shown in Table 3.
Dose-related increases in absolute and relative
thyroid weights occurred in both sexes of rats.

A1 6.2 mg/m?, the mean absolute and relative |

thyroid weights of either sex were approxi-
mately twice the values of the respective con-
trols, with exposure at 25 or 50 mg/m® re-

sulting in increased relative weights of thege - 3
organs of approximately 5 to 10 times the *:
control weights. Increased relative liver weights | |
were seen in males exposed at 6.2 mg/m?, or -
greater, and in females exposed at 3.1 mg/m?,
or greater. Absolute and relative thymus -
weights were significantly reduced in both =
sexes exposed to 2-MBL. This effect was dose-
related and was evident even ai the lowest
concentration tested. Other organ Welght
changes noted were considered incidental. or °
related to body weight changes.’ o 3
Concentration-dependent anemia with de- B
creased RBC counts and hemoglobin snd he- ,.,4
matocrit values was seen at levels of 12,5 mg/f &

o

f:}'}v{;l

:;;;.;

P b
m

TABLE 3

SUBCHRONIC INHALATIGN STUDY OF 2-MERCAPTOBENZIMIDAZOLE:

SELECTED ORGAN WEIGHT DATA OF F344/N RAT5 S
2-MBi
targel Male Female
toncn . |
Qrgan {mg/mi®) Absolute wt (g) Relative wi? Absolute wi (g) Relalive wt?
Liver 0 13.004 3- 0.863 34,315 % 1.605 7.076 + 0.387 32.082 £ 1.558 - Y
3. 13351 = 1.116 35.969 + 2,103 7915 £0.527 35.103 + 2.409* 3,
62 14.154 *+ 0.604 37.938 + 2.029% 8.418 = 0.826%* 35.867 £ 2663 - &
12.5 I5.191 & 1,601 38.989 & 1.539%* 8.142 = 1.040% 36.305 = 2.839* =f
25.0 H0.360 & 2.297* 40,270 + 2,197+ 6,206 + 0,899 45,647 2 4.065* Y.
500 © 7349 £0.7840%% 40,270 & 2,[G75** 4 ‘ &
Thyrmus 0 0.231 £ 0.029 0.610 + 0.065 - 0.202 + 0.010 0917 £ 0.041 -5
. 3.1 0.125 + 0.040** - 0.338 £ 0.108%* 0,149 + 0011 0.660 + 0.062%* ¥
6.2 0.130 £ 0.017** 0.348 + 0.046**  * 0.150 % 0,019** 0.639 & 0.078°% .
12,5 0.122 £ 0.028%* 0.312 + 0.061* 0.134 + 0.013** 0,599 + 0.033%
250 0,068 = 0.029** 0.239 & 0.078** 0.042 £ 0017 0302 + 0.083*f
500 0.025 £ 0.019* 0,136 = 0.097** ¢ 4 !
Thyroid Q 0.019 + 0.004 0.049 = 0.012 0.021 + 0.003 (0.095 £ 0.015
3.1 0.025 + 0.004 0.068 £ 0.050 0.02% + 0.002 0.129 £ 0.008
6.2 0.038 + 0.006** 0.102 £ 0.016* 0.042 £ 0.003% 0179 = 0.015** ¥ -
12.5 0057 = 0.008%* 0.146 = 0.0[6** 0.053 + 0.010** 0.238 + 0.045**, £ :
25.0 0,103 £ 0.023% 0.385 £ 0.073** 0.090 £ 0.013%* 0.664 2 0091% 2-:
50.0 T 0094 £0.025% 0511 £ 0.118" ¢ ol i L

et 1.

“ Values represent means + SD; N = |0fgroup/sex at 3.1, 6.3. 12.5, and 25 mg/m?, 10 males and 9 femates at 0 '1".—

mg/m?, and 5 males at 50 mg/m?,

® Relative wl = organ weigh t/tcrmmal body weight X 1000,

[ WI — 4
4 Towal group moriality.

* Significantly different from control group (# < 0.035) by Dunnett’s 7 test.
** Significantiy different from control geoup { p < 0.01) by Dunnett’s £ test.

28




- m° and above (Table 4). A macrocytosis was
=" poted in these groups and was considered to
%"‘_.be a physiologic compensatory response to the
> apemic state, Although the effect was not
sirictly dose related, total WBC counts were
" . depressed for males, but not femailes, at ali
concentration levels (Table 4), Differential
7 analysis indicated this response was due to a
. yeduction in lymphocytes. Kidney damage was
. _soggesied from increased BUN levels for both
sexes, while elevated chalesterol andfor re-
_iduced free fatty acid levels suggested altered
:# lipoprolein metabolism. Although the data are
++_not shown, SGPT, SGOT, alkaline phospha-
“; tase, and sorbitol dehydrogenase were in-
" treased in raales exposed at 25 mg/m®. Pro-
+ thrombin fimes and activated partial throm-
boblastm times were also increased at the
; highest exposure level. Other clinical pathol-

G T R
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A dose-related decrease in Ty was observed
in male rats at the 2-, 4-, and R-week sampling
periods (Table 5). After imitial depression at 2
weeks, T conceniration showed a progressive
recovery in rats exposed to 50 mg/m> 2-MBL
2-MBI also produced a marked dose-related

reduction in T, levels. At the highest 2-MBL-
exposure level no serum thyroxine was de- -

tected after 2 weeks of exposure, with levels
remaining below the limit of detection for the
remainder of the exposure. Rats exposed to
12.5 mg/m® 2-MBI had decreased T, at 2, 4,
or 8 weeks, with recovery by termination of
the study, while exposure at 3.1 mg/m® did
not significantly reduce T, levels. TSH levels
were highly variable and revealed no consistent
trends in relation to the 2-MBI dosage or
length of exposure {data not shown).
Exposure 1o 2-MBI produced histopatho-

%" ogy changes noted were considered incidental. logic alterations in several of the organs ex-

& TABLE 4

SUBCHRONIC INHALATION STUDY OF 2-MERCAPTORENZIMIDAZOLE: SELECTED CLINICAL

;" PATHOLOGY DATA IN F344/N RaT1s”

T 2MBl

. fareet conen REC . HGA HCT WEBC BUN Cholesterol Free faity acid

1 {mgfm?) (X10%mm”} (e/dl) (%) (x10°fmm*) (engsdl) {mgsdl) (mmeolfliter)

= Male

s 0 923030  i68:06 46418 9.3208 1723423 823+ 38 08370135

FOY 903:+039  164x07 45519 20£05% 188225 824+ 62 09360228

b 6.2 .81 £0.30 158 £ 0.4 444 %15 72E£E2%  18.1+25 92.1 & (06 1.000 % 0.247

FE X 8552033 (57206 418 L0xI12* 15216 963 (1] 0958 20.211

> 250 L1 2055 140 E L™ 4023332%  59408"™ 357 x 007 22334 522% 0,552 +0.095%=

o 500t 636 £ 001 116438 I £I07* 3+ * ax ® 1883 # 0.667 £ 0.152

2 Female

. 856027 166206  4S1+171 - 55317 16621 1422104 055720432

£ 31 '820£038  161%£06 436221 6821l 16225 11682 67  062=0152

62 840035 163406 448 x17 55411 16120  N20£102 0009 +0.156
125 796 £0.25% [5720.5% 43417 6011 13017 1056+ 0117 0560 £0.151
5.0 617040 (16£08% 6x23%  §3zlt J25£59% 24174 319% 0411 = 0.075%
50.0° . —_ . — - — — . _

'Mean + SD, n = 710 10 samples/sroup/sex.
*N = 1 to 5 sarmples (SD not calculated where ¥ < 2).
“No samples available—1otal group mortality.

K Slgmﬁcantly difierent from coatrol group (7 < 0.05) by Dunnett’s { test.

g T

. Slgmﬁcanﬂy different from contro) group (p < 0.01) by Dunnett’s 7 test.
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TABLE 5 ' : 3 _
SUBCHRONIC INHALATION STUDY OF 2-MERCAPTCRENZIMIDAZOLE: TRIODOTHYRONINE (T3) AND 5
THYROXINE (T4) LEVELS N F344/N Malk RaTs® ;
2-MBI
targel concn . o
Hormone (mz/m?} Preexposure 2 Weeks 4 Weeks 8 Weeks
T (ng/fdl) 0.0 2910 NS 13 78 % (7 7222
31 10211 98 I3 72 %16 6%+ 19
6.2 -] & b b
12,5 9 eI 57 1 9% 56 £ 13* 52 2%
25.0 & & & ) ]
50.0 91 %13 392 6% 531 6% 638
Te (eg/dl) 0.0 6.86 = 1.28 597+ 1.33 438 + Q.63 5.00 x 1.79
i 743+094 833+ 076 574 £ 096 5.96 +1.79
6.2 ) b & b L]
125 7.65 % 149 330+ 123 303 = 132+ LiB x LI8*
25.0 & 5 b ]
56.0 765061 d 4 d

2 Mean % SD. N = 8 to 20 samples/gronp at preexposure and 4, 8. and 13 weeks, ¥ = 3 samples/group at 2 wae]s.

% Not examined by protacol.
¢ Not examined due 10 fotal group mortalily.
¥ Below limit of detection (<1.0 pg/dl).

* Significantly different from control group {p < 0.05) by Dunnett’s ¢ {est.
** Significantly different from control group (2 = .01} by Dunnett’s ¢ test.

amined, with the most notable being organs
of the endocrine system (Table 6). Thyroid
hyperplasia occurred at all exposure levels,
with a dose-related increase In severity. Thy-
roids of rats exposed at 25 or 50 mg/m" were
enlarged, the follicles were small, and the col-
loid was stained pale pink. There was an in-
crease in the stroma, some of which was loose
and almost myxomaious, Additionally, there
were accentnated focal areas of hyperplasia
where there was an increased density of follic-
ular cells, and the epithelium was occasionally
several layers thick. An increased number of
normal follicles was seen in the thyroids of
rals at the lower exposure concenirations. In
these animals the stroma of the thyroid was
decreased, but the follicles tended to be less
spherical than those seen in controls, Cells of
the pituitary pars distalis became enlarged with
pale-stained cytoplasm. The ratio of acido-
philic to basophilic cells was altered to a pre-
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dominance of basophilic cells, Adrenal cortical
necrosis occurred in rats at the highest expo-
sure level, This same lesion occurred at the 25
mg/m? level, mized with degeneration of the
zona reticulars of the adrenal corlex. :
Focal accumulations of large cells, inter-

preted as reticuloendothelial cell hyperplasia,
occurred m ali four lymph nodcs examined.:
This was most prevalent in the mesenteric
lymph node. Thymic atrophy was noted with .2
hxgh incidence in rats exposed at 25 or 50 mg/,
m>. Hepatocyte hypertraphy accurred in the 3 :
centrilobular areas of the liver, with increased: 3f

hepatocyte size and collechons of smusmdal S

groups of females, the degree of severity was?
notably increased in rats at 25 or 50 mg,!m
Mineral deposits were also seen in males af
the higher exposure levels, with urinary calculi £ :
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TABLE 6

SUBCHRONIC INHALATION STUDY OF 2-MERCAPTOBENZIMIDAZOLE: SUMMARY OF SIGNIFICANT -.

HISTOPATHOILOGICAL CHANGES OBSERVED IN F344/N RATS®

2-Mercaptobenzimidazole target conen (mg/mi?)

B : Males Females
i,
" fissuc and lesion 0 31 62 125 250 s00. O 3 62 125 250 500
Thyeoid folic. cell .
" Hyperplasia 010 8710 K0 001G 1WA0 10710 010 30 10/ tono 10450 101D
7+ Pituiteny .
7‘:‘, Cytoplasm, vacupl, 9H0 b v DG 10/10 1810 O/1D b o1 280 1010 10110
71 Adrenaf cortex .
~% 7 Necrosis 0/i0 o6 O 010 1710 8110 O/ a2 Ot o0 U 9710
i Depeneration oft0  0/6- 077 0710 2/10 0/ 1 Q072 o071 0/10 6110 of1o
MesanlencLN ' )
" Hypemplasia 10 + & arlo 210 86 010 s 4 o/l B8 1010
i ‘l'hymus- k
Alrophy ard b 0/10 410 910 99 1110 z & Q10 8/8 9y
D i Lver ' R
Hepat. hypertrophy ~ 0710 0/1 i 010 318 %10 0ri0 on 4 0/ 010 10
Gran. inflammation 0ne  of! & 0/10 of10 s5no 6o a/1 i 071 010 /10
. Kidney )
-_-"'. Migeralization Do 0110 1710 §0/10 9410 910 10010 1010 10710 10/10 10710
'_' " Tubular regeneration 0710 » /10 0/10 310 3/10 G110 0/10 0710 0110 T 710
2 . Bone marrow ’
£ Hypoccllularhy /10 & » o1 1019 10 010 £ . 0f10  9n¢ 9710
3

%, “Number with lesions/oumber of tissues examined.
*Not examined. -

$

eeea.swnally seen In the bladders of animals
“.eaposed at 50 mg/m®, Hematopoietic hypo-
cellulamy of the bone marrow was seen in both
" sexes at 25 or 50 mg/m?. No readily observable
Shlfl in the percentages of marrow hemato-
% Doietic constituents was noted, however,

DISCUSSION

2-MB] is a thiourea-derived compound with

- Potent thyroid carcinogen (IARC, 1974). Such
- # ¢ 2nalogs of methimazole may also exhibit po-
.- lentantithyroid goitrogenic activity. Reduced
] lodine uptake after 2-MBI exposure has pre-
: ‘ﬂously been reported by Searie e al. (1950),
"; with additional reports of 2-MBI-induced thy-
“foid functional changes by Kellen (1972)
and Janssen e al. {1981). Goitrogenic sub-

SR
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T~
e,
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%

"/ Structural similarities to ethylene thiourea, a -

stances which alter thyroid function reportedly
produce a significant increase in thyroid fol-
licular tumors (Morris, 1955; Paynter ¢f af,
1988).

o the present studies, histopathologic
changes were seen in several organs associated
with the endocrine system, The 14-day re-
peated dose study indicated that thyroid hy-
perplasia was produced within 2 relatively
short period of time {12 exposures), Thyroid
weights were markedly increased following 13
weeks of exposure to 2-MBI, as was the in-
creased incidence and severity of follicular cell
hyperplasia, with a decreased presence of col-
loid in the lumen of the thyroid. Only the low-
est 2-MBI exposure concentralion demon-
strated less than a 100% incidence of these
thyreid tissue allerations. Decreased lumen
size due o increased endocytosis of colloid
and a more columnar shape of follicular celis
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is generally seen during sustained TSH secre~
tion (Capen, 1988).

One proposed mechanism for the toxic ac-
tion of thiourea-related compounds on thyroid
function is through blockage of T, synthesis
by inhibition of thyroid peroxidase which cat-
alyzes the incorporation of lodine into thy-
roxine {Taurog, 1976). Serial measurements
* of thyroid hormones during the subchronic
study indicated a dose-related reduction of Ty,
with levels in rats exposed to 50 mg/m? being
quickly depleted (within 2 weeks) and re-

maining below detection limits for the entire -

study. Concomitant, although less dramatic,
trends were seen in the levels of Ty measured
duzing the study. Following the initial reduc-
‘tion of circulating T in rats exposed to 2-MB,
a gradual recovery was indicated. These trends
are consistant with the observed effects of WY-
13876, a 2-MBl-related thioureylene deriva-
tive (Janssen er ef., 1981}, Thyroid histopath-
ofogic alterations in rats exposed to 2-MBI
generally correlated with the changes in the
thyroid hormone levels. Reduction in T, and
T, levels would normally be expected 1o pro-
duce an increase in TSH, due to the feedback
mechanism employed for thyroid hormone
regulation. Unfortunately, the results of the
TSH examinations conducted in serial blood
samples obtained in this study were highly
variable, precluding a definitive evaluation of
TSH levels in the blood. A reduced number
of acidophils in the pituitary was seen by light
microscopy at the two highest 2-MBI concen-
trations tested, but it was not clear what func-
tional properties of the pituitary gland were
altered by 2-MBI exposure,

Clinical pathology examinations conducted
foliowing 13 weeks of exposure to 2-MBI re-
vealed a number of effects related to thyroid
toxicity, including anemia, disturbance of
normal cholesterol and free fatty acid levels,
and increasad blood cloiting time. Anemia has
been associated with cases of hypothyroidism
(Haynes and Murad, 1985) and altered fat
metabolism is a consequence of thyroid dys-
function (Guyton, 1971). Hypocellularity of
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the bone marrow was considered to be related “£§
to theanemia present in exposed animals. Ac. * i
cumnulations of reticuloendothelial cells within
the lymph nodes suggested an increase incalls ¢
respousible for phagocytosis of 2-MBI parti- » ;
cles. -3},

Liver toxicity was suggesied by increased K
liver weights as well as by changes seen insev- 14 .
eral liver enzymes in the animals exposed to 3}
the higher 2-MBI concentsations. Histopath- "}
ologic examination confirmed liver injury in . § .
the rats at these 2-MBI exposure concentra- i}
tions. Exposure to 2-MBI apparently exacer--%7].
bated the severity of kidney mineralization,.
particularly in female rats. Increased BUN -
levels in tats at the higher 2-MBI exposuresy4
levels also indicated 2-MBl-related kidney &f- =
fects. Possibly related to the mineralization was
the presence of calculi in the bladders of rats -
at the 50 mg/m? exposure concentration,

2-MBI immunotoxic properties were sug-
gested by thymic atrophy, significant reduc-.
tions in thymus weight, and decreased WBC =,
counts, with lower numbers of circulating -
lymphocytes in males. Malmfors (1976) has /| -
previously reported thymic involution in rats,
but not in mice, guinea pigs, or rabbits, fol- ¥,
lowing a single dose of 2-MBIL. Additional im-" *}
munetoxicological testing would be necessary. 7}
to establish specific 2-MBI effects. B

In summary, this prechronic 'mhalation' s
toxicity study with 2-MBI demonstrated dose- -
related endocrine system toxicity. Addition-
ally, several other {arget fissues were identified,
including liver, kidney, thymus, and bone ..
marrow. On the basis of the presence of hy-*¢
perplasia of the thyroid gland and thymus
weight reductions at the lowest 2-MBI con-
centration iested, the no-observable-effect Ievel
was less than 3.1 mg/m3.
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The Adverse Effects of dral 2-Mercaptobenzimidazele on

Pregnant Rats and Their Fetuses. YaAMANO, T., Noba, T., SHi-
Mizu, M., AND MORITA, S. (1995). Fundam. Appl. Toxicol. 25,
218-223. ’

The effects of oral 2-mercaptobenzimidazole (2-MBI) on preg-
nant Wistar rats were examined. In a preliminary dose-finding
- study, pregnant rais treated with 2-MBI over Days 7-17 of ges-
tation showed reduction in maternal thymus weights with com-
pound-related mortality at doses 40 mpg/kg. No adverse effects
on fetuses were found at doses <40 mg/kg. However, anasarca,
cleft palate, and dilated lateral ventricles were present in alf fe-
tuses ftom the only survivor among the dams freated with 60
mg/kg of 2-MBL In the teratology study, pregnant rats were
treated with 2-MBI at doses of 0, 3.3, 10, and 30 mg/kg during
the period of organogenesis (Gestation Days 7-17). In addition,
pregnant rats of three groups were also treated with 60 mg/kg of
2-MBI for 3 or 4 days during specific periods of organogenesis
{Days 7-10, 11-14, or 15-17 of gestaticn). Treatment on Ges-
tation Days 7--17 resulted in reduced maternal thymus weights
at doses of 3.3 mg/kg. In addition to reduced fetal weights,
visceral variations (kinked ureter and dilated renal pelvis) and
delayed ossHication were seen in the fetuses at doses >16 mg/
kg, and skeletal variations (rudimentary fumbar ribs) were seen
at 30 mg/kg. In the fetuses from the dams treated with 60 mg/kg
of 2-MBI, rudimemary lumbar ribs were seen mainly in the
group treated on Days 7-10 of gestation, whereas kinked ureter
and dilated renal pelvis were evident mainly in the group treated
on Gestation Days 15-17. Dilated lateral ventricles and eleft
palate were present only in the group (reated with 60 mg/kg on
Days 11-14 of gestation, though 5 out of 16 dams died during.
the study. In conclusion, maternal toxicity preceded fetal toxic-
_ ity and major fetal malformations were seen only at a dose (60
mg/kg) which was lethal to many of the treated dams. o 1995
Society of Toxicology. '

The compound 2-mercaptobenzimidazole (2-MBI) is
used as an accelerator and/or an antioxidant in rubber
manufacturing. The risk of 2-MBI to workers is a matter of
concern because it is structurally related to ethylene
thiourea, an antithyroid agent, which is carcinogenic in the

! To whom correspondence should be addressed,

thyroid gland (IARC, 1974}, as well as a potent teratogen
especially in the nervous and urogenital system (Kherp,
1973; Ruddick and Khera, 1975). Thyroid toxicity induced.
by 2-MBI, such as a decrease in iodine uptake and circulat.
ing thyroid hormones, and thyroid enlargement, has beeg
recognized for a long time (Searle 2t of,, 1950; Kellen, 1972
Janssen et af., 1981). Recently, in addition to its thyroid
toxicity, numerous other adverse effects of 2-MBI have
been found in rats after long-term administration by the
inhalation route, including reduced seram fatty acid levels,
increased GOT, GPT, and ALP activities, and histopatho-
logical changes in several organs other than the thyroid
{Gaworski & al, 1991).

2-MBI is embryotoxic in rats alter intraperitoneal admin-

istration (Barilyak, 1974, 1976). Khera and Whalen (1988) -

classified 2-MBI together with ethylene thiourea as terato-
genic in the nervous system by means of an in vilro assay
using cultured nevral cells. On the other hand, Ruddick et
al. (1976) designated 2-MBI as nonteratagenic in rats from
a comparison of the teratogenicity of 16 chemicals that

were structurally related to ethylene thiourea. However,
this conclusion was based on the results derived from a -
single dose adminisiered on a single day 10 a smalf number

(four) of animals. In order to fully explore the teratogenic

potential of 2-MBI, we undertook this study: a much targer

number of animals were used, four doses were set, and the

treatment period covered the entire period of organo- :

genesis,
METHODS

Chemicals. 2-MBI was purchased from Ouchi Shinko Chem, Co., Ltd.
(Tokyo, Japan) (>57.0% purity by HPLC).

Animals,
CLEA Japan Ine. (Tokyo. Japzn) were housed individually in stainless-
steel cages in a room with a constarnit photoperiod (dask peried from 7:00
PM to T:00 aM) at 23 % 2°C and 60 £ 10% rclative humidity. They were
given fecd {NMF, Oriental Yeast Co.. Lid.. Tokyo, Japan) and (ap watet
ad Iibicnn and studied at 3 months of age. For the teratology study, fe-
males were individually paired overnight with 2 male of similar age, and
ihe day upon which sperm was found in vaginal smears was designated as
Day 0 of gestation. '

Four-week-otd SPF Wistar rats of both sexes obteined from -

Daose-finding study. Mated {pregoani) rats were assigncd_ 10 seven
groups of five or six animals ¢ach. They were freated by gavage with 2-MBE -
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TERATOLOGY STUDY OF 2-MBI IN RATS
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rvived and had eight live fetuses, ail of which had ana-
rca and cleft palate. These fetuses also had dilated lateral
mtricles.

Teratology study. - All dams treated with 8, 3.3, 18, and
' mg/kg of 2-MBI survived and had live fetuses. It was
wious that 2-MBI was more toxic to dams than to fetuses;
aternal thymus weight was decreased even zt the lowest
se of 3.3 mg/fkg, whereas fetal body weights were signifi-
ntly decreased only in the litters of dams dosed with 10
g/kg or higher of 2-MBI (Table 1). Visceral variations
nsisting of unilateral or bilateral kinked ureter and/or
ated renal pelvis were noted in 20.5% of feiuses at 10
/kg and in 47.6% of the fetuses at 30 mg/kg. Skeletal
riations, unilateral or bilateral rudimentary lumbar ribs,
re observed in 22,2% of the fetuses at 30 mg/ks. The
zree of ossification was significantly reduced in the litters
dawns trealed with =10 mg/kg of 2-MEI (Table 2).
Zecause of the severe resulting toxicity, 60 me/ke dose
ild nat be administered throughout the period of organo-
tesis {Gestation Days 7-17). Instead, the fest animals
te dosed for shorter periods of time, viz., Gestation Days
10, 11~14, or 15-17. Even under these dosing condi-
s, 2-MBI was severely toxic to dams, as evidenced by a
istantial decrease in maternal body weight gaia and food
isumption in all three groups (Figs, ICand D) and ma-

ternal death (5 out of 16 dams} in the group treated on Days
11-14 of gestation {Table l). Vapinal blecding was observed
in 10 and 2 dams in the group treated on Drays 11-14 and
15-17 of gestation, respectively. All fetuses were resorbed
in the litters of each dam of these two groups.

“Split dosing™ with 60 mg/kg of 2-MBI helped us deter-
mine the critical periods for the major anomalies observed
in this study. Following a treatment schedule that covered
the entire period of organogenesis (Gestation Days 7-17),
radimentary Iumbar ribs, kinked ureter, and dilated renal
pelvis were the major anomalies observed in the litters of -
darms treated with 10 or 30 mg/kg of 2-MBI (Fig. 2). Only
rudimentary lumbar sibs were observed when the treatment
period (with 60 mg/kg) was shortened to Gestation Days
7-10, while kinked ureter and dilated renal pelvis wete ob-
served only following ireatment with 60 mg/kg on Days
15-17. Finally, dilated lateral ventricles and cleft palate
were observed only in the litters of dams treated with 60
mg/keg on Days 11-14; these anomalies were not observed
at lower dosages of the chemical.

DISCUSSION

Under the conditions of the present study, the no-ob-
served-adverse-effect level (NOAEL) of 2-MBI for maternal
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FIG. 2. The incidence of fetuses with major anomalies in relation to
dose and treatment day. {A) Open bar, cleft palate; solid bar, dilated lateral
ventricles. (B) Open bar, kinked vreter; solid bar, dilated renal pelvis. {O)
Open bar, rudimeniary lumbar ribs; solid bar, fumbar ribs,

toxicity was considered 16 be less than 3.3 mg/ke, because
of significant decrease in maternal thymus weighis at this
dose, and that for fetal toxicity was determined to be 3.3
mefke.

Adverse feta) effects were observed on}y at doses which
were clearly maternotoxic. Treatment with 10 and 30 mg/
kg of 2-MBI resulted in decreased thymus weights, in-
creased thyroid weights, decreased body weight gain, and
-decreased food consumption in ihe treated dams. These
dosages also reduced fetal body weights and increased the
incidence of certain anomalies of the urogenital system and

L
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of rudimentary lumbar ribs. It has been shown that super.
numerary lumbar ribs are secondary to maternal stregg
(Beyer and Chernoff, 1986} and tend to disappear during
the postratal period (Marr e al, 1992). Similarly, dilateq
renal pelvis has been claimed to be a reversible- finding
{Woo and Hoar, 1972}, Palmer (1978) has classified convo.
luted (kinked?) ureter as 2 normal developmemal variabil
ity and felt that these “may represent compensatory rirechg.
nisms of advantage 10 the individual in maintaining the
spatial relationships of tissues during growth.” None of the
fetal anomalies in the litters of dams treated with 10 or 30
mg/kg of 2-MBI should be considered to be a major maifor-
mation. In our study, the more serious fistal malformations,
cleft palate and dilatation of the lateral ventyicles, were ob-.
served only at 60 mg/kg, a dose which was lethal to many of
the treated dams,

Dilatation of the Iateral ventricles and cleft palate, noted
by us at 60 mg/kg of 2-MBI, were also reported by Khera
(1973) in his teratology study of ethylene thiourea. How-
ever, a number of other fetal malformations (exencephaly,
hydrocephaly, micrognathia, limb and digital defects, efe.}
noted by Khera were not observed in the present study,
Thus, while 2-MBI and ethylene thiourea may be chemi-
cally similar, the two chemicals produce significantly differ-
ent spectrum of malformations.

The mechanisms of teratogencsis for 2-MBI remains to
be elucidated. However, it is clear that, at least in the rat,
maternal toxicity precedes fetal toxicity and major fetal
malformations are seen only at a dose (60 mg/kg) which is
lethal to many of the treated dams.
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