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FOREWORD

Section 1412 _(b}(3)(A) of the Safe Drinking Water Act, as amended in
1986, .requires the Administrator of the Environmental Protection Agency to
publish maximum contaminant 1level goals (MCLGs) and promulgate- National
Primary Orinking Water Regulations for edch contaminant, which, 1in the
Judgment of the Administrator, may have an adverse effect-on public health
and which 1s known or anticipated to occur in public water systems. The
MCLG. 1s nonenfarceable and 1s set at a level at which n¢ known or antici-
pated adverse health effects in humans occur. and which allows for an
addequate margin of safety. Factors considered in setting the MCLG include-
health effects data and sources of exposure other than drinking water.

This document provides the health effects basis to be considered in
establishing the MCLG. TJo achieve this objective, data on pharmacokinetics,
human exposure, acute and chronic toxicity to animals and humans, epidemi-
ology and mechanisms of toxicity are evaluated. Specific emphasis is placed
on Titerature data providing dose-response information. Thus, while the
literature search and evaluation performed in support of this documenl has
been comprehensive, only the reports considered most pertinemt in the deri-
vation of the MCLG are cited in the document. The comprehensive literature
data base in support of this. document includes Information published up .to
1987; however, more recent data may have been added during the review
process. Final revisions and editortal changes were made in 1991.

When adequate health effects data exist, Health Advisory values for less
than 11fetime exposures (1-day, 10-day and longer-term, ~10% of an
individual's lifetime) are included in this document. These values are not
used in setting the MCLG, but serve as finformal guidance to municipalities
and other organizations when emergency spills or contamination situalions
QCCuUr. ‘
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I. SUMMARY

Hexachlorobenzene 1s imported but not produced commercially 1in the
Untted States, and occurs as a by-product in the synthesis of nfne other

chlorinated hydrocarbons; 2-5 milllon pounds may be generated each year.

Hexachlorobenzene is a colorless crystai]iné {monoclinic hrtsm) solid’
with a reported water so]uﬁilfty of 0.005 mg/e at 25°C. 1In general, hexa-
chlorobenzene has low water so]ubﬁ]ityi high octanol/water partition coeffi-
cient, low vapor pressure at 25°C, low F]ammab1]1ty»and s photochem1¢a11y
stable. Chemical analysis of hexachlorobenzene in water generally involves
solvent extraction followed by a cleanup method being used to produce

organic extracts suitable for GC/MS analysis.

The pharmacokinetics 6f hexach1orobenzene in & number pf mammalian
§pec1es héve been studied in detall following ofai administration and, to a
%esser extent,l following intravenous or 1nt;aper1tonea] 1njection; No
information was found regarding hexachlorcbenzene metabo11§m following
fnhalation or topical application. Absorption of hexachlorobenzene from the
intestinal tract appears to depend on the veh1ﬁ1e used during test material
admintstration. Thus, when he;ach1orobenzene {5 "administered 1in b]ive 0il,
~80% of thel dose is absorﬁed; when 1t is adm?nistered in an aqueous
solutton, in 1% methyl cellulose or in a crystalline form, relatively little
{<20%) s ébéorbed. Intestiné] absorption . of hexachlorobenzene oaccurs
primartiy through Tlymphatic .channe]s,‘ with -only a minor portion being

absorbed into the portal circulation.
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Foliowing absorption, hexachlorobenzene is distributed to tissues that
have a high 1ipid content. The adipose tissue accumulates the greatest con-
centrations of he;achioroben;ene in all spectes studied, although bane mar-
row and skin, which contain large amounts of 1ipids, also accumulate hexa-
chlorobenzene. The adrenal cortex accumulates hexachlorobéﬁzene at concen-
trations approaching those of fat. Other body_const1tuents (e.g., Tliver,
kidneys, 1lungs, heart, spleen and blood) generally contain much Jower
amounts of hexachlorobenzene. Intravenous 1injection of hexachlorobenzene
results inla tissue distribution similar to that seen following oral admin-
istration. Hexachlorobenzene is transported’ via the placenta and 1is
distributed in fetal tissue as tindicated by studtes with rabbits, rats,

mice, mink and ferrets.

Hexachlorohenzene is metabolized slowly into other chlorinated benzenes,
ch1of1nated phenols and other minor metabolites and Fforms glucuronide and
glutathione conjugates. Tissues were found to contain mainly unchaﬁged
hexachlorobenzene together with small ‘amounts of metabolites. Similarly,
only small amounts of hexachlorobenzene metabolites were detected in feces,
wnereas most of the metabolites were excreted in the urine together with
smal]l amounts of wunchanged pexach]orosenzene. There are indications that

females produce and excrete more hexach1orobenzene“metabol1tes than do males.

‘ The excretion of hexachlorobenzene from treated animals ts slow and
occurs.ma1n1y through the feces with relatively 1ittle being excreted in the
urine. It 1§‘character12ed by an initial rapid phase followed by one d}
more slow phases. This slow phase of excretion can be enhanced by the

administration of mineral oil, paraffin or n-hexadecane. Both biliary and

02550 I-2 09/14/88



intestinal excretion contribute to‘ fecal excretion. A three-compartment
mammillary mode has been reported for the behavior of‘hexachlorobenzene in
beagles and rhesus monkeys following a single 1.v. 1njeét1oni 'Radioactivity
was not detected in exhaled '&1r foliowing i.p. 1njecfion of 24C-hexa-
chlorobenzene. Hexachlorabenzene has been detected in the:m1]k of nursing

mammals.

The acute oral toxicity of hexachlorobenzene has been found to be low

with LD . values ranging from 1700-10,000 mg/kg. Subchronic oral toxicity

50
studies with a number of mammalian speé1es indicated a significant increase

in liver and kidney ueight{ as well as other organ ueigﬁts In ‘hexachloro-
benzene-treated an1mais. The livers from hexachlorobenzene-exposed aﬁ1ma}s
have shown histologic chaﬁgés .such as irregularly shaped and moderately
enlarged liver mitochondria and increases in the size of the centrilobular
hepéiocytes. Chronic toxicity studtes revealed similar effects to ‘ihose
seen in the subchronic studies, plus hexachlorobenzene associated 1ife-
shortening and various hebatlc and renal pathologies. ‘These subchronic and
chronic effects were usually dose-related. Other effé&ts included multiple
ajopecia andlscahb1ng, together with neurologic effects in rats, miée and

dogs. A dose-related histopathologic chinge in the ovaries of monkeys has

also been reported.

" Increased porphyrin lJevels 1n the liver and in urine have been reported
for a1l species studted éxcept the dog. Hexachlorobenzene was found to
bause the accumulation of B-H-steroids, which induce porphyrin bioSynthesﬁs,
aﬁd to inhibit wuroporphyrincgen decarboxy1ases; Ind1ca£10ns .are that

females are more sdscept1b1e to hexachlorobenzene-induced pbrphyr1authan are

02550 [-3 : 09/14/88



males, which may be related to the females estrogen levels and greater
hexachlorobenzene metabo11sm. Hexachlorobenzene was reported to produce a
mixed-type induction of cytochromes resembling that produced by a
combination of phenobarbital (P-450) and 3,4-benzpyrene (P-448). In
addition, the activities of several hepatic microsomal enzyﬁes were found to

be induced by hexachlorobenzene.

Hexachlorobenzene did not induce dominant lethal mutations in two stud-
les but was reported to be mutagenic-ln a yeast, S. cerevislae, assay at a
concentration of 100 ppm. Hexachlorobenzene pgssessed ng detectable levels
of mutagenic activity in the Salmonella histldine reversion éssay. Chronic
feeding studies provide sufficient evidence for the carcinogenicity of hexa-
chlorobenzene in animals (U.S. EPA welght-of-evidence classification of 32)
since thére was an increased Incldence of malignant tumors of the Tiver in
itwo species (haemangioendothelioma in hamsters and hepatocellular carcinoma
in rats) as well as .reports of hepatoma in mice, rats and hamstiers.
Hexachlorobenzene given to pregnant mice was found to produce cleft palates
and renal agenesis in exposed pups. Certain chemicals were Ffourd to alter
the toxicity of hexachlorobenzene 1in mammals, whereas hexachlorobenzene
pretreatment was reparted to increase CC14 toxicity and alter the ?mmune

responses of treated animals.

A few epldemiologic studies with occupationaliy-exposed workers have
been reported, together with studies conducted in Turkey and in the United
States (1.e., Loulsiana) on the general population Following accidental
exposure to hexachlorobenzene. These studies qualitatively support the tox-
‘1c1tyvof hexachlorobenzene, but give 1ittle dose-response information. Blo-

logic monitoring of plasma Tevels clearly shows more hexachlorobenzene 1in
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the plasma of exposed compared with nonexposed Iindividuals, a]though_no bic-
Togically signifjcant adverse héa1th effects .were seen dur1ng the observa-
tion periods. The exposure of humans to héxach]orobeﬁ}ene in Tﬁrkéy during
1955-1959 caused an eb!dem1c of hexach1orobenzene-1nduceq-porphyria'cutanea
térda (PCT), also known as porphyria tUrc1ca, whiﬁh Is manifested by dis-
turbed porphyrin metabolism, cutaneous Tesiong and hyperpigmentation. The
aﬁihors e;t1mated that from 0.05-0.2 g/day were ingested. In exposed
¢children uynder 1 year éf age.'p1nk~sore was observed as well as 95% mortal-

ity In these infants.

F0110Q-up studies conducted with Turkish patients 20-25 }ears after the
onset of porphyria showed that a few subjects st111 had active porphyfia,
whereas '>50% éxh1b1ted hyperpigmentation scarring, as well as other
dermato1o§1c, neurclogic and skeletal features of hexachlorobenzene
toxicity. Hexach]orobenzeng residues were also found in the blood, fat and

breast milk of some patlents.

A correlation was found between hexach]orobenﬁehe‘1evels in blood and
the number of years worked in a chlorinated so]Qenfs plant. Thé cuncentra;
tion of wurinary urcporphyrins and coproporphyr.ins rénged from 21-37 and
87-101 wug/%, respectively, fFfor Lhe period be}ueen 1974 and 1977. An
epidemiclogic survey conducted with 86 re;idents in the vicinity of this
chlortnated solvents plant showed e1evated: hexachlorobenzene restdues in
pIasma. Higher Jlevels of hexachlorobenzene reslidues were Fognd in maies

than in females, but these were not associated with race or fqod tonsumption.
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The quantitative risk assessment Ffor hexachlorobenzene 1is based on
animal data since human data are tnsuffictent. Data are insufficlent for
the derivation of 1-day and 10-day HAs for a 10 kg child; therefore, the
longer-term HA for a 10 kg chf]d of 6.05 mg/e 1s recommgnded as the 1-gay
and 10-day HAs for a 10 kg child. The longer-term HA for a 70 kg adult is
0.2 mg/e. The lifetime DWEL derived from chronic toﬁicity data for a 70
kg adult ts 0.03 mg/:. The RfD is 0.0008 ug/kg bw/day and 1s based oﬁ

the results of a 130-week study 1n-rats and was verified 1n May 1988.

The 95% upper bound 1ifetime cancer risk associated with 1 ug/t of

hexachlorobenzene in drinking water is estimated tec be 4.6x707%. Levels
of 2.0x707s, 2.0x10°* and 2.0x107® "mg/e of hexachlorobenzene In
drinking water correspond to the 95% upper bound T1i1fetime cancer risks af
107e, 107 and 107s, respectively. These values were verified by .the‘
'CRAVE workgroup tn March 198%. Hexachlorobenzene has been classified as a

B2, probable human carcinogen.
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I1. PHYSICAL AND CHEMICAL PROPERTIES

HexachIoroben;ene' fs not manufactured as a commercial product 1in the
United States, but an estimated 2-5 million pounds were produced each year
during the synthesis of several chlorinated chemicals (H;mma and Lawless,
| 1975). Hexachlorobenzene s alsoc an 1ngfed1ent in & fungicide of which
~200,000 pounds are imported each year (IARC, 1979). Hexachlorobenzene 1is
resistant to blodegradation, accumulates in the biologic environment and has
been detected in ambient air, drinking and surface water, sediﬁenté,

cropland and food (U.S. EPA, 1985).

Hexachlorobenzene 1s a colorless crysfa111ne (monoclinlc prisms) solid.
Its water solubility was reported as 0.005 mg/e at 25°C ({Yalkowsky and
Valvani, ASBO). Hexachlorobenzene is sparingly soluble in cold alcohol and
solublie in benzene, chloroform and ether {NLM, 1979).‘ Impure commercial
preparations may contain pentachlorobenzene (10-81,000 ppm), octachlorodi-
benzo-p-dioxin (0.05-212 ppm) and octachlorodibenzofuran (0.35-58.3 ppm)
{Villeneuve et a1.,‘1974). The chemﬂca] structure of hexachlorcbenzene is
shown 1in figure II-1. Synonyms, tréde names and. identification numbérs for

hexdchlorobenzene are listed in Table II-1.

Some physical properties of hexach1orobenzene are shown in Table I1-2.
In generatl., hexachlorobenzene has low water solubility, high octanol/water
coefficient, low vapor pressure at 25°C and low flammability. Hexachloro-
benzene has been demonstrafed to Dbe photochemically stable (Kdrte ei al., .

1978; Hustert et al., 1981).
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TABLE II-1

) Synonyms, Trade Names and
Identification Numbers of Hexachlorohenzene

Identification Numbers

Synonyms and Trade Names

CAS No. 118-74-1
TSL No. DA2975000
EPA Haz Waste No. U127

Esaclorobenzene (I[taTlian)
Amatin ,
Anticarie

Bunt-Cure

Bunt-No-More

‘Co-op Hexa

Granox NM

HCB

" HEXA C.B.

Hexachlorobenzol (German)
Hexachlorobenzene
Julin's Carbon Chloride
'No Bunt

No Bunt 40

No Bunt 80

No Bunt Ligquid
Pentachlorophenyl Chloride
Perchlorobenzene

Phenyl Perchloryl
Sanocide

Smut-Go

Snieciotox

*Source: National Library of
Data Bank (TDB)

Medicine (NLM}, Toxicology
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TABLE II-2

" Physical Properties of Hexachlorobenzened

Molecular Weight
Melting Point
Boiling Point

284.79

- 230°C

322.9°C at 760 mm

Density at 23°C _ 1.57 g/me
Henry's Law Constantb x 1073 . 0.12 atm. m? mol1™2
Log P'b ) 5.8
Water Solubility’ 0.005 mg/e at 25°C
Flash Point 488°F
Vapor Pressure (mm Hg) 1 at 144.4°cd
1.68 x 1078 at 25°F¢
1.089 x 107s at 20°C
Specific Vapor Density (air = 1) 9.849

dData are From the National Library of Medicine (NLM), Toxicology Data
Bank (TDB), except as noted.

OMackay et al., 1979
Cyaikowsky and Valvani, 1980
dweast, 1981

€L eoni and D'Arca, 1976
Frarmer et al., 1980
9verschueren, 1977

P® = Partition coefficient at 25°C
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Chemical Analiysis

Chemical analysis of hexachlorobenzene 1in water generally involves
solvent exiract1$nr followed 5y a cleanyp method being wused to produce
organic extracts suitable for GC/MS analysis. The U.S. EPA (1982) (Method
612) has recommeded the use of Florisil column chromatogréphy ads a cleanup
step before the quantification of the samples by GC u{th electron capture
detector. Thls recommended method is applicable Fof the determination aoFf
hexachlorobenzene in drinking water and wastewater. The recovery of hexa-

chlorobenzene by this method was found to be 95%.

A method for the determinatlon of hexachlorobenzene in soil and cﬁem1ca1
waste disposal site samples has been deve]dped hy Deteon et al. (1980). The
procedure involves methane extraction Followed by temperature-progfammed GC
analysis ﬁsing electron capture detection. Recoveries of samples spiked at
the 10, 100 and‘300 rg levels were 96.5% (+3.6), 93.1% (+8.1) and 78.0% |

(#2.6), respectively. The lower detection 1imit for this method s around

10 ug/g.
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III. TOXICOKINETICS

Absorptiaon 7

Absorpticn of-héxach1orobeﬁzene from the qut has been studied in déta11;
houevef, no information has been found in the ava1¥ab1é literature on hexa-
chlorobenzene absorption through the lungs or skin. Absorption of hexaéhTo-
'robenzene from the intestinal tréct appears to‘depehd on the solvent vehicle
used durﬁng test material administratton. Thus, when hexachlorobenzene is
administered in olive oil, ~BO% oﬁ the dose 1is adsofbed; when 3t is admin-
Istered in ‘an agueous solution, in 1% methyi ce]]u]oﬁe. or in a solid
¢rystalline form, re1§t1ve1y Tittle (<20%) ts absorbed. In;estina] absorp-
t1oﬁ of hexachlorobenzene océurs primarily through lymphatic chénneTS
(Iatropou1os et al., 1975), with on]y‘a minor portion being absorbed 1ﬁto

the portal circulation,

.Ingebr1gtsen et al. (1981) 1ﬁ9est1gated the absorptton of [2*C]hexa-
chlorobenzene {10 mg in peanut oil) administered to male, bile-duct-cannu-
lated Wistar rats by gasiric catheter. Four days after dosing, 24.8% of the
administered 24C had béen recovered in the feces, Indicating that at least

75% of the administered hexachlorobenzene was absorbed.

Albro and Thomas (1974) studied the absorpiidh‘df.hexachlorobenzene in a
squalane/cotton seed oil vehicle by male rats following administration of a
single dose by stomach intubation. The results indicated that at doses of

12 and 30 mg/kg, ~82 and 72%, respectively, were absorbed within 96 hours.

Koss and Koransky (1975) compared the absorption rates of [l‘C]hexa-}

chiorobenzene in female Wistar rats following oral administration of olive
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o1l solutions or suspensions in 6% gum arabic in water (4, 20, 50.5, 60 and
180 mg/kg). Approximately B0% of the dose was absorbed from the olive oil

solutions; however, only 6% was absorbed from the aqueous suspension.

Similarly, Zabik and Schemme (1980) found that, when:hexach1orobenzene
{32 mg/kg/day) was adminlstered in the dﬂet. high-fat (45.3% w/w) diets
resulted in greater accumulation of hexachlorobenzene 1n the tissues and
less hexachlorobenzene excreted in the feces than did high-carbohydrate
diets (67.7% w/w). The female rats received 32 mg hexachlorobenzene/kg bady
weight/day for 6, 12 or 18 days. Although this study did not tnclude a
control group receiving a balanced diet, the data suggest. that high-fat

diets increase the absorption of hexachlorobenzene.

Sundlof et al. ({1982) administered seven consecutive dally oral doses of
10 ﬁr 100 mg crystalline hexachlorobenzene/kg body weight to male laboratory
beagles. The results from the 100 mg/kq group findicated that hexachloro-
benzene can continue to be absorbed from the intestines for up to 1 week

following the cessation of dosing.

Bleavins et al. {1982) fed Fema{e European ferrets (Mustela putorius
furo) a single dose of 57.6 g hexachTorobenz;ne (14C-labeled) in }7.5 g
of standard mink diet (22% fat) and calculated that 38.5% of the hexachloro-
benzene dose was absorbed by the ferrets. They made this calculation based
on predicted hexachlorobenzene excretion as extrapoiated from this study,

and owing ta a food passage time in the female ferret of just aver 3 hours.
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Distribution

Following intestinail absqrptjﬁn, hexachlorobenzene, whtchﬂﬁs Tipophilic,
‘distributes to tiSsues that are rich in 11pid contenf. The adipoﬁe tissue
accumulates the greatest concentrations of hexachlorobenzene in all species
studied, although bone vmarrou and skin, which contain iarge amounts of
11pids, also accumulate hexachlorobenzene. The adrenal cortex accumulates
hexachlorobenzene at conﬁentrations‘approachfng those of fat. Other tissues’
(e.g., 1lver, kidneys, ldngs. heart, spleen and blood) generally contain
Jower amounts of hexéch1orobenzene. Intravenous injection df hexachloroben-
zene results in 3 tissue distribution simiiar to that Fo]lou1ng oral admini-
stration. Hexachlorobenzene 1s transported via the placenta and is distri-

buted in fetal tissue.

Mehendale et al. (1975) studied the disposition of 14(C_hexachlorobén- &
zene. by adult male rats following a s\ngiel ordal dose of 5 mgskg. 24C-
Hexachlorobenzene was mixed with arachis 011‘ and adm1n1sfered by stomach
intubation. The animals were sacrificed 7 days later and the tissues and
organs radioassayed. Forty-three percent -bf the total radtoactivity
administered was present in fat tissue 7 days after 24C-hexachlorobenzene
.administration. In addition, muscle a&d skin tissues each contained ~9% of
the radioactivity, whereas the other 12 tissues ‘Analyzed contained ~5%

combined (Table II[-1).

When 13C-hexachlorobenzene was suspended in 1% methyl cellulose and a
single oral dose -containing 150 ug of hexachlorobenzene was administered
to Sprague-Dawley rats, the absorption of 4C-hexachlorobenzene by the

walls of the stomach and duodenum 1 hour later was re]aiive]y low: ~1.0 and
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TABLE III-1

Storage and Excretion of 14C-HCB Administered Orally
in Arachis 011 in Ratsd

Percent of Total

Organ or Tissue Radioactivity
- Administered
Fatb 42.81 + 6.14
MuscleC ' ’ ’ 9.41 + 1.17
Skind 8.64 + 1.21
Liver : , : 3.01 +0.23
Small intestine 2.43 + 0. 47
Bone® 1.04 + 0.09
Kidneys 0.76 £ 0.11
Large tntestine 0.43 + 0.08
Stomach - : 0.36 + 0.04
Blood 0.24 + 0.04
Lungs 0.24 » 0.04
Testes 0.21 + 0.04
Heart ‘ 0.18 + 0.03
Brain 0.17 + 0.03
Spleen 0.04 + 0.002
Total in tissues 70.09 + 5.48
Excretion : ‘
Feces 16.02 + 2.31f
Urine 0.85 + 0.13f
Gut contents 2.48 + 0.45

Total recovery - 89.44 + 10.57

dSource: Mehendale et al., 1975

bBased on 9% body weight as fat

CBased on 50% body ué1ght as muscle

dBased on 16% body weight as skin

€Based on 10% body weight as bone

feumulative total for 7 days

Adult male rats were given 5 mg/kg of hexachlorobenzene.

HC8 = Hexachlorobenzene
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0.6 ppm.uere found in the stomach and duﬁdenum, respectively (latropoulos et
al., 1975). Increased radicactivity was found in the jejunum and ileum as
ue1f,as the Tymﬁh>nodes and adipose tissues 3 hours‘aftef administration
(Table I111-2). Although the radicactivity alse increased in the liver and
kidneys, this increase was relatively Jow co@pared u1th-£hat found 1in the
lymph nodes and adipose tissue. Moreover, the radioactivity in the liver
and kidnéys decreased within a 2-day period, whereas the radiocactivity in
the lymph nodes and fat remained relatively constant. These results 1nq1-
cate that the portal venous' transport of hexachlorobenzene to the liver
appears to be a minor pathway, whereas the major part of the ‘ngested hexa-
chlorobenzene 1s absorbed by the lymphatic system in the duodenum and
lejuno-1leum and deposited in the fat, bypassing the systemic circulation

and the ekcretory organs.

Knauf and Hobsoﬁ (1979) tinvestigated the tissue digtributﬂon of hexa-
chlorobenzene in six female rhesus monkeys following the gastric administra-
tion of daily doses of hexachlorobenzene [0 (one monkey), 8 {one monkey), 32
(one monkey), 64 (one monkey), or 128 {two monkeys) mg/kg/day] in 1% methyl
cellulose for a period of 60 days. The highest‘concentratTOné»oF hexachlo-
robenzene were located in tissues with high 1ipid content. Tissue levels
correlated more u1£h body fat content than with dose, with the monkey that
had the least adipose tissue producing the highest nonfat tissue and sefum

values {Table II[-3).
The highest 1levels of hexachlorobenzene residues were found in fat

tissue (215-330 ppm) and bone marrow {175-1700 ppm), and selectively higher

levels were -found in the adrenal cortex (30-325 ppm) than in the adrenal
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TABLE I11-2

Tissue Concentration (ppm) of 14C_Hexachlorobenzene? and Its Metabolites in Sprague-Dawley RatsP

Time (hours)

1 3 5 12 : 48

Tasue Male female Male Ffemale Male female Ha]é Femile Male Ffemale
Stomach 0.6 1.6 0.8 1.0 1.1 0.5 0.1 0.1 0.1 0.1
Duodenum 0.6 0.6 1.4 1.0 0.2 0.3 - 0.1 0.1 0.1 0.1
Jejuno-Ileum 0.1 0.2 0.6 0.8 1.0 0.3 0.3 0.3 0.2 0.1
Cecum 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1
Colon 0.1 0.1 0.1 0.2 0.4 0.1 0.1 0.1 0.2 0.1
Liver - 0.1 0.4 6.5 0.5 0.2 0.3 0.2 0.2 0.1 ‘0.2
Mesenteric :

lymph node 0.1 0.6 0.4 1.3 2.0 1.0 1.5 1.0 1.9 2.1
Adipose . | :

tissue 0.1 0.2 ' 1.1 1.2 2.3 1.5 1.3 1.1 2.6 N
Kidneys 0.1 0.2 0.4 0.3 0.5 0.2 0.2 0.1 . .]
Lungs 0.1 0.3 0.3 0.4 0.2 0.2 0.1 0.1 0.1 .2

/” LS

4150 ug hexachlorobenzene was administered by stomach tube suspended in 1% methy) cellulose.

bSource: Iatropoulos et al., 1975



TABLE [II-3.

Tissue Levels of HCB (ppm) in Adult Female Rhesus Honkeysa-b

Monkey No. 613¢ 6184 627¢ 817 1163

Dose (mg/kg/day) 128 128 64 32 8 0

Body fat 930 215 540 250 580 1.1

Bone marrow 460 175 1700 255 350 1.6
Adrenal cortex 150 130 325 90 50 0.1

Adrenal medulla 12 9 285 35 4 <0.1

Liver 20 50 365 40 30 <0:1

Kidney 18 19 258 1 3 <0.1

Brain 25 19 108 12 8 <0.1

Ovaries 6 23 133 3 1 <0.1

Muscle 4 21 24 7 2 <0.1

Serum 2.5 1.5 11.0 0.5 3.3 <0.1

dSource: Knauf and Hobson, 1979

PHCB was administered datly for 60 days in 1% methylcellulose (orai]y)

CMonkey was small and slight

dMonkey was obese

®Monkey had very 1ittle adipose tissue

HCB = Hexachlorobenzene
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medulla (4-285 ppm}. Residues in serum, muscle, ovaries, brain, kidneys and

Ttver were relatively much lower (0.5-365 ppm):

Engst et al. (1976) reported the adminisiratton by gavage of 8 mg/kg of
hexachlorobenzene in 1 m¢ of sunflower oil to male H1star-rats for a dura-
tion of 19 days. The animals were then sacrificed, and the liver, kidneys,
adrenals, heart, spleen and intestinal fat were analyzed for hexachloroben-
zene residues. The following results were reported: fat tissue, 82 ug/qg;
muscle, 17 wug/g; 1iver, 125 ug Atotél; kidneys total 21 wug each; spleen
total 9 ug; heart total 1.5 ug; and adrenals total 0.5 ng each. High
levels of hexachlorobenzene residues in fat tissues also have been reported
for female rats receiving 50.0 mg/kg (177 umoles/kg} of hexachlerobenzene

every second day for 10 weeks {Koss et al., 1980bj.

Szymczynsk? and Waliszewsk! (1981) analyzed human semen and testicular
and fat tissues, and 1dent1fied several ¢hlorinated pesticides that included
hexachlorobenzene. The compound was not detected in testicular Llissue, but
was present in semen and fat tissues at concentrations of 0.001 and 0.128
ug/g, respectively. Similarly, hexachlorohenzene was one of severa{
chlorinated compounds found in semen collected in 1979 from 132 college

students (Dougherty et al., 1981).

Sundlof et al. (1982) studied the distribution of 4C-hexachloroben-
zene or unlabeled hexachlorobenzene in maie beagles following a single
Intravenous dose of 1 mg/kg in olive gil. Two dogs each were sacrificed
after 2, 4, 8, 16, 32 and 48 hours and after 12 weeks; hexachlorobenzene

concentrations were determined in 16 tissues and organs as well as in the
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blood ({Table III-4). Two hours after dosing, the highest concentrat1on‘uas
found in the lungs (36.14 ppm)? This was considered to be a property of the
injection vehicle rather than a.property of hexachlorobenzene per se. That
is, it was believed that the olive o011 vehicle formed mfcroembo]i in the
blood which became trapped in the capillaries of the Tung. Residue levels
in  the lungs thenl dropped (4.4 ppm), and a concurrent increase . in
hexachlorobenzene was detected in fat tissues (10.32 ppm 1n subcutaneous,
perirenal and mesenterés fai) 4 hours postinjection. - Residues 1in all
tissues, organs and blood dectined duf1ng the.48 hours postinjection except
for fat tissue, which remained constant. TueIQe weeks after dosing, tissue
concentrations were very low in all tissues, including fat (>6.01-0.¢6 ppm),

indicating significant excretion of the compound by that time.

| ‘Yang et al. (1978} studied the distribution of hexachlorobenzene In male
Sprague-Dawley rats and female rhesus monkeys following intravenous injec-
tion of .14C-héxach1orobenzene tn  1,2-propanediol:plasma (1:8). Rats
recetved 0.1 mg of 14C-hexachlorobenzene and then were replaced .in meta-
bolic cages for 48 hours before sacrifice. About 0.2 and 1.0% of the admin-
istered dose was excreted in the urime and feces, respectively. No radio-
activity was exhaled from the animals. OQver 20.tissues from the rats‘were
analyzed and all were found to contain radioactivity. The highest 1levels
were in fat (-3 ug/q of tissue). The .adrenal glands also contained a
relatively high level of radlcactivity, whereas the other tissues contained
much lower levels, generally in the range of 1/12 to 1/300 of thqsé in fat

tissue.
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TABLE III-4

HCB Concentrations in Tissues of Male Beagles -
Recetving Single Intravenous Doses of 1 mg/kg bw n- Q0live 011*

HCB Concentration (ppm)
Time Interval After Dosing

Tissue ‘ 2 hours 48 hours 12 weeks
Lungs 36.14 0.08 <0.01
Adrenals 2.82 0.38 ) 0.06
Subcutaneous fat 1.14 3.38 0.37 -
Perirenal fat 1.00 3.24 0.46
Mesenteric fat 0.56 2.40 0.41
Spleen 0.54 0.01 : <0.01
Liver 0.51 0.04 0.02
Thyroid 0.37 NR 0.02
Heart 0.28 0.04 0.01
Kidneys 0.18 0.02 0.7
Stomach 0.18 0.36 0.01
Pancreas 0.17 0.06 0.07
Brain 0.15 0.02 0.02
Duodenum 0.12 0.02 0.02
Colon 0.12 0.0 <0.01
Small intestine 0.07 0.02 . 0.0
Blood 0.07 0.03 0.01

*Source: Sundlof et al., 1982

NR = Not reported

HCB = Hexachlorobenzene
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The tissue distribution of Jl“(:-hex.encmorobenzene in rhesus monkeys was
determined i1n individual animals 100 days, 6 months and 1 year after 1ﬁtra-
venous injection’ of -1‘C—hexach1orobénzene at 0.38, 0.32 and 0.22 mg/kg,
respectively. The results again indicated that the highest levels were
present in fat (6069 ng/g on day 100 and 828 ng/g'on déy‘365) énd bone
marrow (1638 ng/g on day 100 and 373 ng/g on day 365) among the730 tissues
analyzed in all three monkeys. The adrenal glands contained -1/6 to 1/8 of
the levels present in fat, uhereaé the othér tissues contained radioactivity

levels ran§1ng between 1/10 to <f/800 of those in fat.

The transplacental transfer of hexdchlorobenzene from pregnant mice,
rats and rabbits has also been reported. -Brandt et al. (1980) conducted a
quaiitative study on the distribution of 1“(':-hemch]qrobenzeﬂe and several
of‘ its sulfur-containing metabo11tes in pregnant mice. ‘The mice were
1n1eéted f.v. and sacrificed at intervals ranging between 20 minutes and 32
days after injection. The animals were frozen, sectioned and submitted to
autoradiography. The autoradiograms showed a strong uptake ofrhexach10ro—
benzene in the adipose tissues. Hexdachlorobenzene was f;und to persfﬁt in
the ad1puse\ tissues for hore than 1 month after thé administration.
Radioactive hexachlorobenzene was a]sb found to penetraief the placenta,

resulting in the blood and 1lver concentrations in the fetuses that appeared

te equal those of the dams.

V111eneuvg.and Hier1ihy (1975) studied the placental transfer of hexa-
chlorobenzene in Wistar rats and reported that hexachlorobenzene crosses the
placenta and accumulates 1in the fetus in a dose-dependent manner. The

females were dosed orally daily (5, 10, 20, 40 and B0 mg/kg) from gestation
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day 6-16 and then sacrificed on day 22. Only 1liver, brain and whole fetal
residue levels _were determined 1in this study. Fetal 1liver residues
(1.8-35.8 ug/g) were much lower than those of the dams {9.3-86.0 ug/g).
The fetal brain and whole fetal levels were 1.1-17.5 ug/g and 1.5-18.9

ug/g, respectively.

Villeneuve et al. (1974) also reported that the transplacental transport
of hexachlorobenzene 1in New Zealdnd rabbits was dose-dependent. Rabbits
were mated and then dosed orally u1th.hexach1orobenzene from days 1-27 with
subtoxic doses of 0, 0.1, 1.0 or 10 mg/kg. On day 28 the dams were killed
for fetal and maternal tissue analysis of hexachlorobenzene. In dams, the
hexachlorobenzene restdue concentr#t1ons were highest in fat, followed by.
the 1llver, heart, kidneys, brain, 1lung, spleen and plasma. Hexach]oru-‘

benzene residues were higher in the Fetal liver than in the maternal liver.

Courtney et al. (1976) reported on the distribution of hexachlorobenzene
(assayed 90.4% hexachlorobenzene and 9.6% pentachlorobenzene) administered
via oral intubation on days‘7-11 of gestation at a dose of 50 mg/kg/day in a
corn oll acetone mix to Five pregnant.and two non-pregnant CD-1 mice. They
found there were no remarkable differences in the hexachlorcbenzene tissue
levels between the pregnant and non-pregnant animals sampled at day 12 of
pregnancy. The levels of pentachlorobenzene. in sampled tissues were low as
compared with the very high hexach1orobenzené levels detected in the thymus,
skin, fat and urinary bladder. No detectable levels of hexaﬁh]orobenzene or

pentachlorobenzene were found in the control mice.
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Coﬁrtney et al. (1979) studieﬁ the tissue distribution of hexachloroben-
zeng in ihe materpa1_and fetal tissues of CD fats and CD-1 mice and reported
that placentas and fetuses of both ‘;pec1es demonstrated a dose-dependent
relationship for hexachlorobenzene residues, with levels 1in the fetuses
peing higher than those in thelr corresponding p1acentas: The dams were
treated Q1a oral intubation with single or multiple oral doses {10, 50 or
100 mg/kg in corn 61]) at different periods during gestation. The hexachlo-
robenzene concentrations in mice Qﬁd rat fetuses‘at mid-gestatidn were very
similar. In mice, multiple low doies‘ of hexachlorobenzene resulted in
higher concentrations of hexachlorobenzene in maternal ang fetal t1s§ues
than 51ng1e doses of equivalent total doses. In another study, Courtney and
Andrews (1979) reported that in mice the fetus could be exposed to hexachlo-
robenzene from maternal body burdens, established before fetal 1mp1antatjon,:
and . was -not Timited to  maternal exposure during the postimplantation

gestation.

Bleavins et al. {1982) studled the tissue distribution and transfer of a-
single dose of hexachlorobenzene given to female European ferrets (Mustela

putorius Furo). They gave a single 57.6, ;§ hexachlorobenzene (24(C--

labeled) dose in 7.5 g of standard mink diet (22.2% fat) to each of three
bred and five non-bred ferrets. The dosed ferrgts and offsprfng were
observed for 5 weeks after the kits were born, at uh1ch  time they weré
killed and tissue 24C-hexachlorobenzene levels were determined (Table
I17-5). One ferret kit per 1itter was also collected at btfth‘and at weeks
1, 2, 3 and 4 for whole body residue determinations {Table III-6). These
results indicate that nursing mothers can s\gnificant]ylreduce their body
burdens of hexachlorobenzene, when compared with unbred feha]e cdﬁnterparts,

by tranéferring a large amount of the hexachlorobenzene to fheir offspring.
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TABLE III-5

Mean (+SE) Hexachlerobenzene Radiocacttivity (dpm/q)
~of Selected European Ferret Tissuesd,

Tissues Group I / Group II ) Kits¢

{n=1) (n=5) {n=3)

Blood | 49 + 34,64 166 + 26.8 --
Subcutaneous fat 4472 + 180.5° 19,525 + 1503.9 11,678 + 712.4f
Visceral fat 4429 + 867.68 . 19,704 &+ 1666.0 -

Muscle 53 + 14.4d 384 » 64.0 561 + 204.8
Heart 34 + 9.2d 310 + 56.8 ' --

Kidney 105 + 31.1® 611 » 80.4 209 + 37.2
Spleen 13 & 7.58 180 + 24.8 -- |
Liver 248 + 68.9¢ 1,445 + 145.2 1,420 » 185.69
Lung 1+ 0.3% 241 + 18.4 -

Brain 61 + 30.0¢ 395 + 48.5 ' 130 + 29.4

4Source: Bleavins et al., 1982

Pat 62 days postdosing from adult bred (group I) and unbred (group II)
female Ferrets exposed to a single 57.6 ug dose of 14C-labeled hexa-
chlorobenzene and from offspring born to the bred females.

CKit tissues, from 5-week-old offspring, were tvontrasted only with mater-
nal {group I) tissues.

dsignificantly diFferent (p<0.05) From g}oup I tissue of the same type.
Bsignificantly different (p<0.01) from group iI tissue of the same type.
FSlgn’aF‘icanHy different from.materna1 tissue {(group 1) at p<0.01.
9Significantly different from maternal tissue (group I} at p<0.05.

HCB = Hexachlorobenzene
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TABLE TI1-6

Mean (+SE) HCB Radloactivity (dpm xAIO') of European Ferret Kitsd.b

eeks Po rtum
Measure - Number :
0 : 1 2 I T [l 5
Per gram of kit 3 3.0 + 0.19 2.7+ 0.57 4.3 ¢+ 0.67 3.9:0.73 3.5 + 0.50 2.7+ 0.14
Per whole kit 3 25.1 + 1.43 76.7 &+ 14.35 3114 ¢ 63.39 092.5 ¢ 92.22  672.8 » 117.63  B805.7 & 54.25
Increase aver previous week ~- 51.6 204.1 181.1 160.3 » 132.8
MK (per ma) 3 o - 6.14066 2.9 0.45 1.8 + 0.7 9.8 +0.20

43ource: Bleavins et al., 1982

bgorn to female ferrels exposed 10 a single dose of *sC-labeled hexachlorabenzene and the milk produced by those dais

HCB = Hexachloraobenzene



The mothers' milk contaminated with hexachlorobenzene sSeems to be a large
contributor to the kits' body burdens with a reported milk to placental
exposure ratio o; ‘31:1. The distribution of hexachlorobenzene in ferrets
follows similar trends, as obsefved 1n"the other mammals, where the highest

hexachlorobenzene levels were found in the 11pid rich tissués.

The transfer of hexachlorabenzene to nursing infant rhesus monkeys froﬁb
lactating mothers receiving via oral 1ntubat1oﬁ 64 mg/kg/day hexachlaoroben-
zene suspended in 1% methyl cellulose, for 60 days was reported by Bailey et
al. (1980). Milk concentrations were on the average 17-fold higher than
maternal serhm levels, whereas infant serum levels were aboﬁt 2- to 5-fold
higher than serum Tevels of their mothers. Similarly, the 1infants had-
higher tissue residues than their mothers and hexachlorobenzene was concen-

trated in the infant fat, bone marrow, adrenals and lymph nodes.

Hexachlorgbenzene residues also have been reported 'n human fat in the
United Kingdom (Abbott et al., 1981, Japan (Curley et al., 1973), and
Australla (Brady and Siyald, 1972) and in human milk collected in Sweden
(Westoo and Noren, 1978; Hofvander et al., 1981), Canada (Mes and Davies,
1979), Norway (Bakken and Seip, 1976; Skaare, 1981), and Hawall (Takahashi

et al., 1981}).

Metabolism |

The metabolism of hexachlorcbenzene has been studied in male and female
rats Ffollowing oral administration, rhesus monkeys and beagles Fo11ou1ng
i.v. injection, and in rabbits following 1.p. 1injection (Renner, 1981).
Hexachlorobenzene is metabolized slowly 1into other 1lower chlorinated

benzenes, chlorinated phenols and other minor metabolites and forms
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glucuronide and gqlutathione conjugates. Tissues were found to contain
mainly unchanged hexachlerobenzene together with small amounts of metabo-
lites. Stm11ar]y: only small amounts of hexachloropenzene metabo11tes were
detected in feces, whereas moét of fhe metabolites were excretéd in the

urine together with small amounts of unchanged hexachloroberizene.

Mehendale et al. (1975) stud1ed the metabolism of hexach1orobenzené 1H
- male Sprague-Dau1ey rats 7 days after oral intubation administration of a
single 5 mg/kg dose in arachis 611. -Thebfat. Tiver, 1nte§t1nes, kidneys,
lungs and brain were found to contain hexachlorobenzene primarily, along
with trace amounts of ather chlorinated benzenes. Analysis of these chlori-
nated benzénes suggested the presence of pentachlorophenol, 2,4,5-trichloro-
phenol, pentachTorobenzene and the tetrachlorobenzenes. Extraction and_
ana]ys1s'of fecal radioactivity, which accounted for 16% of the dose, did
not reveal the preseﬁce of metabaolites. A]fhough urine contalined only 0.85%
of the administered radioact1v1ty.‘1t provided the only evidence of hexa-
chlorobenzene metabolite excretion. Several .unidentified metébolites were
ev{deng following thin-layer chromatography {TLC} separation of urine, in
addition to 2,4,5-trichlorophenol, pentachlorophenol and one spot was

reported to contain a mixture of chlorinated benzenes.

In vitro metabolism stud1es.w1th homogenates of the liver, lungs, kid-

neys and small intestines produced trace.amounts of chlorobenzene ‘metabo-
lites when incubated with [1+C]-hexachlorobenzene In the presence or
absénce of added cofactors. Liver microsomal brepara£1ons produced amounts
of one or more Ch]orophenols when fortified with NADPH; in the presence of

UDPGA, pentachlorophenol was reported to form the glucuronide conjugate.
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Fortification of kidney homogenates with glutathione resulted in the appear-
ance of unextractable radioactivity 1in the aqueous phases, indicating that
glutathione conjugates of polar. hexachlorobenzene metabolites might also be

formed {Mehendale et al., 1975).

The metabolism of hexachlorobenzene in male and female Sprague-Dawley.
rats each recelving nine oral doses of 85.6 mg/kg hexachlorobenzene (99.7%
pure) in aracnﬁs i1 over a ber16d of 1 month was reported by Richtef et
al. (1981). The animals were sacr1f3ced 3, 24 and 52 days after the last
dosa, and various tissues were analyzed for hexachlorobenzene and 1its
metabolites by CDE/GLC and GLC/MS. In additton to hexachlﬁrobenzene, the
following metabolites were also detected: pentachlorobenzene (PC3), penta-r
ch]oruphepo] (PCP), pentachlorothiophenol (PCTP) and 2,3,4,6- and 2,3,5,6- _
tetrachlorophenol (TCP). The results reported far the 1iver and kidneys for
day 3 indicated that the livers of the femaies cantained §tgn1f1cant1y more
PCTP, a derivative of a g1htath1one conjugate, than those of the mates
(Table III-7). However, it 1s not known whether this increase is due to a

higher rate of PCTP production or to a lower rate of elimipation.

Rizzardini and Smith (1982) tnvestigated the sex dﬁFFerences in hexa-
chlorobenzene metabolism in young F344/N rats who had been intubated every
other day for 103 days with 14 mg/kg hexachlorobenzene (ana1yt1cai grade)
dissolved In arachts oil. Three hexachldrobenzene metabolites were analyzed
far: pentachTorbbenzene, pentachlorothiophenol and 2,3,5,6-tetrachlioroben-
zene-1,4-diol, and all three were found to be produced ia larger concentra-
tions 1in the-female rats during the first 10 weeks of hexachlorobenzene
treatment. The greater quantities of hexachlorobenzene metabolites being

formed in female rats was believed due to their body estrogen levels.
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TABLE III-7

Concentrations of HCB and its Metabolites (mg/kg)
in the Liver and Kidneys of Male and Female Ratsd.b

Tissue/Sex ~  HCB ' PCB pPCcP PCTP TCP
Liver .
Males 192 0.05 3.6 - 0.23 0.82
Females 147° 0.03° 2.12° 0.36° 0.04°
Kidneys :
Males 127 . 0.05 5.79 . - 0.24 0.09
Females m 0.01 3.69 0.10 0.08

4Source: Richter et al., 1981

Dpetermined - 3 days after the 1ast of nine oral doses of 85 6 mg/kg HCB
given within 1 month in arachis otl

CStatistically significant from males (p<0.05)

HCB = Hexachlorobenzene; PCB = pentachlorobenzeﬁé: PCP = pentachlorophenol;
PCTP = pentachlorathiophenol; TCP = 2.3.5.6—tetrachlorophenol‘
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Engst et al. (1976) detected several urinary metabolites in male Wistar
rats receiving by gavageIB mg/kg of hexachlorobenzene datly dissolved in
sunflower oil for 719 days. The results of this study were presented quali-
tatively, and the authors reported that the major metabolic route for hexa-
ch1orobenzene‘ was to pentachlorophenol. I[n addition, the feces contained
mainly unchanged hexachlorobenzene together §1th traces of pentachlero-.

benzene.

Koss et al. (1976) }nvestigated the metabolism of hexachlaerobenzene 1in
female Wistar rats. given 2-3 1.p. doses of [4C]hexachlorobenzene (260 or
390 mg/kg total dose). At the end of 4 weeks, 7% of the adm{n1stered radio-
activity was excreted in the urine, with >90% of‘th1s amount contained in
the major metabolites (pentachlorophenol, tetrachlorohydroquinone, _and\
pentachlorotﬁ1ophen01). An tsomer of tetrach?oroth1opheno] was detected as
a minor urinary metabolite. Twenty-seven percent of the adm1nistered4rad1o-
activity was excreted in the feces, of uhich‘70% was identified as unchanged
hexachlorobenzene. Only pentachlorophenol and pentachlorothiophenol were
identified as fecal metabolites of hexachlorobenzene. In the tissues of the
animals, only pentachlorophenol was  detected in measurable quantities,
accounting for 10% of the radioactivity in bleod and <0.1% in body fat.
Total radioactivity contained in the metabolites detected in the animal
bodies and excreted at the end of the 4 weeks accounted for 16% of the

administered radtoactivity.
In follow-up studies, Koss et al. (1978a) compared the formation of

hexachlorobenzene metabolites in rats, mice, gquinea pigs, Japanese quail,

laying hens and rainbow trout. The only metabolites detected were penta-
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chlorophenol, tetrachlorohydroquinone and pentach]orothibpheno1;‘ however,
the species tested differed greatly in their ability to metabolize hexa-

chlorobenzene (Ta51e I111-8).

Gas-1fquid chromatography of urine, bi]é and fecal eitracts from male
beagle dogs recelving a single 1t.v. injection of 24C-hexachlorobenzene at
1 mg/kg revealed that 96% of the fecal radicactivity occurred as the pafenf'
compound. Hexachlorobenzene accounted for 4% of the biliary radiocactivity,

but no parent compound was detected in-urine {Sundlof et al., 1982).

Koh11 et al. (1976) studled the metabolism of several chlorinated ben-
zenes, 1Including hexachlorobenzene; in rabbits following 1.p. injection.
The urine was collected for 10 days after injectlon and analyzed for metabb-
]1tgs following extraction and gas-liquid chromatography, but no hexachloro-

benzene metabolites were found in the urine.

Excretion

The excretion of hexachlorobenzene from treated animals s slow and
occurs mainly through the feées. uitq relatively Iittlelbeing excreted in
the urine.- [t 1s characterized by an initital rapld phase followed by a very
slow phase. This slow phase of excretion can be-énhanced by the‘adm1htstr$-
tion of mineral oil, paraffiﬁ and n-hexadecane. Both biliary and intestinal
éxcretion contribute to fecal excret1on.. A three-compartment mammiilary
model has been reported for the behavior of hexachlorobenzene in beagles and
rhesus monkeys following {.v. injection of a single dose. Radicactivity was
not detected 1in exhaled air following 'i.p. 1injection of ;‘C-hexach1oro-

benzene.

02570 111-2 04/12/88



CTABLE I11-8

‘Hexachlorobenzene and Its Major Metabolites
tn the Excreta of Different Animal Speciesd

Total Amount of Substances

Speciesh Total Dose®
(mMol/kg) * HCB ’ PCP TCH PCTP
Rat 0.92 6.1d 2.0 0.4 1.8
Mouse 0.92 2.6 0.3 0.1 ND
Guinea pig 0.92 1.8 . 0.9 0.2 0.5
Japanese qguatil 2.76 7.5 trace trace 3.2
Laying hen 0.92 0.6 0.1 0.07. 0.04

Rainbow trout 276 1.8 0.4 ND ND

dSource: Koss et al., 1978a

D2-3 animals were used per each spectes investigated

CHexachlorobenzene was dissolved in o)l and administered intraperitoneally
dfigures are given in uMol/kg bw/day

ND = Not detected. The lower detection ltmit of the metabolites was deter-
mined to be 0.03 nMol1/me urine or g feces.

HCB = Hexachlorobenzene; PCP = pentachlorophenol; TCH = tetrachlorchydro-
quinone; PCTP = pentachlorcothiophenol '
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Studies conducted by Mehendale et al. (1975) with rats recelving a
single oral dose indicated that only 16.0 and 0.85% were excreted in the
feces and urine, respectively, 7 days after treatment {see Table III[-1).
Ingebrigtsen et al. (1981) reported that 4 days after latragastric admin-
istration of 14C-hexachlorobenzene, a total of 24.8 and 2.1% of the admin-
istered radioactivity were recovefed in the feces and urine, respectively.
In addition, an average of 3.6% of the dose was recovered in the bile of
bi]e-duct-cannulated rats‘w1tﬁ1n 48 hodrs after dosing. Of the radioactiv-
ity excreted in the bilé. only 2% was unchanged hexachlorobenzene, 1.8% was
pentachlorobenzene, 24% was pentachlorophenol and ~72% was unidentified

metabotites.

Rozman et al. (1977) sfud1ed the excretion of hexachlorobenzene. 1in
female rhesus monkeys recetving 110 ug t“C-hexachlorobenzene/day/monkey
 via diet for 15 months. The excretion and storage patterns showed a very
slow approéch to a saturation Tevel, indicating a high tendency for hexa-
chlorobenzene accumulation in rhesus monkeys. A total of_S;B and 3.6% of
the administered dose was excreted in the urine of male and female monkeys,
respectively, after 15 months, of which 50% was ‘pentachlorophenol, 25%
pentachlorobenzene and the remalning 25% consisting of unidentified metabo-
l1ites. with varying amounts of hexachlorobenzene. A total of 4f.9 and 27.5%
of the dose was present in the feces of male and female monkeys, respec-

t1vg1y, of which 99% was hexachlorobenzene.
Koszo.et al. (1978) administered hexachlorobenzene (0.2%'1n‘the'd1et) to

young male and female Wistar rats for as long as 200 days and measured the

accumulation of hexachlorobenzene in the liver and fatty tissue and the
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excretion of hexachlorobenzene and pentachlorophenol in the urine and feces.
The concentration of hexachlorobenzene in the Tiver and fat increased stead-
11y throughout the treatment period. Pentachlorophenol appeared in both the
-urine and feces in increasing amounts throughout the treagment period, with
the excretion of other apolar and polar products being markedly enhanced

after 5-6 weeks.

Rizzardini and Smith (1982) investigated the sex differences in hexa-
chlorobenzene metabolism and excretion of hexachlorobenzene metabolites in
young F344/N rats. These rats were intubated with 14 mg/kg analytical grade
hexachlorobenzene dissolved in arachis oll every other day fﬁr 103 days and_
were analyzed for the three main hexach]ofobenzene metabolites, pentachloro-
phenol, lpentachlorcth1opheno] and 2,3,5,6-tetrachlorobenzene-1,4-diol, tn
urine and feces. Results tndicated that the combined urinary excretion of
metabolites was greater in the female rats, especially during the first 10
weeks, with pentachlorothiophenol being particularly high in the females.
No wide vartations between the sexes were seen 1n the analyzed feces hexa-
chlorobenzene metabolites after 103 days of treatment. Combined urine and
feces excretion of metabolites at the end of the study were found not to be
significantly different between males (2291+116 nmole/ 24 hours/kg) and
females (24é51182 nmole/24 hours/kg). It was stated, though, that the total
excretion of pentachlorothiophencl was always significantly higher in the

female rats.
Koss and Koransky (1975) studted the metaboltism of hexachlorobenzene in

rats when the compound was orally admintstered in an aqueous suspension or

in olive o1l. The animals receilved different amounts of . *4C-hexachloro-
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benzene 1h a2 single d&se, and the feces and urine were collected at varying-
time intervals and radicassayed. When adm1n1stered‘1n water, hexachloro-
benzene was not_reaﬁ11y absorbed; 76-97% of the'dose uas‘excretgd \n the
feces, and <0.1-0.4% was excreted 1in fhe urine 1 day after adminﬁstrat16n.
When administered in o\ﬁ, only 45-46% of the dose was eicéeted in the feces
and 2.1-3.8% was excreted in the urine after 14 days of treatment. Rats
receiving ‘4 mg/kg of 14C-hexachlorobenzene administered 1.p. excreted i
total of 5 and 34% of the dose in .the urine and feées, respectively, within
14 days. About 4 and 80% of the excreted radicactivity In the urine and
feces, respectively, was unchanged hexéch]orobenzene. Animals injected 1.p.
with 50.5 mg/kg‘ [I‘C]hexach1orobehzene released no radioactivity In

exhaled air (Koss and Koransky, 1975).

Rozmah et al. (1987} reported that administration of m1nera17-o11"or
n-hexadecane to female Sprague-Dawley rats or male or female rhesus monkeys
who were pretreated with 24C-hexachlorobenzene enhanced the f6ca1‘e]1mina-
tion of 1‘C-héxach1orobenzene. A1l animals were administered 314C-hexa-
chlorobenzene (100 mg/kg) in 1% methyl cellulose as a single oral dose
Intubation except for one monkey that recejved three consecutive dally doses
and two monke;s that received 2*C-hexachlorobenzene (0.11 mg/kg) in sugar
peliets da11y for 750 consecutive days. A]iphat{é hydrocarbons were admint-
stered to the treated.anima1s 11-40 days'aFter hexaﬁh]orobeﬁzene treatment.
When mineral of] was added to the diet af the rhesus monkeys, fecal excre-
tion of hexachlorobenzene was enhanced 6- to 9-foid. Similarly, dietary
administration of hexadecane resulted in the same increase in fecal excre-
tion of hexachlorobenzene in both the rhesus monkeys and rats. Residue

analyses 3indicated an enhanced depletion of hexachlorobenzene from blood and
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of stored hexachlorobenzene from adipose tissue. Enhanced fecal excretion
of hexachlorobenzene as a result of. dietary administration of aliphatic
hydrocarbons was primartly due to increased hexachlorobenzene elimination 1n

the large intestine. .

Richter and Schafer (1981) studied the intestinal excretion of hexa-
chlorobenzene in male SpraQue-Dau]ey‘ rats wusing the pendular perfusion
method. The animals were injected 1.p. with hexach]drobenzene at 100 mg/kg
and; 1 and 4 weeks "after treatment, various parts of the 1intestines were
perfused with paraffin or squalane for 5 hours. The largest amount of hexa-
ch]orobenéene excreted was into the jejunum followed by ‘the 1leum and
colon. The ratlos of total hexachlorobenzene excreted during paraffin
freatment were: jejunum/i]eum = 1.26 and jejunum/colon = 2.43. The authprs:
conc1uded-that these results tndicate the impeortance of Intestinal excretion
in the elimination of hexachlorobenzene, and that paraffin treatment can be
one of the measures by which a long-term stimulation of hexachlorobenzene

excretion can be achieved.

Beagle dogs receiving a single Y.v. dose of 1 myg/kg excréted 44 and <b%
of the dose in the feces and urine, respectively, during a 12-wcek period
{Sundlof et a1.; 1982). Both Htliary and intestinal excretion contributed
to fecal excretion; houever; the data indicated that biltary excretion was
the major contributor to fecal excretion. A computer-assisted pharmaco-
kinetic analysis of blood, urine and fecal radioactivity levels during a
12-week period suggested a three-compartment model for the behavior of hexa-
chlorgbenzene in beagles. The biologic half-1ife values were calculated for

the three dogs used and ranged from b weeks to 3 years.
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Yang et al, (1978) reported that the e11mjnat10n ratebof hexachleroben-
zene from male Sprague-Dau]ey rats and rheéus monkeys injected 1.v. witih
hexachlorobenzene was slow because hexachlorobenzene s stored .in the Fat
tissue. The major route of excretion for the radiolabel in tredted monkeys
was via the feces. About 17.1, 8.8 and 28.2% of the dose was éx;reteq in
‘the feces after 100 days, 6 months and‘1 yedr, réspect1§e1y. aFter‘treatment
of 1Individual monkeys. with ~80% of the radioactivity determined to be
unchanged 14C-hexach1orobenzene. " The cumujat1ve urinary exc}etjon of
hexachlorobenzene metabolites was determined to be 1.8% of the administered
dose after 1 year. An _ open system, three-compartment‘mamm111ary model was

found to fit the data For plasma, fecal and metabolized hexach]orobenzene in

the rhesus monkey.

Koss ét art. (1983)'adm1n1stered 100 mg/kg hexachlorobenzene in olive oil
everylother day, via stomach tube, to female Wistar rafs for a period of b
- weeks and then observed the rats For‘an additional 18 months. At cessation
of hexachlorobenzenc treatment they tried to assess the biologic half-life
of hexachlorcbenzene and determined a value of 8 days for the start of the
e]jmtnat1qn ‘phase, a value of 10 weeks when assessed 3 months later, and
finally a value of 1.5 years after 12 months. _The authars then concluded
that 1t 1s not possible to establish a valid ‘blologie half-1ife for the

total elimination phase of hexachlorobenzene in rats.

Bleavins et al. (1982) studied the excretion and transfer of hexachlero-

benzene given to female European ferrets (Mustela putor1us‘ furo). Three
bred and five non-bred female ferrets were each given a single dose of 57.6

ug taC-hexachlorobenzene in 7.5 g of standard mink diet (22.2% fat).

02570 111-27 ' ' 04/05/91



The investigators indicated that there were no significant differences in
the excretton of hexachlorobenzene metabolites, between bred and non-bred
groups, in urine for the ent1re-B-ueek study period or in feces during the
beginning of the study. The observed fecal excreticn gdring the middle
weeks to the end 6f the study showed a leveling of the cumulative fecal
excretion tn the bred females and a continued increase in fecal excretion tn
the non-bred female ferrets, although 1t was stated that this difference was
not statistically s1gﬁ1f1canf. fxcnetiun of hexachlorobenzene or metabo-
lites in the milk was found to be an important route of excretion for lac-
tating females, ~20.3% of the initial dose was eliminated by the fifth week
of 1actét1on. and fouhd to be a very important route of expﬁsure to nursing
offspring. The 1importance of placental transfer and milk excretion 1s fur-
ther presented by observing the time required for 50% of the initial hexaQ
chlorobenzene dose to be excreted. The bred females required 32 days to

excrete 50% while 41 days was required for the unbred females.

Summary

The pharmacokinetics of hexachlorobenzene 1in a number of mammalian
species have been studied in detall following oral administratton and, to a
lesser extent, following 1.v. or 1.p. injection.-- No Information was present
in the available literature on hexachlorobenzene metabolism following
inhalatton or topical application. Absorption of hexachlorobenzene from
the intestinal tract appéars to depend on the solvent vehicle used during
test material administration. Thus, when hexachlorobenzene 1s admin-
istered in olive o011, ~BO%X of the dose 1s absorbed; when it 1s administered
in an aqueou§ solution, in 1% methyl cellulose or in a crystalline form,

relatively 1ittle (<20%) s absorbed. Intestinal absorption of hexachloro-
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benzene occurs primarily through lymphatic channels, with only.a m1nor‘por-

tion betng absorbed into the portal circulation.

Following absorption, hexachlorobenzene distributes to:t1§sues that have
a high 1%ipid content. The ad1po§e tissue accumulates the greatest cbncen-
trations of hexachlorobenzene in aﬁ] species sthd1ed, although bane marrow
and skin, which contain large amounts of 1ipids, also accumulate hexachloro-
benzene. The adrenal cortex accumulates hexachlorobenzene at concentrations
approaching those of fat. Other tissues (e.g., 1iver, kidneys, 1lungs,
heart, spleen and biood) genéralJy contain much lower amounts of hexachloro-
benzene. I[ntravenous injection of hexachlorobenzene resu1t§ in a tissue
distributton similar to that seen following oral administration. Hexachio-
robenzenelis transported via the placenta and 1s distributed in fetql tissue’

in rabbits, rats, mice, minks and ferrets.

Hexachlorobenzene is metabol\zed slowly into other chlorinated benzenes,
chlorinated phenols and other m1nof metabolites and forms glucuronide and
glutathione conjugates.' Tissues were found to contain mainly unchanged
hexachlorgbenzene together with smaltl amountsl of metabolites. Similarly,
onjy small amounts of hexach]ofobenzeﬁe metabolites were detected in feces,
whereas most of the metabalites were excreted in the urine together with
small amounts of unchénged hexachiorobenzene. There are indications that

femaies produce and excrete more hexachlorcbenzene metabolites than do males.
The excretion of hexachlorobenzene from treated animals is slow and

occurs mainly through the feces with relatively 1ittle being excreted in the

urine. It is characterized by an initial rapid phase followed by ane or
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more slow phases. This slow phase of excretion can be enhanced by the
administration of mineral otl, paraffin or n-hexadecane. Both billary and
intestinal excretion contribute to fecal excretion. A three-compartment
mammi1lary model has been reported for the behavior of he:@chIorobenzene in
beag]es and rhesus mbnkeys following 1.v. 1injection of a single dose.
Radtoactivity was not detected in exhaled air ?olloﬂng i.p. injection. af
14C-hexachlorobenzene. Hexachlorobenzene has been detected in the milk of

nurstng mammals.-
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IV. HUMAN EXPOSURE

This chapter will be submitted by the Science and Technelogy B8ranch,

Criteria and Standards Oivision, Office of Drinking Water.
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V. HEALTH EFFECTS IN ANIMALS

Acute Toxicity

Information on the acute toxicity of hexachlorobenzene was Timited to
oral LD50 values determined with a few mammalian species. IThe following

LD, values were reported In the available literature: ‘rats, 3500-10,000

50
mg/kg; rabbits, 2600 mg/kg; cats, 1700 mg/kg; &nd mice, 4000 mg/kg (IARC,

1979; NAS, 1377; Sax, 1979).

Graef et ai. (1979) reported thét hexachTorobenzene blocked the activity
of rat hepatic 3-hydruxys£eroid dehydrogenase leading to the accumulation of
S53-H-steroids, which are known inducers of porphyrin blosynthesis. Hexa-
ch]orobeﬁzene-1ndu;ed porphyria has also been reported to occﬁr as a yeéu]t
of a deficiency in the uroporphyrinaogen decarboxylation process that is
cata1jzed'by porphyrinogen carboxylase. ‘This enzyme is the only one in the
heme‘pathuay that exhibits -a decrease 'n activity. The inhibitton of por -
phyrinogen carboxylase in liver homogenates from female Wistar rats with
severe porphyria induced by hexachlarobenzene was studied by Rios de Molina
et al. (1980). Hexachlorobenzene had no effect on énzyme activity at
1072 M, whereas pentachlorophenol caused a 90% ﬂﬁh1bttﬁon at the same con-
centration. Herver. pentachlorophenol did not inhibit the enzyme at a con-
centration of 1073 M. . It was concluded that &; concentration >1075 M of
pentachlorophenal, possibly together_ with othgr hexach]orobenzene metabo-

lites, was needed to cause enzyme inhibition.
Hexachlorobenzene has also been reported te induce the activity of

hepatic microsomal enzymes in male or female rats following subchronic

administration (Carlson, 1978; Carlson and Tardiff, 1976; Chadwick et al.,
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1977). Hexachlorobenzene produced a so-called "mixed-type" 1Induction of
cytochrome P-4Sd content in female rats resembling that produced by a com-
bination of phenobarbital (cytochrome P-450) and 3,4-benzopyrene (cytochrome
P-448) (Goldstein et al., 1982; Debets et al., 1980a).: In female rats,
hexachlorobenzene increased the activities of §-am1no1évu}1n1c acid syn-
thetase and aminopyr1ne' demethylase (Ar1yosﬂi et al., 1974), ethoxy-.
resorufin-0-deethylase, aminopyrine demethylase, ary! hydrocarbon hydroxy-
lase, p=-nitrophenol gTucuronyi traﬁsferase,'and NADPH-cytochrome ¢ reductase’
(Goldstetn et al., 1982; Debets et al., 1980a). Similarly, in male rats,
hexachlorobenzene increased the activities of hepatic ethyl morphine N- and
p-nitroanisol 0-demethylases, aniline hydrpxylase. and UDP g{ucurony] trans<
ferase (Mehendale et al., 1975), acetanilide hydroxylase, acetanilide ester-
ase, procaine esterase, and arylesterase activities {Carlson et al., 1959;

Carlson, 1980).

Subchronic Toxicity

Several oral subchronic studies of hexachlorobenzene have been reported,
but no studies were located on the effects of hexachlorobenzene following
inhalatton. In several animal species, hexachlorobenzene was found to cause
alopecia and scabbing, decreased body weight, -increased Tiver and kidney
weights and increased porphyrin levels in.the urine and in several organs.
Histopathologic changes were noted 1n the liver and kidneys of rats, gastric
lymphoid tissue of dogs, and ovartes of monkeys. When placed on untreated
diets, rats were able to recover from most of the toxic effects of hexa-
chlorobenzene treatment. Hexachlersobenzene was also reported to cause
certaln neurologic effects (ataxia, paralysts, etc.) on rats, mice, hamsters
and female beagles, and to 1nduce an increase tn hepatic microsomal enzyme

activity. Toxicity data for hexachlorobenzene can be found in Table V-1.
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TABLE V-)

Summary of Toxicity Studies on Hexachlorobenzene

Specles

Route

Dose

ouratloq

Effects

Reference

Rat
(females)

Rat

Rat
{females)

Rats
{females)

Rat
(females)

oral

oral
{dlet)

oral
(gavage)

oral
(gavage)

orai
(dlet)

100 mg/kg every other

day
0.5 mg/kg/day

2.0 mg/kg/day

8.0 mg/kg/day

32.0 mg/kg/day

50 mg/kg every other

day

0.5 mg/kg twice
weekly

2.0 mg/kg twice
weekly

8.0 mg/kg twice
weekly

32.0 mg/kg twice
week ly

100 mg/kq dtet

up to 43 days

15 weeks exposed
held to 48 weeks

15 weeks exposed
held to 48 weeks

15 weeks exposed

held to 48 weeks

15 weeks exposed
held to 48 weeks

15 weeks

29 weeks
29 weeks
29 weeks

29 weeks

'98 days

and

and

and

and

Suggested covalent binding of hexachlorobhenzene
metabolites to cytosolic proteins

Transient Yncreases in Viver porphyrin levels
In females after termination of exposure

‘Increases in llver porphyrta levels in females

after termination of exposure, Increased stze
of ‘centrilobular hepalocyles -

Increased liver welghts, increased liver,
kidney and spleen porphyrin levels in females
(porphyria), centrilobular Viver lesions espe-
clally Yo females at 48 weeks -

Increased mortality in females, intenstion
tremors In males and females and ataxia in a
few females, Vncreased liver, kidney and
spleen welghts, increased liver;, kidney and
spleen porphyrin levels in females (porphyria),
centrilobular liver leslons and splenomegaly

Increased liver, kidney, spleen and adrenal
welghts, porphyria {increased Viver porphyrin
Tevels and increased excretion of porphyrins
and precursors), tremors, hatr loss and skin *
lestons

Increase tn relative liver welght
Increase in relative liver weight, moderately
enlarged hepatocytes

Porphyria, markedly Enlarqed hepatocytes,

‘Increase in relative Tiver weight

Porphyria, markedly enlarged hepatocytes,
Increase In liver welghls

Porphyria (increased Viver lobe porphyrins),
decreased activity of uroporphyrinogen
decarboxylase

Koss et ai..
1960a

Kuiper-Goodman

el al., 1977

Koss et al_,
1978b

7Bbger et al.,

1919

Smith et al.,
1980
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TABLE V-1 (cont.)

Specles Roule Oose Duration Effects Reference
Rat oral 0 mg/kg diet geslation until} Depressed resistance to L. monocytogenes and Vos et al.,
' (dlel and 5 weeks of age 1. spiralis, enhanced thymus-dependent antibody 1979b
nursing) response
150 mg/kg diet gestation until Increased serum IgM and 1gG, depressed resis-
. 5 weeks of age tance to L. monocytogenes and 1. spiralis,
enhanced Lhymus-dependent antibody response, ,
Increased llver and adrenal welghts
Rat oral 4, 20 or 100 my/kg gestation unlid Increased IgM and IgG responses Lo tetanous Vos et al.,
(diet and diel S weeks of age toxlod, delayed-type hypersensitivily reactilons 1983a,b
aursing) Lo ovalbumin, noted accumulation of alveolar
macrophages; no change in T. spiralis resistance
Rat oral 500, 1000 or 2000 3 weeks Dose-related Vncreases in relative spleen, Vos et al.,
{diel) mg/kg diet lymph nodes, liver, adrenals, thyrold, testes 1919a
and kidney weighls, dose-related increase in
serum IgM levels, no change in serum IgG
levels, dose-related pathologic changes in
liver, lymph nodes and spleen
Rat oral 2000 mg/kg diel 10 weeks Porphyrta found microscopically at 5 weeks and Gralla ét al.,
{diel) grossly at 10 weeks using fluorescence 1917
Rat oral 2000 mg/kg diel 100 days Elevated hepatic enzymes by | week and Increased Lissner
(male) {diet) ) urinary porphyrin and ALA levels (porphyria) as et al., 1975
early as 40 days
Rat oral 3000 mg/kg diet 1) weeks Decreased uroporphyrinogen decarboxylase Elder et al.,
(female’) (diet) activily and porphyria after 4 weeks 1976
Rat oral 50, 100 or 200 mg/kg 120 days Dose- and time-dependent increase in liver and Carlison, 1977
(female) (gavage) ur ine porphyrins (porphyria)
Rat oral 14 mgskg every other 103 days Porphyria in ireated females, susceptibility of RVzzardint and
{gavage) day females to porphyria may be related to estrogen Smith, 1982
levels
Rat oral 100 mg/kg every 6 weeks exposed and Porphyria (1iver uroporphyrin levels peaked 7 Koss et al.,
(females) (gavage) olher day held for additional months postexposure and levels had not relurned 1983 )
18 months to normal by 18 months), decreased llver proto-
porphyrin and coproporphyrin levels, inhibition
of uroporphyrinogen decarboxylase aclivity
unti]l 18 months postexposure
Ral oral 6-8 mg/kg/day 15-90 wecks Decline in body welghts, porphyria, enlarged’ Smith and
(females) {diel) Yivers and liver Ltumors Cabral, 1980
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Specles Route

Ral

Ralt

Ral

Ral

Ral

Dose

TABLE V-1 (conl.)

Ouration

Effects

Reference

oral
{diet)

oral
(dYel)

oral
(diel)

oral
{dlel)

oral

{diet and .

nursing)

oral
{dVet)

15 mg/kg diel
(4-5 my/kg/day)
150 mg/kg diet
(8-9.5 mg/kg/day)

15 or 150 mg/kg diet

800 mg/kg diel

0.32, 1.6, 8.0 or
40 mg/kg diet

0.32 or 1.6 mg/kg
dlet

8.0 mg/kg diet

40 mg/kg diel

10 or 20 mg/kg diet
40 mg/kqg diel

80 mg/kg diet

160 mg/kg diel

320 and 640 mg/kg
diet

up to 2 years
up to 2 years

20 weeks

~130 days

gestation through
1ifetime (130 weeks)

gestation through -
1ifetime (130 weeks)

gestation through
11feltme {130 weeks)

Fo to F4 generations

fFp to Fq generalions’

Fo o F4 generations

Fg to t4 generations

Fp to Fa generalions

Porphyria, time-related appearance of severe
hepatic and renal pathologles, after 1 year \n-

creases in hepatomas, hepatocarcinomas, bile duct

adenomas, renal adenomas and renal carcinomas

Decreased nerve conduction velocities 8 and
31X n 75 and 150 ppm groups, respectively;
musc les showed signs of denervation,
fibrillattons and pseudomyotonia

Reduced nerve conduclion velocilies, no muscle
abnormalities as observed in 2-year study

Hematologic changes at all dose levels in
males, increases in liver and heart welghls in
mates at 8.0 and 40 ppm dlels, no trealment-
related effects observed 'n bred females

Glycogen depletion in 1.6 mg/kg males; no
effects reported at 0.32 mg/kg

Increase 'n liver palhologies

Increased mortality as pups, increase in liver
and kidney pathologies, increase \n adrenal
pheochromocytomas in females and parathyrold
tumors in males '

No effecls reported

Increases in liver welghts and antline
hydroxylase activity

Decreased body welghts, F3 and Fq generations had
decreased lactation Index and postnatal viability

and Yncreased stillbirths

Increased mortality and decreased ltactation
Index starting in F) generation

20 and 50X mortality tn Fg 320 and 640 mg/kg

groups, respeclively, greally reduced fertility

index and litter size and increase in stil)-
births, viabiiity index zero 1n )

Lambrecht el
al., 1983a,b

Sufit et al.,
1986

Sufit et al.,
1986

Arnold et al.,
1985

Grant el al.,
19717
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TABLE V-1 ([cont.)

Speciles Route Dose Duration Effecls Reference
Rat oral 60, 80, 100, 120 or fp to fla and Fyp Increased mortadity \n al) groups atl 2) days, Kitchin
{diet) 140 mg/kg diet generatlons 21-day LDgg values for pups were 100 and 140 et al., 1982
ng/kg for ?la and Fy, generations, respectively
Rat oral 0 or 80 mg/kg diel gestation and Nursing exposure produced greater effecls Lhan Mendoza
{diet)’ nursing or cross did gestatlona) exposure, effecls noled were: el al., 1978
nursed with conlrols smaller brains, hearls, kldneys and spleens,
Increased Viver welghis
Rat oral 80 mg/kg diet 2 uweeks prior to Increased porphyrin levels and decreased Viver Mendoza
{diel) mating to 35-36 days esterase aclivily Vn dams, no changes in et a)., 19719
after weaning gestatlon Indices or neonatal survival
Rat oral 10, 20, 40, 60, B0 days 6-2) of gesta- Materna) toxicity (welght loss, tremors and Khera, 1974
{gavage) or 120 ag/kg tion convulsions) and reduced fela) welghts at 120
and B0 mg/kg malernal doses, dose-related in-
crease In Incldence of unilateral and bilateral
V4th rib, sterna) defecls were also noted In
one exper iment
Mouse oral 2.5, 25 or 250 2) days Dose-related increase In liver and decrease in (l|§salde;and
{diel) ag/kg diel prostate and seminal vesicle welghis, dose- Clark, 1919
related alterations In lestoslerone melabolism,
altered hepatic enxyme levels
Mouse oral 10 mg/kg diet (8.4 24 wceks Dose-related reduction In welghl gain, no tumor Shiratl et al.,
{male) {diel) (ng/mouse/24 weeks) . pathology observed ' 19170
or 50 my/kg diet
(35.3 ag/mouse/
24 weeks)
Mouse oral 167 ag/kg diet 3-6 weeks Impairment in host resistance as measured by Loose et al.,
(male) {diet) Increased sensiiivitly to S. Lyphosa and P. lQqu.b
berghel, and decrease n IgA levels
Mouse oral 6, 12, 24 and J6* 101-120 weeks Reduced growlh rate al all dose levels, shori- Cabral et al.,
{diet) ng/kg/day (15 weeks exposed ened VVfespan assoclaled wilh tremors and con- 1919
held unl}) 120 vulsions 'n 24 and 36 mg/kg/day groups, dose-
weeks) dependent Increase n Viver-cel) tumors in the
V2, 24 and 36 mg/kg/day dose groups
MHouse orél 100 my/kg/day to days 7-16 of Increased maternal livers and decreased felal Cour tney
{gavage) pregnanl mice gestation body welghts, Increased ncldence of abpormal - et al., 1976
feluses per litter observed
Hamster oral 200 or 400 my/kq 90 days Precirrholic and cirrnntlc hepatic lesions, Lambrechl
{diel) dlel bile-duct hyperplasias and hepatomas et al., 19822
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TABLE V-1 (conl.)

Specles Route Dose buration Effects Reference
Hamster oral 4, 8 or 16 mg/kg/day llfesban Shor tened Jifespan n 16 mg/kg/day group, ‘n- Cabral et al.
. (diel) . crease In hepalomas at al) dose levels, Increase 1977 '
In Viver haemangloendothelioma In males and
females and an Increase in thyroild alveoalar
-adenomas n males in Vb mg/kg/day group
Cais oral 3 or 8.7 mg/day/cat 142 days Welght lJoss and Increased disease susceptibility Hansen et al.
(breeding (dlet) In bred females, dose-relaled decrease in 1itler 1979
females) size and survival of offspring, hepatomegaly in
offspring
Hinks oral ) or 5 mg/kg dlet during geslatilon Dose-relaled Increase In offspring mortality, Rush et al.,
(diet) until 17 weeks of induction of hepatic NFO-enzymes In exposed 1983
aye of Fspring - - -
Dog oral 50 or 150 mg/kg/day 21 days Liver and hepalocyle enlargement, dose-induced Sundlof
{female) {capsule) ' electroencephalogram dysrhylhmlas el a)., 198)
Dog oral V. 10, 100 or 1000 1 year Increase In mortality, nevirophidia, and Gralla et al.
{capsule) mg/day/doy ' anorexia ¥n the 100 and 1000 mg dose groups, 1977 :
dose-related nodular hyperplasia of gastric
lymphotd LVssue 1n all trealed animals
Nonkey oral 8, 32, 64 or 128 60 days ‘Dose-relaled pathology in Viver, kidney, ovarles  lalropoulus
(female) {gavage) mg/kg/day and thymus i el al., 1976
Monkey oral 71.51-186 ppm milk . 60 days 2 of 3 Infanls dled as a resull of exposures Batley el al.
{nursing) co ’

1980




Iatropoulos et al. (1976) reported that five adult female rhesus monkeys
given daily gavage treafments_of hexachlorobenzene suspended in 1% carboxy-
methyicellulose at 8, 32, 64 or 128 mg/kg/day for 60 days, showed extensive

morphologic changes in the ovaries. These changes were dose-related.

Subchronic studies conducted by Koss et al. (1980a) with groups of four
female rats treated orally (probably by gavage) with 100 mg/kg of hexachlo-
robenzene in olive o011 every other day, suggested that hexachlorobenzene
metabolites covalently bind to cytosolic proteins although no binding to

urgporphyrincgen decarboxylase was specifically demonstirated.

Elissalde and Clark (1979) reported a significant increase in the in
vitro metaboltsm of 3H-testosterone by liver microsomes from male mice fed
diets containing 250 mg hexachlorobenzene/kg for 21 days. In addition,
decfeases in the concentration of testosterone In the serum and 1in .the
weights of seminal vesicles and ventral prostates uere' reported. Hexa-
chlorobenzene was also reported to cause certain neurologic lesions in male
and female rats, hamsters and mice fed diets containing varicus levels of
hexachlorabenzene for 13 weeks. These included hyperemia, edema, arbori:za-
tion and hemorrhages in the brain and ﬁeninges. The leslons extended to the
cerebrum, cerebellum, medulla, spinal cord and tﬁé\r meninges. The severity
of these lesions was higher in males and was dose dependent in both sexes
(Headley et al., 1981). Physiologic changes (electfoencephalogram dys-
rhythmias) in the central nervous system were reported in 10 female beagles
receiving gelatin capsules containing doses of 50 or 150 mg/kg of hexa-

chlorobenzene for 21 days (Sundlof et al., 1981).
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Ku1per-Goodman et al. (1877) conducted a 15-week subchronic feed1n§
study wherein groups of 70 male and 70 female CﬁBS rats were fed diets pro-
viding 0, 0.5, 2, 8 or 32 mg/kg bw/day of hexachlorabenzene originally
dissolved in corn 011 (5%) and mixed with the feed. Female rats were more
;uscept1b1e to hexachlorobenzene than males, as indtcated-by all the para-
meters studied, and a NOEL of 0.5 mg/kg/ day was suggested by the authors.
This NOEL may be better interpreted as a NOAEL since a ;fansient Increase in
liver porpﬁyrﬁn levels was observed in fema1e;-4 weeks after removal from
hexach1oroben?ene. The 2 mg/kg/day dése may be interpreted as a LOAEL since
thts level caused increases in liver porphyrin Teve1§.1n females even‘33
weeks after removal from' hexachlorobenzene, and 1ncreases th‘the relative
vobserved severity of centrilobular 11ver'1es1ons as compared with control

rats. About 40% morta11ty'occurrgd in females, but noné in males at the
highest dﬁse. Clinical signs included intentlon tremor, eicessive frrita-
bility, multiple ailopecia, scabbing and ataxia, with hind leg paralysis at
the highest dose. There was a significant increase in liver and kidney
weights at the higher doses. An increase in liver weight was aiso Founﬁ in
groups of 36 female Wistar rats treated by gavage twice weekly with hexa-
chlorobenzene dissolved in olive oil at 32 mg/kg for 29 weeks {Boger et al.,
1979). Similarly, Koss et al, (1978b) reported a 1.5- to 2-fold increase in
‘the weights of thg liver, Spleen,.kldneys and adfenaT glands from female
Wistar rats treated orally {esophageal tube) Qith.SO‘mg/kg of hexachloroben-
zene dissolved in corn oil every other day for 15 weeks. When hexachloro-
benzene-tréated rats were placed on untreated diets, they no longer showed
signs of hexachlorobenzene toxicity, suéh as dermal lesions, and body and
organ weights returned to normal (Kuiper-Goodmam et al., 1977; Koss et al.,

1978b). Enlérged livers were reported 1In subchronic studies with female
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beagles (Sundlof et al., 1981) and male mice (Shiral et al., 1978) admini-

stered hexachlorobenzene in diet.

A dose-dependent enlargement of hepatocytes was observed in groups of 36
female Wistar rats rece1v1ng-gavage treatments of olive o1l-conta1n1ng hexa-
chlorobenzene (99.8%-pure) 0.5, 2.0; 8.0 and 32 mg/kg twice weekly for 29
weeks (Boger et ail., 1979). This effect was assoclated with the prolifera-
tion of the smooth endoplasmic reticulum in the centrilobular area, and an
Increase in glycogen deposits; however, animals receiving 0.5 mg/kg did not
develop enlarged hepatocytes. In addition, atyplcal membrane complexes in
treated animals were noted and 1liver-cell mitochondria were moderately
enlarged and had ‘irreqular shapes. Kulper-Goodman et al. (1976) also
reported significantly enlarged hepatocytes in male and female COBS rats
rece1v1ng‘hexachlorobenzene in dlets, containing 5% corn o011, at the 8.0 and
32.0 mg/kg bw dose levels for 15 weeks. They observed that this hepatocyte
eq]argement consisted to a large degree of proliferation of the smooth endo-
plasmic reticulum. In males this proliferation was often associated with
large whorls of compacted membranes surrounding lipid droplets. The nuclel
of enlarged hepatocytes were also enlarged while the mitochondria were very
small and sparse. They stated that this proliferation of smooth endoplasmic
reticulum was related to the Increased drug metabollzing enzyme activity of
the liver and was considered an adaptive rather than toxic response“to the
‘hexachlorobenzene, since the enzyme activity and liver morpholagy returned
to normal after exposures were discontinued. Am increase In the size of
centr110bujar hepatocytes was also reported in male and female rats
recelving 2 mgs/kg/day for 15 weeks, together with histopathologic changes in

the spleen {Kuiper-Goodman et al., 1977).
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Nodular hyperplasia of gastric lymphold tissue was reported 1h grouﬁs of
b male and 6 female beagles rece1§1ng dally gelatine capsules cqntaTning‘1,
10, 100 and 1000 mg hexachlorobenzene/dog/day fof 12 months (Gralla et al.,
1977). Extensive dose-rg]ated histopathologic changes were also observed 1in
0var1es. Froml groups of two rhesus monkeys given ‘da11y ﬁethy1 ce11u1qse/
distilled water solutions containing doses of 8, 16, 32, 64 or 128 mg hexa-
chlorobenzene/kg of body welght by gavage for 60 days (Kn#uf and Hobson,
1979; IatropouTas-et‘a1.. 1976) . Shifa1 et‘a1.‘(1978) conducted a 24-week
study Qith male mice fed diets containﬁng 10 or 50 ppm of hexach]orobeniene.

followed by a recovery period of 14 weeks.  Histologic examination revealed

no pathologic changes In the liver or any other organ.

Lambrecht et al. (1982a) fed mé]e- and female Syrilan goiden hamsters
hexach1or6benzene at doses of G, 200 and 400 ppm in thelr diet for 90 days.
The hamsters were killed on day 91 and at 6-week intervals thrqugh day 361.
No differences were seen in growth and food consumption between control and
exposed animals. The Tiver was reportéd as the most severely affected organ
exhibiting a variety of precirrhqi1c and cirrhotic lesions, bile-duct hyper-
plastas and hepatomas. The incidence of negplasms found in this study will

be further discussed in the Carcinogenicity Section.

Hexachlarobenzene has been found to cause 1ﬁcreased porphyrin levels in
the Tiver of male and female rats recelving the compound incorporated into
the diet at doses of 8 and 32 mg/kg/day Fof 15 weeks (Kuiper-Goodman et al;.
]977)., Koss et al. (1978b) reported that fema1e rats treated orally with 50
mg hexachlorobenzene/kg every‘other day for 15 weeks sti11]1 showed increased

vleve]s of porphyrin in the liver, 38 weeks after the last treatment. In
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addition, porphyrin, §-aminolevulinic acid, and porphob111nogen' levels 1In
the urine gradually increased during the 15-week treatment period, but sub-
sequently decreased to normal levels. Smith et al. (1980) reported that the
lobes of livers From female Agus rats Fed diets containing 0.01% hexachloro-
benzene déve1oped porphyria at different rates. During tﬁe 1n1t1§1 course
of treatment, porphyria in the caudate lobe developed at a significantly
slower rate than the median, left orlr1ght sections of the 1iver, but event-
ually, all lobes became equally parphyric. In contrast, pﬁrphyrla was not
observed when viewed For hepatic fluorescence of parphyrins in male and
female beagle dogs treated daily with 0, 1, 10, 100 or 1000 mg/dog/day for 1
year ({(Gratla et al., 1977). lGra]]a et al. (1977) observed ‘that female CD

rats fed 0.2% hexach1orobenzéné were porphyric using this fluorescence

method.

Rizzardint and Smith (1982) clearly confirmed that female rats are more
susceptible to hexachlorobenzene-induced porphyria than are male rats, and
that this d1fferencé in susceptibility 1is probably associated with the
faster metabolism of hexachlorobenzene in females.. They intubated male and
female F344)N rats every other day for 103 days with 14 mg/kg {50 umole/
kg) hexachlorobenzene dissolved in arachis oil and monitored the rats For
hexachlorobenzene metabolites and porphyrin levels. The results indicated
that after 75 days of hexachlorobenzene treatment the excretion of urinary
porphyrins increased rapidly in the females and after 103 days the females
had urine and liver porphyrin levels 40- and 310-fold higher, respectively,
than did the males. During this treatment period the females were found to
excrete greater quantities of hexachlorobenzene metabolites, especially

pentachiorathiophenol, than the males. Estrogen levels seem to play an
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impertant part in the increased susceptibility of females to hexachloroben-
zene-induced porphyria. When both male and femaie rats were pretreated
intraperitoneally with four doses of 20 pmole/kg of diethylstilboestrol
dipropionate (an estrogenic drug), both sexes had stimulated excretion of

hexachlorobenzene metabolites.

Hexachlorobenzene pretréatment has been reporied to cause altered immune
responses. Vos et af. ({1979b) studied the effect of hexachlorobenzene on
the 1immune system after combined pre-‘and postnatal exposure. Wistar rats
were fed dtets containing 0, 50 or 150 mg/kg hexachlorobenzene during preg-
nancy and lactation. The pups were weaned after 3 weeks and continued on
the test diets until 5 weeks of age, Qhen their immune system was funct16n-
ally assessed. Af the higher dietary 1éve1, hexachlorobenzene causeq a

significant increase in serum IgM and IgG concentrations.

Hexachlorobenzene treatment also caused 3 decreased resistance to infec-

tton with Listeria monocytogenes {Vos et al., 1979b}. The LD50 values

were reported to be 14x10%, 7.1x105 and 5.0x10% bacteria in pregnant
“Wistar rats receiving diets containing 0, 50 and 150 mg/kg, respectively.

$imilarly, decredsed resistance of Trichinella spiralis infection, as indi-

cated by an increase in the number of larvae found in muscle tissue, was
noted. Hexachlorobenzene also enhanced the  thymus-dependent antibody
response to T. spiralis antigen and to tetanus toxoid. No effects were

observed on allograft relection, mitogenic response of thymus aﬁd spleen

cells, thymus-independent IgM response to Escherichia coll lipopolysaccha-
ride, passive cutaneous anaphylaxis, or on the cledrance of carbon particles

and L. mohocytoggnes. Thé duthors concluded that hexachlorobenzene sup-

pressed cellylar immunity and enhanced humoral 1mmun1ty in both test groups.
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In a second combined pre- and postnatal hexachlorobenzene dietary study
Wistar rats uere>s1m11ar1y exposed to diets containing 0, 4, 20 or 100 mg/kg
hexachlorobenzene dur!ng gestation, nursing and untll 5 weeks of age (Vos et
al., 1983a,b). The primary and-second;ry IgM and IgG responses t6 tetanous
toxoid (humoral immunity parameters) were observed to “be significantly
fncreased in  all test groups compared with controls. Delayed-type
hypersensitivity reactions to ovalbumin (cell-mediated 1immunity parameéer;
were significantly enhanced in the 4 and 100 mg/kg groups and the 20 mg/kg
group was observed as markedly fncreased (non-significantly) compared with
controls. No hexachlorobenzene Induced effects were observed on the

resistance to Trichinella spliralis, on the antibody response to ovalbumin,

and on the in vitro natural cytotoxic activity of spleen cells against YAC
lymphoma cells. Even at the 4 mg/kg dlet level accumuiation of macrophages.
were noted in the lung alveoli of exposed rats. At the 4 mg/kg diet 1éve1
liver welghts, morphology and microsomal enzymes were not a1iered, except
for an 1increase in the activity of 7-ethoxyresnruf1n-o-deethy1ase. These
results led the authors to conclude that the developing Immune system 1s

particularly vulnerable to hexachlorobenzene exposure.

In contrast, hexachlorobenzene pretreatment of weanling rats did not
alter their cell-mediated immuntty, byt did stimulate thelr humoral immune

response and enhanced the in vitro responsiveness of spleen cells to dif-

ferent mitogens, which was mainly a result of an increase in the number of
splenic lymphocytes. The rats recelved diets containing 1000 ug hexa-
chilorobenzene/g for 3 weeks after weaning, before assessing thelir timmune

system (Vos et al., 1979a).
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Loose«et‘a1. (1978a,b) found that hexachlorobenzene pretreatment also
resulted in impalred host resistance. Male BALB/c mice received dTet§ con-
taining 167 ug hexachlorobenzene/g for 3 or b weeks before assessing their
immune functions. The  concentration of IgA  was significantly
decréased,uhereas those of . IgG and IgM did not exh1b1t consistent
significant dltera- tions* as compared with the controls.

Hexachlorobenzene-treated mice were more sensitive to gram-negative

endotoxin (Salmonella typhosa), showed a decreased resistance to a malaria

challenge (Plasmodium berghei)}, and exhibited signficantly depressed

antibody synthesis.

Chronic Toxicity

Cabral et al. (1977) studied the tumorigenicity of hexachlorobenzene in -
6-ueek-o1d Syrian golden hamsters given 0, 50 (4 mg/kg/day}, 100 (8 mg/kg/
day) and 200 (16 mg/kg/day) ppm hexachlorobenzene in their diets for their
remaining Vifespan. Shortened lifespan was qbserved in the male and female
200 ppm dose groups after 70 weeks of exposure aJopg with marked weight
redu§t1on In the males. Neoplasms were increased by the hexachlorobenzene
exposures and are reported 1in the‘_Carc1nogen1c1ty Section. No other

pathologies were reported in this study.

Cabral et al. (1979) studied the tumorigenicity of 6- to 7-week-old male
ang female putbred Swiss mice given 0, 50 (6 mg/kg/day) 100 (12 mg/kg/day)
and 200 (24 mg/kg/day) ppm hexachlorgbenzene Ffor 101-120 weeks and 300 ppm
{36 mg/kg/day) hexach]orobeniene for 15 weeks and hé]d until 120 weeks of
age. Results indicated that shortened 1ifespan. occurred in the 200 and 300

ppm .dose groups starting after the 30th week of the test and that this
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reduced survival was assoclated with tremors and convulsions. Reduction in
the rate of growth was observed tn female mice in the 50, 200 and 300 ppm
dose groups and more pronounced growth rate reduction was observed in maie
mice in the 100, 200 and 300 ppm dose groups. An increase in neoplasms were
found as a result of hexachlorobenzene exposures and are—d1scussed in the

Carcinogenicity Section. No other pathologles were reported in this study.

Smith and Cabral (1980) fed young female Agus or MRC H1star'rats 1060 ppm
(6-8 mg/kg/day) hexachlorobenzene in a-diet containing 2% arachis oil for 90
weeks. Hexachlorobenzene exposure resulted in a steady decline in body
welghts over the study period anq In the exposed rats possessing less hair
than the controls. Tremors or other nervdus symptoms were not.seen during
this study. Onset of porphyria was ﬁbserved in the hexachiorobenzgne
treated rﬁts after ~3 months, as 1Indicated by urines fluorescing red under
Uv light, and llver porphyria was confirmed at autopsy by a red fluorescence
of the 1liver. The Tlivers were enlarged 2-fold. in the hexachlorobenzene-
exposed females and were associated with multiple liver cell tumors. Tnis

neoplastic Incidence will be discussed in the Carcinogenicity Section.

Male and female Sprague-Dawley rats were fed hexachlorobenzene diets for
2 years containing 0, 79 or 150 ppm hexachlorobenzene (Lambrecht et al.,
1983a,b). Four rats per group were killed at weeks 0, 1, 2, 3, 4, 8, 16,
32, 48 and 64 of the study and liver and kidney evaluations were made.
Times of appearance of lesions were as fo]]oui: 4 weeks -- hepatic hyper-
emia, edema, parenchymal and hydropic degeneration, renal hyperemia, con-
gestion, swelling and parenchymal degenerations; 32 weeks -- renal tubular

nephritis with hyaline casts, severe parenchymal degeneration, epithelial
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necrosis accompanied by proximal conveluted tubular regeneration, and pre-
neoplastic foct; and 36 weeks -- hepatic preneoplastic foci; and 64 weeks --
hepatic necplasms and renal neoplasms. The incidence of neoplasms will be

further discussed in the Carcinogenicity Section.

In a short communication by Sufit et al. "{1986), hexachoiorobenzene-_
induced nerve function detriments were Treported 1in rats. Rats fed
hexachlorobenzene for 2 years .at 150 and 75 ppm diet were observed with
prolonged conduction times from the sciatic nerve t6 the foot of 31 and 8%,
respectively. Needle electromyograph of the muscle  showed signs of
denervation, Ffibrillation, and chronic repei1t1ve d1schérges {pseudo-
myotonia). Hepatocarcinomas and other disorders. were also seen but not
described. In a second study male Sprague-Dawley rats were fed 800 ppm
nexachlorébenzene in diet for 20 weeks prior to testing. They reported a
sign1f1ﬁant1y {p=0.02) reduced nerve conduction velocity In the hexachloro-
benzene fed rats'uhen compared to contgo1s. Needle electromyograph of the
gastrocnemius -showed no fibrillations or other abnorma1ties. The authors
stated that "hexachlorobenzene had & definite detrimental effect on nerve

function and suggested an axoma)l effect.

"A two-generation hexachlorobenzene (aﬂa1yt1ca1 grade) feeding study was
conducted using Spraque-Dawley rats fed diets containing 0 (64 males, 64
females), 0.32 (40 malés, 40 females), 1.6 (40 males, 40. females), 8.0 {40
ma]es.' 40) females}, or 40.0 (66 males, &b females) ppm hexa;hlorobenzene
{Arnold et al., 1985). The parental rats (FO) received thelr 'respective
test diets for 90 days before mating and until 21 days after parturition (at

weaning), at which time they were killed and evaluated for hexachloro-
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benzene-induced effects. The number of offspring (F, generation] From
these matings were .reduced to 50 males and 50 females per dose group at 28
days of age and fed their respective pareﬁts' diets. Thus, the F, animals
were exposed to hexachlorobenzene and metabolites 1n utero, from maternal

nursing and from their diets for the remainder of their lifetime (130 weeks).

The results from this two-generation study indicated no consistent
treatment-related effects upon growth or Food consumption in either gener-
ation and no change Im fertility, géstat1on or lactation 1indices. A
decreased viability index was noted in the 40.0 ppm group relative to con-
trols. No treatment-related effects were found in the ‘FO' females. The
F0 males were found to have significantly increased liver, heart and brain
absolute weights in the 8.0 ppm group and significantly Increased Tiver and
heart absolute weights in the 40.0 ppm group. The F0 males were observed
to have various stgnificant changes in hematologic parameters at all dose
levels. Neoplasms were seen in the F1 generation and are discussed in the
Carcinogenicity Section. In the F1 generation the following changes were
seen:

1) Centrilobutar basophilic chroﬁogenesis showed a significant
dose-related trend in both males and females. Additionally, at
doses of 8.0 and 40.0 ppm the increases were significant in com-
partson with controls For both males and females.

2) Increases 1in peribiliary lymphocytosis were significant in the
0.32, 1.6 and 40.0 ppm male groups, while 1increases in
peribiliary. fibrosis were statistically significant in the 0.32
and 40.0 ppm male groups.

3) Increases in severe chronic nephrosis were observed which were

dose-related, but significant relative to controls only for the
40.0 ppm male dose group.
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In a second ;tudy conducted by Arnold et al. (1985), 50 mg1e Spragque-
Dawiey rats per group were fed hexachlorobenzene {0 or 40 ppm) and various
levels of vitamin A diet (0.1, 1 or 10 times normal control Jevels). The
te;t.groups were as foilows: control diet; control diet plus 40 ppm hexa-
chlorobenzene; 1/10 vitamin A diet; 1/10 vitamin A diet ﬁTus 40 ppm hexa-
chlorobenzene, 10 times‘éontro1 vitamin A diet; -and 10 times vitamin A diet
p]us 40 ppm hexachlorobenzene. Five rats per group were killed and evalu-
ated both at 25 and 49 ueekﬁ and the remaining animals were killed and

evaluated after 119 weeks:

Results revealed that the animals on the 1/10 vitamin A diet had sig-
‘ nificantly reduced body welights and surVﬁvéb11ity when compared with contfu]
diet animals., The animals on 1/10 vitamin A plus 40 ppm ﬁexach]orobenzene'
diet had §1gn1ficant1y decreaseqd body weights and did not survive as Tong as
rats receiving the control diet plus 40 ppm hexachlorobenzene. Hematologic
evaluations revealed no consistent treatment-related effects. = Neoplasms
were observed in the test animals and are discussed in the Carcinogenicity
Section. No significant differences wefe Found in tﬁe incidence of any

pathological lesions between the test groups.

Mutagenicity
In a dominant lethal mutation study- (Simon etVAT.. 1979), male rats

{strain not given) received by oral gavage 0, 70 or 221 mg hexachloroben-
zene/kg body welght dissolved in corn oil for 5 consecutive days. CA dose-
dependent reduction in male reproductive performance was observed, but
hexachlorobenzene did not Induce dominant 1etha1. mutations. 'Khera {1974)

also reported a lack of dominant lethal mutations in Wistar rats foliowing
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oral administration of 0, 20, 40 or 60 mg hexachlorobenzenes/kg 1in 0.25%
aqueous gum tragacanth for 10 consecutive days. In 14 sequential mating
trials, no significant differences in the incidence of pregnancles, corpora
lutea, live Implants and deciduom3as between the treated and control groups
were observed. Mutagenic activity has been observed in a.yeast. Saccharo-~

myces cerevisiae, assay (Guerzoni et al., 1976)." The mutagenicity of hexa-

chlorobenzene was 1nvestigated in three strains of S. cerevisiae using
reversion from histidine and methionine auxotrophy, and hexachlorobenzene

was reported to be mutagenic at a minimum concentration of 100 ppm.

Lawlor et al. (1979) measured the activity of hexachlorobenzene in the
Ames assay, strains TA98, TA100, TA1535, TA1537 and TA1538, at Five unspec-
1fied dose levels both with and without metabolic acitivation by Aroclor
1254 in&uced rat liver microsomes. Hexachlorobenzene possessed no
detectable levels of mutagenic activity in any of the Salmonella strains
used elther with or without microsomal activation. These results were
reported in.an abstract with few experimental detalls. In addition, this
result is not unexpected because the Salmonella test system s generally

insensitive to chlorinated compounds (Rinkus and Légator. 1980).

Carcinogenictt

Studies on the carcinogenic potential of hexachlorgbenzene have been
carried out on hamsters, mice and rats.

Hamster Studies.

Cabral et al. (1977) -- In one study on Syrian golden hamsters (Cabral

et al., 1977) hexachlorobenzene was administered in the diet at 50, 100 or

200 ppm. These concentrations correspond to dosages of 4, 8 and 16 mg/kg/
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day based on quy weight and food intake averages. The hexéchlbrobenzene,
was prepared by dissolution in corn oil which was then mixed with the feed.
The feed was analyzed per1od1ca119 to insure that the intended level of
hexachlorobenzene was maintained (Mollner, 1983). The ;hexach1orobenzene
preparation used 'n this study was 99.5% pure. Impur1t1és reported to be
present in some hexachlorobenzene preparations fInclude chlorinated dibenzo-
furan and chlorinated dibenzo-p-dioxin, both members of classes of compounds
that are cafc1nogens (V11leneuve et al., 1974). The dosages selected for
this study were éhoseh Ih order to bé comparable with those belileved to be

consumed by victims of accidental hexachlorobenzene ingestion in Turkey.

In this study on hamsters 1t was d1fF1cu1t to deierm1ne from the pﬁb-
T1shed report whether an MTD was reached or exceeded because the 1nformatjonj
on morta1ﬁty and weight changes»was not detalled enough for an unambigquous
evaluation. Although mortality was monitored, thg investigators only stated
that 71% of .the treated animals were alive at 50 weeks and that at the
highest dose, 16 mg/kg bw/day, there was a reduced 1ifespan among treated
animals after 70 weeks, The study was run for the Jifetime of the animé]s.
but the actual duration in weeks was not given. Since the investigators
also reported "marked weight réduction“ in the highest dose group one could
conclude that the MTD may have been reached. Houever;‘jn the absence of

weight data definite conclusions cannot be made.

The tumor incidence among the hamsters is given in Table V-2. The
Yncidence dF hepatomas in males and females was statisticaliy significant
{p<0.05) 1in all treated groups. The incidence of liver haemangicendotheli-

oma in males and females was statistically significant (p<0.05) in the
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TABLE ¥-2

Tumor Incidence 'n Hamsters Glven HCB 1n the Dftete*

Hasmangtioendotheliomes

TOA = Tumor-bearing animals

HCB « Hexachlorobenzene

More Than
[flective TOA Mo, of Tumory One Tumor Thyrotd Hepatoma Liyer Splgen her
Group No. No. -
Wo. per No. b No. % No. | No. % flo. No. p §
Hams ter

Control L N 5 12.0 S 0.13 ‘0 0 0 0 0 ] 0 L] | 2.9 4 .2

WA 3 1.8 3 0.00 0 0 0 0 0 0 0 0 0 0 3 1.%
S0 ppm 3F " $3.3 n 0.7 ' 4 13.3 ? 6.6 " %0 0 0 0 0 s : 1.8
(4 mg/kg) kI | 18 80.0 7 0.9 8 26.6 0 0 14 4.0 1 3. ) 3.3 n 3.8
100 ppm 30f 18 0.0 3 1.08 LR - N 1 3.3 1" se.e 2 6.0 3 10.0 ] 30.0
(8 mg/kg) 0N Fd %0.0 4% 1.50 11} 46.6 ] 3.3 26 086.6 [ 20.0 3 10.0 9 30.0
200 ppm 60 f 52 0s.6 " 1.2 15 5.0 3 5.0 (1] 05.0 ? 1.4 4 . 6.8 [ ] 13.3
(16 mg/kg) ST M 56 9.2 a7 1.52 21 4.3 [ ] 14.0 49 85.9 20 5.0 4 1.0 [ ) 10.§
“sSource: Cabra) ot al., 1917 .



'high-dose groups and in males I1n the middle-dose groups. There was a
significant. dose-related trend Ffor both tumor types. Three Iinstances of
metastases were found amongtthé animals with lTiver haemangicendothelioma. No
hepatoma metastases were found. One of the hepatomas in a female animal was

found at necropsy at 18 weeks; the investigators did not 1indicate which

dosage level this animal received.

-

Hamsters 1in the control groups showed no thyrold tumors but 'thyroid
alveolar adenomas were significantly increased in the high dose males and
there was a significant dose-related trend. Thyroid tumors occurred in all

treated groups of females but were not statistically significant.

Chemical induction of thyroid tumors has not been identified with chem-
ically reiated compoundS except for toxaphene, which 1s a mixture of chlori-
hated camphene derivatives.” OQther chemicals associated with induction of
thyroid tumors are thioureas, thiouracils, 3-amino-4-ethoxyacetanilide,
amitrok, p-anisidine, 2,4-dtaminanisole sulfate, ethionamide, 4,4'-methylene
bis(n,n'-dimethyl) n,n'-dimethylbenzenamine, 1,5-naphthylenediamine, 4,4'-
oxydianaiine, pronetalol-HCI, 4,4’-£hjodﬁana11ne, 1odoform, dibromomethane
and d1;h1oroethéne (Kraybi11, 1983; Weisburger, 1983). Hexachlorobenzene is

in & different chemical class from these agents.

Induction of thyroid tumors 1in the animal .studies is of particular
interest because a very high incidence of enlarged thyroids was found among
victims of accidental exposure to hexachlorobenzene in Turkey (Peters et
al.,, 1983). The inctdence among females, over 25 years after the Incident,

is 61.4% whereas the background incidence in that geographﬁc area for
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females 1s about 5% (Peters et al., 1983). The data and pathology reports
have not been made -avatlable yet, but it is clear that the cohort exposed to
hexachlorobenzene has an unexpectedly high Incidence of enlarged thyro1d.l
It cannot be stated at present what percentage 1f any of the enlarged

thyroids was the result of tumorigenesis.

This hamster study provides strong positive evidence of tﬁmorﬁgen1c1ty
and evldence of carcinogenicity of hexachlorobenzene, as indicated by the
significant increase in hepatomas, significant incredase of thyroid adenomas
in males and the occurrence of metastasizing 1lver haemangioendotheliomas in
treated but not ¥n control animals. Although not reported in detail in this_
one page publication, the authors noted an increase in adrenal neoplasms as
well. The data presented show that the tumor incidence 1s positively do;e-
dependent-1n most ‘nstances and that this is true not only of the number of
animals with tumors of all sites but also for the number of tumors per ani-
mal. The authors aiso indicated that latency period was reduced, but actual
supporting data was not presented. Although strong evidence Ffor carcinogen-
lcity was provided in the hamster study, a cautionary ncte should be added
regarding the results of this study -and possibly other -hexachlorobenzene
studies as well. The hexachlorobenzene used was reported to be 99.5% pure.
However, chlerinated dibenzofﬂran and chlorinated dibenzo-p-dioxin, both
very potent carcinogens, have been reported in the past to be present in
some samples of hexachlorobenzene. Very small amounts of such contaminants

could 1nf1uente results.

Lambrecht et al. (1982a) Hamster Study -- Another study on hamsters,

carried out in a different laboratory, adds further suggestive evidence for
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the ‘tumorigenicity of hexachlorobenzene in hamsters (Lambrecht etl ali.,
1982a). This study, reported only in abstract form, was also carried out in
the Syrian golden hamster. In this study the animals were ekposed for only
90 days to the hexachlorobenzene. 0On day 91, half of the initial exposed 50
animals were sac;1f1ced. The remain1ng animals were sacr1f1ced periodically .
unt1l the end of the 1-year study. The exposure levels used were 200 or 400
ppm hexachlorobenzene 1in the dﬁef. Assumihg that the hamsters from the
Cabral et al. ({1977) study were comparable in weight and dietary consump-
tion, these ppm figures would be appr§x1mate1y equal to and twice those of
the high dose' used in ‘the Tifetime stud1és of Cabral et al. (1977)..
Lambrecht et al. (1982a) reported the incidence of hepatoma at the 200 ppm
]eve1.to be T7.7% 1in males and 6.7% in Féma1es; at the 400 ppm level the
Incidence was 5% in females and 14.3% in males. These figures are based on
the.numbérs of animals atlr1sk‘at the time of the earliest observed tumor.
The time to first tumor was relatively late in the study, 276 days for males
and 255 days for females of the lower doée and 153 days Ffor ma]es and 299
days for females at the higher dose,l_ Since the. test animals were
3ystemat1ca1]y sacrificed from 3 months onward, the'time te tumor Ffigures
should be feasnnab1y close to actual_time to tumor. Table V-3 shows the

results reported by Lambrecht et al. (1982a).

The tumorigenicity and carcinogenicity of hexachlorobenzene has been
demonstrated by one l1ifetime study in hamsters. Addittonal suggestive evi-
dence for tumorigenicity 1s found in a 90-day study in ancther }abbratory.
In both cases hepatomas resulted. The Tlonger périod of exposure also

produced thyroid adenomas and metastatic liver haemangioendotheliomas.
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TABLE V-3

Effect of HCB on Hamsters: Liver Tumors and Qther Liver Lesionsd

Sex HCB PC+CE - BDHC Day First Hepatomas  Day First
{ppm) Incidence Incldence Observed In¢cidence Observed
M 0 3/50 0 0
200  48/49 0 1/13 276
400 50/50 1/25 101 1720 153
F o 0 10/43 0 0
200 48/49 1/6 340 1715 255
174 171 299

400 45/45  2/20

dSource: Lambrecht et al., 1982a
Bprecirrhotic + cirrhotic
CBillary duct hyperplasia

HCB = Hexachlorobenzene
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Mouse Studies.

Cabral et al. (1979] -- Cabral et al.’ (1979) reported that outbred
Swiss mice were Fed‘hexach1orobenzene {99.5% purity) 1In their diets Ffor up
to 120 weeks. The hexachloraobenzene content of the diet was monitored
periodically during the ﬁtudy and the diet was found to Le free of afla-
toxins. The exposure levels used were 50, 100 and 200 ppm corresponding_tqr
dosages of 6, 12 or 24 mg/kg/day based on body weight and food intake
averages, 0One other test group was given 300 ppm (36 mg/kg/day)} for anly 15
weeks and retained on an hexach1orobénzene-Frée d{et for the remainder .of

the study.

Growth rates were monitored but not Qﬁven 'n detail In the published
report. The investigators stated that among female mice there was a reduced
growth rate for all doses except in the 12 mg/kg/day dose group and among

males for all doses except in the 6 mg/kg/day dosage group.

Survival times were reported in detail. Sqrv1va1 was essentially
unaffected in the two 1ouer'ddsage level groups at 50 weeks, while at that
tiﬁe it was down by 60% of the‘or1g1naJ number 1n the females and 52% of the
original number in the males in the highest dosage group. By 70 weeks on
test the survival was decreased in the two lower dose groups as weli. and in
the highest dose group 1t was down to 14% in females and 10% in males. At
90 weeks there were only four surviving males out -of the 50 and no surviving
females in the highest dosage group as compared with 96 and 100% survival in

the female and male controls.

The yield of tumors in this study is given in Tables V-4 and V-5. In

Table V-4, the effective number of animals i1s the number of animals alive at
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Liver Tumor Incidence in Mice fed HCB2

TABLE V-4

EffectiveD

Mice with LCT Node Size (mm) Multipliicity Age at Death (weeks)
Group No.
Animals No. % <8 >8 Single Multiple. Range Average
HCB 100 F 12 3 25 2 1 1 2 87-104 98
M2 3 25 1 2 2 1 83-98 - 89
HCB 200 F 26 14 54 5 9 3 1 47-85% 67
M 29 1 24 ] K] 2 5 46-101 13
HCB 300 F 10 1 10 -- 1 1 -- 101 :101
(15 weeks M3 1 33 -- 1 - 1 97 97
exposure)

dSource: Cabral et al., 1979

bSurvivors at time first LCT was observed in each group

LCT = Liver cell tumors

HCB Hexachlorobenzene
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TABLE V-5

Tumor Data on Mice Fed HCBA

Animals with Tumors

Lymphomas Lung
Inttial Effectived TBAC. : Liver-cell- Gonads Other
Group No. No. : Average Age Average Age
Animals ~ Animals No. % No. X at Death No. % at Death No. % No. % ‘No. %
_ : (weeks) {weeks) .

Control f S0 49 39 80 21 4 89.6 w2 89.0 0 o 3 6 9d g

M S0 41 2 W 12 26 80.8 13 28 83.8 0 o 0 0 € g
HCB S0 F 30 20 P3| 10 6 53 69.8 4 1 84.5 0 0 2 7 of ?

" 30 10 15 50 13 4] 13.1 4 N 81.0 0 o 0 0 0 0
HCB 100 F30 30 13 s 1 94 .4 6 20 “83.5 3.10 1 3 319 10

M 30 29 0 N 1 10.4 o o -- 3 10 0 0 | LI
HCB 200 F 50 4 19 46 5 12 58.2 2 5 66.5 M. N | 2 1" 2

M 50 4 12 2 A 9 §3.2 4 9 82.5 1 16 1 2 0 0
HCB 300 F 30 26 20 M 6 N 9.1 4 15 29,2 i 4 312 8 N
(15 weeks) M 30 16 5 2 3 19 68.6 2 1 63.5 1 6 0o 0 0 0
4Source: Cabral et al., 1979

byumber of survivors at moment of appearance of First tumor at any site \n each group

CIn relation to the effective number

dSkin fibrosarcoma, uterine haemangioendotheltoma, one skin haemanglioendothelioma, lwo adrenal adenoma, two mammary adenoma

€Urinary bladder transition cell carcinoma, one liver haemangioendothelioma, one skin haénangloendolheliona. one skin fibrosarcoma

fone uterine haemangloendothelioma, one skin fibrosarcoma

9Two skin Fibrosarcoma, one skin haemangioendolhelioma
hone skin squamous-cell carcinoma
Yone \nlestinal*lé|omyosarcona

lone skin flbroiarcoma. two liver haemangloendothelioma, one recum carcinoma,
uterine adenoma, one mammary adenoma

HCB = Hexachlorobenzene

one stomach papilloma, one skin haemangioendothelioma,



the earliest time a 1llver cell tumor was observed in each group while 1in
Table V-5 the effective number of animals is that number of animals alive at
the earitest appearing tumor for any site in the body within that group.
There was a statistically significant elevation in the incidence of liver
cell tumors at the high dose in females and a marginal 1nc{ease in high-dose
males, with a positive dose-related trend in both cases. There was also a
dose-dependent decrease in latent period and a dose-dependent Iincrease In
the size and multiplicity of liver cell tumors (see Table V-4). The liver

cell tumors were subsequently defined as hepatomas (Cabral, 1983).

In thls study there was a high incidence of both lymphoma and 1ung_
tumors 1n control mice, A dose-related decrease in the incidence of Tympho -
mas appears in the treated groups. The investigators attributed this to the
deCteased. survival time of hexach]orobenzéne-treated animals. This seems
reasonable but does not explain the reductlion in lung tumors in the 50 ppm
(b mg/kg/day} group when they are compared to controls, since there was not

an appreclable reduction of 1ifespan in this low dose group.

This study by Cabral et al. (1§79) demonstrates the tumorigenicity of
hexachlorobenzene in Swiss mice by the significant increase in Tiver cell
tumors in both sexes and by the demonstration of dose-dependency in the
response with respect to tumar incidence, tumor size, multiplicity and
latent period duration. Tumeorigenicity was detected as low as 12 mg/kg

bw/day (100 ppm} for 1ifetime exposure but not at 6 mg/kg bw/day {50 ppm).

Lambrecht et al. (1982b) -- Swiss mice exposed to hexachlorobenzene

for only 30 days at levels of 100 and 200 ppm in the diet showed degenera-
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tive changes of .1iver and kldneys when examined at various intervals after
they were removed from the hexachlorobenzene-containing diet (Lambrecht et
al., 1982b).  Although 1iver tumors were not reported, treated animails
showed lymphosarcomds in both dosage groups in both sexes at levels signifi-
cént1y dbove those of controls. Exposure to hexach1or6benzene in this
instance produced leukemogenic changes. The animals were not permitted to
1tve beyond selected intermediate sacrifice dates._so It was not possible to
determine whether survivors uoﬁ1d have developed 1iver or other tumors. The
method of preparation of the hgxach1orobenzene-conta1n1ng‘d1et may have been
different in the Cabral et al. (1979} and Lambrecht et al. (1982b) studies,

but delailed information was not presented in the Lambrecht ‘et.al. (19B2b)

abstract.

Mice hay be someﬁhat less sensitive than hamsters to hexachlorobenzene
as evidenced by the difference in incidence of hepatoma formation ai'varioué
doses. These animal species may differ In the d1str1butiun of the hexa-
chlorobenzene into various tissue compartments (Lambrecht et al., 1981), and
differ. in rates QF metabolism and absorption. Adm1n1strafion of the same
‘levels of hexach1orobenzene‘1h'thg faed can-be expected to give different

effective dosages.

Shirai et al. (1978} -- Shirat et al. (1978) administered hexachloro-

benzene to male ICR mice {35 animals/group) at levels of 10 or 50 ppm in the
diet for periods of ‘24 weeks. Polychlorinated terphenyl was givén aleone to
another group at 250 ppm, and 'n combination with 50 ppm hexach1orobenzene

to a third group. Animals were examined histologically at 40 weeks.
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Final body weights were slightly lower in the hexdchiorobenzene-treated
groups whtle liver weights were higher. Exém1nat1on of the 1ivers showed
that the hexach]orobenzene-treated groups had hypertrophy of the centri-
lobular area at both doses. No liver tumors were found .in either group.
The total 1Intake of hexachlorobenzene was calculated to -be 8.4 and 35.3

mg/mause o¢ver 24 weeks 1n the 10 ppm and 50 ppm groups, respectively.

Palychlorinated terphen&] aloné, at 250 ppm (total dose 207.4 mg/mouse)
gave 3728 (10.7%) nodular hyperp1as1a; When this same level of polychlori-
nated terphenyl was given along with hexachlorobenzene at 50 ppm (total dose
J6.9 mg/ mouse) there were 23/26 (8B.5%) nodular hyperpTasia and 8/26
{30.8%) hepatocellular carcinoma. This response indicates that hexach1oro--

benzene can enhance the carc¢inogenic potency of polychlorinated terphenyl.

The duration of administration, 24 weeks, in this mouse study and the
doses used were below those used in the Cabral et al. (1979} study on Swiss
mice and also below the levels used in the 13-week study by Lambrecht et al.
(1982b) on Swiss mice. Therefore, it 1s not surprising that hepatomas were
not found when hexachlorobenzene was given alone. The occurrence of Tiver

lesions, however, does indicate the liver s a target organ.

These three studies in mice demonstrate the Lumorigen1gity of hexa-
thlorobenzene with respect to the induction of hepatomas, the leukemogenic
effect of subchronic exposure and the ability of hexachlorobenzene to

enhance the carcinogenic effect of another compound.
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Rat Studies.
Smith and Cabral (1980} -- The carcinogenic potential of hexachloro-

benzene was fested in several different laboratories in rats. In one study
{Smith and Cabral, 1980) small numbers of female Agus rats, and even smaller
- numbers of Fema]e.H1star‘rats. were used. There were 1é control and 14
treated Agus rats and 4 control and 6 treated Wistar rats. The hexachloro-
benzene was ana1yt1ca1 gradg (99.5% purtty) dissolved in arachis oi1l and
mixed with the feed to give 100" ppm 1in the diet. This dietary Tlevel

supplied an average daily dose of 6-8 mg/kg/day to the rats.

In this sfudy the Agus rats showed signs of porphyria after 3 monghs
| exposure to hexachlorobenzene, but other toxic manifestations were not
found. The‘investigators stated that "there was a steady decline in bédy
weight ta eventually 80% of control animals" {Table V-6). Examination of
the weight data presented in the publication indicates that this Hnterpre-
tatﬁon s based upon comparison of “final" average .weight 1in control
(286+19 g) and treated (225+#16 g) animals (see-Tablé V-B).'representing a
21% difference in welight. This method of comparison can be misleading since
the final weights represent accumulated differences 1in growth rates and
varyﬁﬁg composttion of the groups bécause of animal deaths. An effect ﬁro-
duced, even transiently, at an early age, may persist in the Ffigures, even
though all subsequent growth may be normal. Growth rates,‘ rather Lhan
absolute difference in weights provide a more suitable picture of the animal
response. Growth rates for the time ‘intervals reported were calculated
based on the data given in the publication and are shown in Table V-7. The
eqﬁation used was:

R = uéight at end of interval - weight at start of interval < 100
~ welght at start of interval
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TABLE V-6

Body Weights of Female Agus Rats Fed Hexachlorobenzene for 90 Weeksd

" Body Weight (g)

Weeks of Diet % Difference

Conttol HCB
0 46 + 6 (8) 45 + 24 (9) . 2
10 191 + 5 180 + 17 6
30 236 + 13 212 + 13} 10
50 - 257 + 17 221 + 15¢ 14
90 286 + 19 (8) 225 + 16 (7)¢- 3

d5ource: Smith and Cabral, 1980

bs1gnag1cant1y different from controls as assessed by Student's t-test
p<0.

Cp<0.001

Female Aqus rats were fed HCB {100 ppm) in MRC 418 dlet for 90 weeks and
then killed. Weights are means {no. of animals in parentheses) + $.0.

HCB =*Hexachlerobenzene
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TABLE V-7

Growth Rates for Female Agqus Rats on a Diet Containing 100 ppm HCB*

Average Growth Rate %/week

Interval {on diet)

Control Treated
0-10 weeks 31.5 A 30.0
10-30 weeks 1.2 0.89
30-50 weeks 0.45 ' 0.22

50-90 weeks 0.28 0.05

*Source: Calculated from Smith and Cabral, 1980 |

HCB = Hexach]orobénzene
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According to this calculation both groups of animals grew during each time

interval.

The survival of the treated Agus rats was good; one, test animal was
sacrificed at 52 weeks and a second one died of pneumonia at 70 weeks. Both
of these animals had liver cej] tumors found by histologic examination.
Another five treated animals were sacrificed at 75 weeks and the remaining
seven treated animals 1llved Unt1f'thg end of the experiment at 90 weeks.
Among controis, one was Killed at 63 weeks and three more at 75 weeks. The

remaining eight were killed at 90 weeks.

No control anima]srhad 1iver pathology. In contrast, 14/14 (100%) of
the treated Aqus rats had liver tumors; the earliest of these was detecﬁed‘
at 52 weéks. The livers of the treated animals were grossly enlarged and
some of the tumors were 1.5-2 cm in diameter. Although one liver cell tumor
was described as pedunculated, histopathology detall was not given, except
to‘ note the absence of metastases in all cases. Four of the six (67%)
Wistar rats also had liver cell tumors and none of the Ffour controls showed

such pathology at 75 weeks.

In this rat study hexachlorobenzene was a potent inducer of Tliver
tumors, causing a 100% tincidence with the earliest tumor observed at 52
weeks. It s important to determine whether the magnitude of the effect is
a1l attributable to the hexachlorobenzene or whether contaminants, unusual
characteristics of the test animals, or procedural factors were operative in

this study. In this context the following polints are noted.

02590 : V-36 ' 04/05/91



First, historical control data on tumor in¢idence for Agus rats were not
available, but; &ccurdingvto Cabral (1983); the Agus rat 's & strain partic-
ularly sensitfve to porphyria and hepatic tumors. In regard to the question
of contaminants, peanut o1l 1is generally believed to be free of aflatoxins
tthey are destroyed in processing (NAS, 1977)] aqd the Fee& was analyzed for
both aflatoxtns and dibenzofurans and found ¢ 5e free oF_ both (Cabral,
1383} . AbSorption is aﬁother factor to consider. The absorption of the
hexachlorobenzene in these an1ma]s'ﬁ1ght be enhancedvby_dtssolut1on in the

arachis oil.

Lambrecht et al. (1983a,b, 1984} -- Another studg on rats was carried

out by Lambrecht et al. (1983a,b, 1984). In this study 94 Sprague-Dawley
rats of eath'sex for each qosage and cbntroTugroups were used. Four an1mais‘
of each éfoup were sacrifice& at each of710 intervais: 0, 1, 2, 3, &, 8,
16, 32, 48 and 64 weeks. The remaining 54 animals of each gfoup were
allowed to continue unttl they dTed, or to the end of the Z'years. The
numﬁer of animals at risk was c6n51dered to be those that survived at Teast
12 months, sincé this ua; the earltest time to tumor. This number would be,

at minimum, 54 plus some animals from the last sacrifice time,

The hexachldrobenzene was highly pdrified and the prepared diét moni -
tored for hexachlorobenzene levels periodically. The prepafatﬁon was also
analyzed for aflatoxins and found to be  negative. The test dlet was
prepared by mixing the hexachiofobenzéne_w1th dextrose and Wayne laboratory
feed (1.5 g'hexach]ofobenzéné +v98.5 g dextrose + 9.9 kg 1ab chow tp give
150 ppm‘he;ach1orobenzene). Half the amouﬁt of nhexachlorobenzene was used

in the mix for the 75 ppm hexachlorobénzene level. 'Th1s o11-Free vehicle is
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different from the vehicle used by both Smith and Cabral (1980) and Arnold
et al. (1985). The hexachlorobenzene was well absorbed as demonstrated by

progressive accumulation in fat which was measured in this study.

Based on an average food consumption of 22.6 g/rat/day for males and
16.5 g/rat/day for fema1és. and on an average.adult welght for females of
265 g and for males of 400 g, the low dose was calculated to be 4-5 mg)kg/
day and the high dose, 8-9.5 mg/kg/day. In order to compare the results
obtained in this study with those obtained in Sprague-Dawley rats by Arnold
et al. (1985), more detailed calculation of doses at different time periods

on test are given in Table V-8.

The administration of hexachlorobenzene in the diet at these doses 1n\
the‘LambEecht et al. {1983a) chronic feeding study in rats resulted in Tiver
pathology just béfore the appearance of hepatomé or hepatocellular carci-
noma. Pathology obser?ed at the eaf]y sacrifice time included parenchymal
' degeneratton, preneoplastic foct and adenoma. .At 48 and 64 weeks of the
test females had gross 1liver tumors which measured between 1 and 2 mm2.

Porphyria was a]sb detected.

Rats that lived 12 months or longer shoueé-a significant 1increase In
hepatoma Incidence in both sexes. A stafistica]]y signtf?cant increase In
the incidence of hepatocellular carcinoma Qas found at both doses in the
females, and 1n males a sliight non-s1gn1f1cant increase was found. None of

the 1iver cell tumors metastasized. Table V-9 summarizes the findings.
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TABLE v-8

Dosage Leve]s in the Chron1c Feeding Study of Hexachlorobenzene
in Sprague-Dawley Ratsd

{mg/kg/day}
, Males | Females
Time on Dietb

{weeks) 75 ppm 150 ppm 75 ppm . 150 ppm
0o 19.5 37.0 6.1 32.2
26 | 3.2 7.1 3.1 8.7

- §2¢ 3.3 6.4 : 3.9 . 8.0
79 3.4 67 3.5 8.4
39 | 6.2 10.0 4.3 . 10.6

dSource: Calculations and data provided by Lambrecht, 1384
DThe animals were 3 weeks old when placed on test
CAt 52 weeks on test the males consumed an average of 24.7 g of the diet/

day and welghed an average of 553.7 g. The females consumed an average of
16.0 g diet/day and weighed an average of 311.7 g.
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_ TABLE v-9

Liver and Kidney Tumors in Sprague-Dawley Rats Given Hexachlorobenzene
in the Diet for up to 2 yearsd.b

Hepatocellular Renal Cell Renal Cell
Exposure Hepatoma Carcinoma Adenoma . Carcinoma
Level ‘
' M F M F M F M f
0 0/54 0/52 0/54 0/52 7/54 1/52 0/54 1/52.
percentage 0 0 0 0 13 2 i} 2
75 ppm 10/52  26/56 3/52  36/56 41/52 1/56 0/52 2756
percentage 19 46 B 64 79 13 0 4
150 ppm 11/56  35/55 4/56  48/55 42/56 15/54 0/56 2/54
percentage 20 b4 7 87 15 28 0 4

3Source: Lambrecht et al., 1983a,b; Lambrecht, 1983

BThe diet was prepared without solubilization of the hexachlorobenzene,
but by mixing tt as a pulverized solid.
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Renal cell adenoma was found to be significantly elevated in both sexes
but with greater -frequency in males. In this study the control male group
had a high incidence of renal cell adenoma which was not explained; never-
theless, the increase in the hexach1orobenzene-treaied animals was statis-
» tically significant. The 1Incidence of renal cell carc}noma in freated

animals was not significantly increased over control animals in elther males

or females.

In an updated report- from this laboratery (Peters et al., 1983) histo-
pathology details were suppliied. These data show that in add1t1on,io the
Ttver and kidney lesions there was an increase in adrenal pheochromoc)toma
In female rats that was stétjstica11y s1gh1f1cant at both 75 and 150 ppm.
Females also had elevated incidences of adrenal cortical adenoma gnd'
. hemangiomé in the treated groups. Among males the background 1nc1§ence of
adrenal pheochromocytomas is high (76.5%), making it difflicult to determine
whether the 90.6% incidence found in the 150 ppm group has any bielogic
significance. Other adrehaT neoplastic . and non-neoplastic lesions were
detailed: hyperemia and/or congestion, cortical hyperplasia, preneoplastic
foci, cysts, 11p0ma‘and adenocarcinoma; none of these were elevated in the

treated animals. The adrenal tumor incidences are given in Table V-10.

One point to consider in the interpretation of the results, particularly
tn terms of their application to risk assessment, is the form 1n uh1ch the
hexachlorobenzene wds administered in the diet. The absorption from a
particulate form introduces an additional possible exposure route, namely,
from the food preparation by inhalation. This consideration does 'not

invalidate the study, but raises the guestion of the actual exposure levels
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TABLE v-10

Adrenal Tumors in Sprague-Dawley Rats Given Hexachlorobenzene
in the Diet for up to 2 Yearsd.D

MALES
Days on diet 400-599 ' 600+
Exposure ppm 0 75 150 0 75 150
hexachlorobenzene
Number of tissues 17 23 . 28 34 25 23
examined : )
Cortical adenoma 3 2 6 6 3 4
(%) .
Pheochromocytoma 3 6 9 26 17 21
(%) {17.6) (26.1) {32.1} (76.5) (68) (91. 3)
Hemangioma (%) 0 0 0 0 0 -0
FEMALES
Days on diet 400-599 600+
Exposure ppm 0 75 150 0 75 150
hexachlorobenzene
Number of tissues 12 5 13 35 47 32
examined -
Cortical adenoma 0 3 2 . 2 1 6
(%) {5.7) (23.4) {18.8)
Pheochromocytoma 0 0 2 TS 3 29
{%) : (14.3) (66) (90.6)
Hemang1oma\(%) 0 0 2 3 8 5

{8.5) (17) {15.6)

ASgurce: Peters et al., 1983

BThe dlet was prepared without soJubilizatlon of the hexachlorobenzene,
but by mixing 1t as a pulverized solid.
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1f an additional route of exposure was occurring in the same experiment
simultaneously with oral ingestion. The effect of mixing . the
hexachlorobenzene in the diet in an oil frce form may also affect absorption

and thereby the effective dose.

Arnold et al. LJSBS)'-- In this study hexachlorobgnzene (99% pure) was
administered to parental male and female Sprague-Dawley rats for 3 months.
These animals were mated at that fime and the females continued to receive
hexach16fobeﬁzene-conta1n1ng dﬂets du}1ng pregnancy aﬁd throughdut 1acta-
tton. At weaning, 50 pups qfl each sex were separated and fed for the
remainder of their 1ifetime on hexach]orobeniene—conta1n1ng diets.. Controls
were fed diets free of hexach]orobenzene.' The range of doses used in tﬁis
stﬁdy Is coﬁs!derab]y Jower than those used by either ‘Sm1th and Cabra]
{1980) of Lambrecht et al. {1983a,b). Table V-11 shows the doses used in
the Arnold et al. (1985) study at particular points 1n time s1nce,fhe doses
were not adjusted throughout the study. These doses represent a greatér
exposure to the test animals from the point of view of exposure duration,

since the F] animals were exposed in utero énd during nursing in addition

to their exposure from feeding on an hexachlorobenzene-containing diet.
Total doses cannot be calculated since the actual dose recelved during

nursing is nolt known.

Arnold et al. (1985%) found no differences in treated F1 animals when
compared to controls with respect to growth rates, food consumption or
hematology. The only observed difference was a decreased viability Index

for pups 1n the 40.0 ppm dose group.
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TABLE v-11

Exposure Levels in the Chronic"Feeding. 2-Generation Study_of
Hexachlorobenzene in Sprague-Dawley Ratsd
{mg/kg/day) -

Exposure Level

Time on Dietd

(weeks ) 0.32 ppm " 1.6 ppm 8.0 ppm 40.0 ppm
MALES
) 0.04 0.18 0.93 . 4.85
30¢ ' 0.01 0.06 0.29 1.5
70 | 0.01 0.05 0.25 1.3
FEMALES
1 0.04 0.17 0.84 4.64
30¢ 0.02 . 0.08 0.40 1.9
70 0.01 0.06 0.32 1.6

dgource: Calculations and data provided by Arnold, 1984
BThe animals were placed on feed at 6 weeks of age.

CThe mean body welight of male controls was 663 g and for the highest dose
group males 653 g. The mean weekly food consumption for male controls at
that time was 178 g and for the highest dose group 169 g. Females of the
same age weighed 351 g for controls and 353 q¢ for the highest dose treated
group and the mean weekly Food consumption was 113 and 118 g, respectively.
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histopathology showed that F1 females had a significant elevation 1in
neoplastic Jiver _nodules and in adrenal phecchromocytoma 1in the high dose
Females compared to controls (Table V-12). There was also a significant

positive dose-related trend in the incidence of these tumors in F] females.

Among F] males, in the highest dosé group parathyroid tumors were g1gi
nificantly Increased: 25% (12/48) in the tréated groups and 4.2% (2/48)
.among controls. Females also showed a‘Few parathyroid tumors 1nlthe two
highest dose groups but none 1In contr;1s or In the two lowest dose groups.
The differences were not s1gn1f1cant1y different from controls. Table V-12
- gives the tumar incidences. Although kidney tumors were not'repdrted to be
elevated, there was an increased chronif nephrosis jn‘ the F] treatéd

animals.

Arnold et al. (1985} -- In another study by Arnold et al. (1985) which

was related to the 2-generat1on study, the effect of vitamin A, because of
1tsl supposed antitumorigenic proper£1es, was tested in conjunction with
hexachlorobenzene.  This uaé a l-generation study and the level of
‘ hexachlorobeniene wds the same as the highest dﬁse‘ of the '2«generatton
study, 40 ppm. There were sji separate groups-gf 50 animals each and the

experiment ran for 119 weeks. At 29 weeks and at 49 weeks five animals frpm
each group were sacrificed and evaluated histologically. The six groups are
shown in Table V-13. The vitamin A did not apparently a]tet the eFFegts of
hexachlorobenzene. The number of animals: with parathyroid tumors. and
adrenal pheochromocytomas was §omeﬁhat elevated in all the cases‘1n which
‘hexachlorobenzene was administered compared with the total cases ujth the

three Jevels of vitamin A and no heiach1orobenzene. The significance of
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TABLE V-12

{ YncVdence (X))

Tumors In Organs that Showed Statistical Differences from Conirol In‘f| Sprague-Dawley Rats Treated with Hexachlorobenzened

Parathyrold Adenoma
Dose at 30 weeks .

Adrenal Pheochromocytoma

Hepatocellular Carcinoma

Neoplastic Liver Nodules

females

(mg/kg bw/day) Males Females Males females Males Males Females
Controls 2748 (4.2) 0/49 (0) 10748 (20.8) 2/749 (4.1) 0/48 (0) 0/49 (0) 2/48 (4.2) 0749 (0)
0.01-0.02 4748 (8.]) 0749 (0) 12748 (25.0) 4/49 (6.0) 2/48 (4.2) 0/49 (0) 0/48 (0) 0/49 (0)
0.06-0.08 2/48 (4.2) 0/50 (0) 1748 (14.6) 4/50 (8.0) 1748 (2.1) 0/49 (0)b 0/48 (0) 2/50 (4.0)

. 1749 (2.0)
0.29-0.40 1749 (2.0) 1749 (2.0) 13749 (26.5) 4/49 (10.2) 3/49 (6.1) 0/50 (0) 2/49 (4.1)b 2/49 (4.1)b

. : : 3/49 (6.1)b 3749 (6.1)b

T=D.S-l.9 12749 (24.5) 2/49 (4.1) 11749 (34.7) 17749 (34.7) 0743 (0) 0/49 (0)b 1749 (2.0) 10/49 (20.4)b

p 1749 (2.0)b 9/49 (18.4)

Olher statistical tests
IARC trend test p<0.01 p<0.05 p<0.01 p<0.0) p<0.0}
Armitage time-related p<0.01 p<0.05 ' p<0.05 p<0.01 p<0.0)
lrend lest ’

fisher exact p<0.05 p<0.01 p<0.01

lrealed vs. conlrol

dSource: Arnold el al., 1985; Arnold, 1984

bpifferent results of two different pathologists reading Lhe same s)ides
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TABLE V-13

Parathyroid and Adrenal Pheochromocytomas in Sprague-Dawley Rats
Maintained on Synthetic Dlets of Varying Vitamin A Content and

With or Without Hexachlorobenzene*

No.lu1th

Group No. with Adrenal
‘ Parathyroid Tumors Pheochromocytoma
Controls on diet with normal
vitamin A content 3 3
Control dtet-+ 40 ppm HCB 4 )
Diet with 0.1 times normal vitamin A 0 2
Dlet with 0.1 times normal 0 2
vitamin A + 40 ppm HCB
Diet with 10X vitamin A 1 4
Diet with 10X vitamin A + 40 ppm HCB 3 7
‘Total without HCB ' 4 9
Total with HCB 40 ppm 7 15
*Source: Arnold et al., 1985
HCB = Hexachlorobenzene
09/15/88
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these tumor incidences cannot be determined by simple comparison because it
was also found in the study that vitamin A had an effect on the background

level of some common tumors and these data have not yet been completely

analyzed.

Discussion of Rat Studies. It seems appropriate to compare the Find{

1hgs of Smith and Cabral (1980} in Agus and Wistar rats, Lambrecht et al.
{1983a,b) and Arncld et al. (1985} in Sprague-Dawley rats. None of the
three studies agree precisely on all four of the tumor target organs: Smith
and Cabral reported 1liver tumors, Lambrecht reported 1llver, adrenal and
kidney tumors and had some liver carcinomas not found by Smith and Cabral.
Arnold found adrenal and parathyrold tumors and neoplastic 1iver nodules but
no increase In kidney tumors. We find that, although differences do occur, .

the,resu1{s are not contradictory for the following reasons:

1. The dosages used in the Arnold et al. (1985) study were below those used
by elther Smith and Cabral (1980) or Lambrecht et al. (1983a,b). The
range of doses used by Smith and Cabral was given as 6-8 mg/kg/day and
those used by Lambrecht were 3-9 mg/kg bw/day. Those of Arnold were, at

most, between 1.5 and 2.0 mg/kg bw/day.

2. There were notable differences in the animals used: in the case of
Smith and Cabral the 1liver tumor susceptible strain of Aqus rat was
used, although tumors were also found with Wistar rats. We do not have
full data on historical tumor incidences in these animals to allow for

more detailed evaluation.
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3. The conditions of the Smith and Cabral study and those of Lambrécht were
both different from the 2-generation study of Arnold. Differences 1In
sensitivity due to prenatal exposure may occur because of rapid cell
d1§1sion and/or differences in xenoblotic metabolism compared with older
animals. The dose rece1ved}tfanspTacenta11y and froﬁ nursing 1s also

uncertain.

4. The method of preparatﬁoﬁ of " the hexachlorobenzene in the diet was
different in that both Smith and Cabral and Arnold used arachis o1l and
corn oil as hexach1qrobenzene solvents while lLambrecht did not use an
011 vehicle. Absorption characteristics are known to depend upon the

vehicles used.

5. .The‘Sbrague-Dawley animals used by Arnold may have more fat than those
used by ‘Lambrecht as they were somewhat 1larger. Distribution into
different tissue compartments, esﬁec1a11y into fat where it is Jikely
the hexachiorobenzene 1s at least temporartly storéd,-is Tikely to alter

~ the effective concentration In target t1ssuesL In this regard¢ the hexa-
chlorobenzene is known to concentrate in adrenal tissue; the dégree of

such concentration may well vary with strain or dtet of the host animals.

In summary, orally administered hexachlorobenzene has induced hepato-
cellular carcinoma in male Sprague-Dawley (S-D) rats as well as hepatomas in
female Aqus and Wistar rats and in S-D rats of both sexes. At the Jowest
dose used in any of the_stuqﬁes {40 ppm in the diet or 1.5 mg/kg/day), neo-
plastic nodu1e§ were induced in S5-0 rats, whereas ‘hepatocellular carcinomas

occurred in the ‘same strain at a higher dose (4-5 mg/Kg/day). Adrenal pheo-
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chromocytoma was significantly elevated in two separate studies in female
 §-D rats. In the same strain one investigator reported Parathyruid tumors
and a different fnvest1gator reported kidney tumors; neither _of these
findings has been repeated by other authors. Table V-14 summarizes this

information.

Other Studies. In addition to the studies described on hamsters, mice
and rats there are a few studies that cover specific kinds of tests other
than lifetime exposure and examination of ail potential target tissues Ffor

tumorigenic or carcinogenic response.

One such study was that of Theiss et al. (1977) in which the experiment-
was designed to detect only pulmonary tumors following 1.p. injection of
organic chemicals found as contaminants of drinking water. In this as;ay
hexachlorobenzene was one of the chemicals tested. Strain A mice were given
three dosage levels of hexachlorobenzene with the top level as the MTD. A
totaf of 24 injections over a period of 8 weeks were given to 20 mice/group.
The total doses received were 190, 480 and 960 mg/kg. The lungs were the
only organ examined and hexachlorobenzene did not increase tumor Jncidence
»in that organ. The study ran for 32 weeks. Altﬂough this assay has proved
useful in detecting some pulmonary carcinogens, it 1s not designed to detect

other tumors.

In another study on beagle dogs (Gralla et al., 1977) in which
hexachlorobenzene was given in daily gelatin capsules to 30 animals of each
sex/dosage group the duration of the study was only 1 year. Although this

s not a long enough period of time for a carcinogenicity study in dogs, it
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TABLE V-4

Qualitative Comparison of Tumor Developmenti In Rats Following Hexachlorobenzene Administration in Different Studies

Dosage .
Strain/Sex {lowesl dose Lhat Liver Kidney Adrenal Paralhyroid Reference
produced tumor) ' . - :
Agus/fFemale 100 ppm (6-8 mg/kg bw/day) Vver-cell tumor NA NA NA Smith and
(F) Cabral, 1980
Wislar/female " prepared by dissolving in ltver-ceil tumor NA NA NA 7 Smith and
oll and mixing oll with foad {F) Cabral, 1980
Sprague-Dawley/ 7 75 ppm (13-4 mg/kg bw/day) .- hepatocellular rena) cell pheochromo - NA Lambrecht
Hale and female prepared In feed sans oll , carcinoma (M&F) adenoma (MAF) cyloma (F) el al., .1983a,b
vehicle hepatoma (M&F) cortical
) adenoma (F)
Spraque -Dawley/ - 40 ppm (0.3-].5 mg/kg bw/day) neoplastic Viver not found pheochromo- adenoma (N) = Arnold
Male and female - prepared in oVl and mixing nodules (f) cytoma (F) et a)., 1985
Fy animals of oil with food al weaning -- .
2-generation study animals exposed \n ulero and

dur ing nursing

NA = It is not known uhelh}r or notl lhese lissues were examined.



s of interest to note that the doses of 100, 10, 1 and 0.1 mg/kg bw/day
produced 4 number of toxic manifestations in the T1iver including bile duct

hyperplasia, hepatohega1y and liver necrosis. This study 1is more appro-

priately considered under chronic toxicity.

Finally, Pereira et al. {1982) designed a study to determine uhetherAr
hexdchlorobenzene increased y-glutamyltranspeptidase-positive foci in
rats. These foc! are belleved to be preneoplastic in the liver. The assay
was designed to test iInitdation/promotion in this case by employing diethyl-
N-nitrosamine (DENA) as the initlating agent and hexachlorobenzene as the
promoter. Unfortunately, there are some errors in reporting of the results
in the published paper and some important controls were not fIn¢luded-

(Pereira, 1983). We have not yet received a corrected manuscript.

'Carcinoggn1c1ty Summary. In a 1ifetime study of hexachiorobenzene

administration to hamsters, hepatomas were - tnduced 1in both males and
females. The response at a dose of 4-5 mg/kg/day dissolved in corn o0il and
mixed in the feed was 47% for both sexes and controls had no hepatomas. In
addttion to hepatomdas, hamsters resbonded to hexachlorgbenzene freatment_
witth malignant 1liver haemangioendotheltomas and thyrotd adenomas. The
incidence of haemangicendothelioma was 20% 1n males (versus 0 in controls)
at 8 mg/kg/day and 12%‘1n females (versus O in controls) at 16 mg/kg/day.
The thyroid adenoma‘occurred at 14% incidence in males treated qith 16 mg/kg

hexachlorobenzene (versus 0 in controls).

Liver cell tumors, described as hepatomas, were also produced in both

sexes in Swiss mice. At 24 mg/kg/day the incidence was 34% for females and
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16% for males and the response showed a dose-dependency not only in the
number of tumor-bearing animals but also in the latent period, multiplicity
and size of tumors. In ICR mice, hexach]ofobenzene adm1ntstereq concur-

rently with poTychTor1nated terphenyl induced hepatocellular carcinomas.

In rats target organs for hexachlorobenzene-induced tumors included
liver, kidney, adrenal gland and parathyroid gland in various studies.
Liver tumors were found in ‘three 'studies thatllﬁnc]uded three different
strains of rat: Agus (a'liver tumor éen51t1ve sfrain), Wistar and Sprague-
Dawley rats. These tumors were induced with doses between 1.5 and 8 mg/kg/
day. The incldence was as high as 100% in Agus rats but 10uef’for the other
'strainsﬁ Renal cell tumors were found in one study on Sprague-Dawley rats.
In two studies on Sprague-DéuIey rats, significant increases. in adrenal
pheochrombcytoma in fémales were found. In one of these studies the inci-

“dence of parathyroid tumors in males was significantly incredsed as well.

Table V-15 summarizes the tumor data for hamsters, mice and rats for
hexachlorobenzene experiments. |

The data on hexachlorobenzene provide sufficient evidence of the carci-
nogenicity andl tumorigenicity of hexgch]orobeﬁzene since there were 1in-
credsed incidences of malignant tumors of the Tiver in two species {haeman-
gioendothelioma in hémsters and hepatocellular carcinoma in rats} as QeII as

reports of hepatoma in mice, rats and hamsters.

The appearance of thyroid tumors in hamsters and adrenal pheochromocyto-

mas and parathyroid tumors in rats as a result of hexachlorobenzene exposure
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TABLE V-15

Significantly Increased Incidence of Tumors in Animals Given Hexachlorobenzene in Diet

% Treated/% Control

Lowest Dose

Animal Organ Tumor to Produce Tumor Reference
(strain) Males females {mg/kg bw/day)
Hams lers liver hepatoma 41/0 4170 L] Cabral et al:.
‘ 1911
Itamsters 1ver haemangloendothelloma 20/0 1270 8 'n males Cabral et al.,
- 16 \n females 1917
Mice Wver hepaloma . 1670 34/0 24 Cabral et al.,
1979
Rats lver neoplastic nodules NS 20/0 1.5 Arnold et al.,
(S.D.) 1965
Rats Viver hepaloma 19/0 46/0 4-5 Lambrechlt
{(S.0.) ! ' el al., 1983a
Rats Tver hepatocellular NS 64/0 4-5 Lambrecht
(S.0.) carcinoma ' et al., 1983a
Rats Mver hepatoma 61/0 6-8 Smith and
(Wislar) Cabral, 1980.
Rats Viver hepatoma 10070 6-8 Smith and
(Agus) Cabral, 1960
Rats adrenal pheochromocytoma NS 3574 1.5 Arnold, 1984;
($.0.) Arnold et al.,
1985 )
Rals adrenal pheochromocytoma NS 91/14 4-5 Peters el al.,
{(S.0.) - 1983
Rats kidney renal cell adenoma 19/13 1372 4-5 Lambrechl
(S.0.) et al., 1983
- Rals parathyrold adenoma 2574 NS 1.5 Arnold et al.,
(S.D.) 1985
- Hamslers thyroid adenoma 14/0 16 Cabral el al.,

1977

NS - Nolt slated



is particularly interest1ng because of the clinical association of adrenal
'pheochromocytoma& with parathyroid and ihyroidltumors in humans (Fraumeni,
1974, Hill, 1974), and because fo110u-qp of 1ndividuals in Turkey{ who were
accidentally exposed to hexachlorobenzene over 25 years ago, shows a marked
elevation in thyroid tumors. Only a few of these subjecfs have had their
thyrold tumors examined histologically and the pathology reports are not yet

available.-

If the IARC c¢riteria- for the c1a€s1f1éatﬁon of carcinogens were usgd.
this anima? evidence would be considered "sufficient.® In the absence of
human evidence of carcinogenicity, hexachlorobenzene would ‘be classed 1in
IARC category 28, meaning that 1t has been demonstrated to be carcinogenic

in animais and 1s probably carcinogenic in- humans.

Reproductive and Teratogenic Effects

Hexachlorobenzene has been shown to cross the. p?acehta into Ffetal
tissues and to be present in the milk of nursing dams (seg Chapter III}.
The NOEL in a 4-generation reproduction study with rats was reported ta be
20 ppm of -hexachlorobenzene in the diet. Pups From treatéd dams {receiving
diets containing B0 ppm hexachTorobenzene) recovered From eTevated 1iver
weights when nursed by Ffoster dams. Hepatomegaly and reduced survival was
reported in kittens from cats recelving 263 ppm of hexachlorobenzene in
their dlets. Infant rhesus monkeys deve]oped clinical signs of toxicity,
but histologic examination showed only mild effects. Fetal mice from dams
treated uith,100 mg/kg/day during days 7-16 of gestation exhibiled terato-

genic abnormalities.
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Results from a 4-generation reproduction study with Sprague-Dawley rats
was reported by Grant et al. (1977). Weanling rats, In groups of 20 Females
angd 10 males, were fed diets containing 0, 10, 20, 40, B0, 160, 320 or 640
ug hexachlorobenzene/g and at 100 days of age the Fg generation was

mated to produce the F generation. The F.Ia pups were weaned at 21

1a
days, and the FU rats were rested for 14 days-and again mated to produce

the second 1litter, F animais. The F animals were then used to

1b 1b
produce the next generation, and- this sequence was Ffollowed to the F4b
generation. The two highest doses (320 and 640 ug/g) were toxic to the
mothers and resulted in 20 and 50% mortality, respectively, before the first
whelping and 25% in each high dose group before the second whelping. In
addition, the fertility Index in these rats was greatly reduced in these two
dose groups and the average litter size was decreased in the F]b' FZa‘

and f ﬁenerattons. The pups exhibited noc gross abnormalities, but there

2b
was an increased number of stilibirths and all pups born alive died within 5

days in the 320 and 640 ug/g diet groups.

At the 160 pQ/g level, 55% of the pups survived to day 5 but survival
to day 21 was greatly reduced. The number of 1ive births and survival was
normal for the first two generations at the 80 ug/g dietary level, but by
the third generation there were sti]]births and & low degree of postnatal
viabili1ty. In addition, birth and weanling body welights were consistently
less than those of the control group. At 40 -ug/g diet only the Tliver
welghts of the 2l-day-old pups were significantly increased, while the
kidney, heart and brain weights were not affected. Tissue concentfat1ons of
hexachlorobenzene were dose-related, with body fat having -the highest

concentration. The NOEL was reported to be 20 ppm in the diet.
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The effect of hexachlafobenzene on rat reproduction was alsg repbrted by
Kitchin et al. (1982). Female Sprague-Dawley rats (10 animals/treatment
group) were fed diets contatning O, 60, 80, 100, 120 and 140 wg hexa-
chlorobenzene/q of diet. The females were -mated with untreated males after
96 ddays and then bred a second time 12 days after weén1ng of the F1a
Titter. Fert111ty and fecundity of treated females were not affected by_
treatment; however, a dose-fe]ated 21-day increase in morta11ty'uas observed

in both 1litters and the LD values were determined to be 100 and 140

50

ug/g ({maternal dietary -concentration} for the F

la and F]b generation,

respéct1ve1y.

' Mendozé et a1ﬂ- (1978) studied the effects’ of hexachlorobenzene bn
preweanling Wistar rats after a rectiprocal transfer between 5 treated and 5
control dams. A significant increase in the 1iver weight ﬁver that of ihe
control ‘was observed 1in pups nursed by damsl fed diets containing 80 ug
hexach]orobenzene/g for 2 weeks before mating until birth, but this effect
did not persist after the treated pups were transferred to a control foster
dam. Similarly, the pups nursed by treated dams had smaller brains, hearts,
kidneys and spteens than the controls, and these organs were larger in
treated pups nursed by control dams. The authors concluded that hexachloro-
benzene transmission via ‘the milk had greafer effects on the pups than

transmission via the placenta.

Mendoza et al. (1979) placed female Wistar rats on diets containing 80
ug hexachlorobenzene/q beginning 2 weeks before mating until 35-36 ‘days
after weaning. Results indicated that there were no marked differences in

the external appearance, body weight, liver weight, gestation, or neonatal
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survival between the hexachlorobenzene treated and control females. In
addition, there were no differences in the number of litters, average number

of pups/1itter, average number of pups at birth and gestation index.

Hansen et al. (1979) studied the effects of hexach]arosenzene on repro-
duction in cats fed contaminated pork cakes for 142 days. These cakes con-
tained 90+51 pg hexachlorobenzene/g, eguivalent to an intake of 3 mg/day/
cat, and were obtained from gilts fed diets containing 100 ug hexachloro-
benzene/g for 6-8 weeks before slaﬁghter. " The positive and untreated
control groups recelved pork cakes from gilts fed diets that did not contain
hexachlorobenzene, with the positive control group recelving hexachloroben-
zene-spiked cakes (263+120 wug/g equiva?ént to 8.7 mg/day/cat}. These
females were mated with untreated males and the resulting kittens did not -
receive héxachiorobenzene-containing cakes, Effects on survival were noted
1h kittens born to anly those cats receiving hexachlorobenzene-spiked cakes
and was apharently due to the kittens being too weak to‘surv1ve the stress
of weaning. There was a tendency for reduced average 1itter sizes and
‘ncreased mortality of nursing positive control kittens, and sta%1stﬁca11y
stgnificant hepatomegaly and reduction in positive contrel kitten survival
at“ueaning. Treafed positive control females exhlibited a net welght loss
and 1ncreased susceptibility to disease but no changes in relative organ

weights, hematologic parameters, or fecal coproporphyrin excretion.

Rush' et al. (1983) fed adult male and female standard dark minks

(Mustela vision) dilets containing 0, 1 or 5 ppm hexachlorobenzene and then

mated the males to the females in each of the respective study groups. The

progeny were fed  thelr parents respective diets after weaning from their
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mothers. The effects of exposures to hexachlorobenzene in utero and from

nursing milk resulted 1in increased mortality 1in the hexach1orobenzehe—
treated weanlings with mortality 1in the 0, 1 and 5 ppm groups beind 8.2,
44.1 and 77.4%, respectively. The surviving kits from all three groups had
no observed alterations 1in whole body, k1dney or 11ver’,wé1ghis and no
observed damage to the kidneys or livers at 17 weeks of‘age. Ihductﬁon_of_—
hepatic mixed-function oxidases was observed in the surviving hexachloro-

benzene-exposed kits without any observablie frank hepatotoxicity.

Balley et al. {1980} studied the transfer of hexachlorcbenzene to three
nursing infant rhesus monkeys from three lactating mothers receliving by
gavage 64 mg/kg/day oflhexach1orobenzene éuspended in methyl cellulose for
60 days. The hexachlorobenzene concentrated in the mothers' milk ranged
from 7.5f—186 ppm during the dosing schedule. One Infant, by day 22, had
developed symptoms of hypoactivity and Tlethargy that progressed to ataxia
and death 1 week 1later. Necropsy reve3dled severely congested lungs. A
second infant died on day 38 and necropsy reyea]ed ﬁ subdural hematoma and
bilateral hemorrhagic pneumonia. This indicated that the r1§k‘cF exposure
to nursing infants was greater. than the risk to their mothers. Blood
(0.42-49.44.ppm) and tissue levels in the 1nfanti were higher than in their
mothers (0.41-16.16 ppm biood), and the infants developed clinical symptoms

of toxicity while the mothers were asymptomatic.

Studtes on the placental transfer of hexachlorobenzene in Wistar rats
and New Zealand rabbits did not reveal any apparent adverse‘effects on feta?
development. The Ffemale rats were dosed daily with 5, 10, 20, 40 or 80

mg/kg from day 6-16 of gestation, whereas the rabbits were treated with 0,
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0.1, 1.0 or 10 mg/kg from day 1-27 of gestation. The compound was dissolved
in corn oil and administered by means of a& stomach tube (Villeneuve et al.,

1974; Villeneuve and Hierlihy, 1975).

Khera (1974) conducted a teratogenicity study with Qrouﬁs of 7-16 female
Wistar rats given single oral doses of 0, 10, 20, 40, 60, 80 or 120'mg
hexachlorobenzene/kg suspended in corn o1l or 0.254 aqueous gum tragacanth
during gestation days 6-21. Maternal toxicity and reduction 1in fetal
weights resulted from the two h1gher.doses. Maternal toxicity was charac-
terized by loss tn body weight, hyperesthesia, tremors and convulsions. A
significant increase iIn the incidence of unilateral and bilateral 14th rib
was observed and was related to the duration of treatment (days 10-13, 6-16
or 6-21 of gestation) and the dose. Sternal defectﬁ were observed in only 1.
of 4§ expériments, which lead the authors to conclude that it was doubtful
that hexachlorobenzene caused the observed sternal defects. There were no
hexachlorobenzene-related effects on external morphology. Visceral abnor-
matities were not observed, and microscopic examinations ¢id not reveal any
treatment-related change in the histology of the fetuses. Values for live
and dead fetuses, resorption sites, and fetal weight were within the control

Timits.

Courtney et al. (1976) studied the effects of ingestion of 100 mg/kg/day
hexachlorobenzene on days 7-16 of gestation in 10 pregnant (D-1 mice. This
study was wundertaken to evaluate the possibility that hexachlorgbenzene
could be responsible for fetal maiformations seen 1in pregnant animals
exposed to hexachlorobenzene-contaminated pentach]oron1trobeﬁzene. The

results showed that the hexachlorobenzene-treated mice had significantly
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increased maternal 1liver-to-body weight ratlos and decreased fetal body
welghts. Also, a- significant increase in the incidence of abnormal fetuses
per Titter were observed as compared with control mice. The abnormalities
that were observed in these affected fetuses were cleft palates, one
straight leg, small kidneys, one renal.agenes1s, and‘enlaréed‘rena1 pelvis,
They concluded from this study that the teratogenic activity of contam1qateq

pentachloronitrobenzene was probably due to hexachlorobenzene.

Summary.

The acute oral toxicity of hexachlorobenzene has been found to be low,
with LD values ranging from 1700-10,000 mg/kg. Subchronic oral toxicity
studies with a number of mammalian spec1e§ indicated a significant fncrease
in liver and kidney weights 1in hexachlorobenzene-treated animals. nge ‘
studies have shown increases 1in other organs as well. The 1lvers from
| hexachlorobenzene-exposed animals have shown 'histologic chandgs such - as
irreqgular shaped and moderately enlarged liver mitochondria and increases in
the size of the centrilobular hepatocytes. Chronic oral toxicfty stugies
revealed similar effects to those seen in the subchronic studies plus hexa-
chlorobenzene-associated 1ife-shortening and various hepatic and renal
pathologies.. These subchronic "and chronic. effetts were usually dose-
related. Other effects 1included multiple alopecia and scabbing, together

with neurologic effects in rats, mice and dogs. A dose-related histepatho-

logic change in the ovaries of monkeys has aiso been reporied.
Increased porphyrin levels in the liver and in urine have been reported

for all species studied except the dog, which does not exhibit increased

porphyr1n levels. Hexachlorobenzene was found to cause the accumulation of
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B-H-steroids, which induce porphyrin blosynthests, and to inhtbit uroporphy-
rinogen decarboxylases. The inhibition of uroporphyrinogen decarboxylases
- appears to be due to penfachloropheqo], a hexachlorobenzene metabolite.
Indications are that females are more susceptible to hexachlorobenzene-
tnduced porphyria than are males, which may be related to }he female estro-
gen levels and greater hexachlorobenzene metaboTism. Hexachlorobenzene was
reported to produce a mtied-type induction of cytochromes resembling that
produced by a combination of phenobarbital (P-450} and 3,4-benzpyrene
(P-448). In addtiticon, the act1v1t1es‘of several hepatic microsomal enzymes

were found to be induced by hexachlorobenzene.

Hexachlorobenzene did not Iinduce doh1nant lethal mutations 1in luo-
studtes but was reported to be mutagenic in a yeast, S. cerevisiae, assay‘at
a concenfrat1on of 100 ppm. Hexachlorobenzene possessed no detectabls
levels of mutagenic activity 1in the Salmonella histidine reversion assay.
The chronic toxicity studies provide sufficient evidence of the carcino-
genicity of hexachlorobenzene in animals since there was an increased inci-
dence of malignant fumors of the liver in two spectes, haemangicendothelloma
in hamsters and hepatoceilular carcinoma. in rats as well as confirmed
reports of hepatoma in both of these species. Hexachlorobenzene was found
to cause teratogenic effects in fetal mice whose motpers were 1ngestingl100

mg/kg/day of hexachlorobenzene during days 7-16 of gestation.
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VI. HEALTH EFFECTS IN HUMANS

"The effects of hexachlorobenzene on humans as a result of accidental or
occupational exposure have been reviewed by Courtney (1979) and Currier et
al. (1980). A few repdrts\.of‘ data <¢ollected on occhpétiona]]j- exposed
workers have been reported with studtes conducted in Turkej and in the
United States {i.e., Lﬁuisﬁana) on the - general population foTWhuing'
aﬁc1denta1 exposure to hexachlorobenzene. The exﬁosure of humans to tox1co;-
logically significant levels of hexachlorobenzene in Turkey from 1955-1959
by ingestion of contaminated gra1n,‘asﬂrépdrted‘by Cam (1959, 1960), Cam and
Nigogosyan (1963) and beters et al. (1966), caused an epﬁdemiE of
hexachlorobenzene-induced porphyria‘ cutanea tarda (PCT),. also known as

porphyria turcica.

Ep1dem161og1c Studies

Burns et al. (1974) found 0-310 ppb hexéph]orobenzene in blood samples
from_20 vegetable spraymen. There were no signs of PCT, and no correlations
were observed between hexachlorobenzene Tevels anq urinary porphyrin excre-
tion, serum glutamic-oxaloacetic transaminase, serum g1utam1c~pyruv1c‘trans-
aminase or ]actéte dehydrogenase. Increased Tlevels of urinary borbherns
were detected in 1 of 54 men occupationatly exﬁqsed to hexachlorobenzene

(Morley et al., 1973).

A medical survey was conducted by Dow themﬁca1 Company (Curr1ef et al.,
1980) on 50 employees working at a chlorinated solvents plant !n‘Louisiana.
t& determine blood hexach]orobenzene levels and signs suggestive of PCTlor
other adverse effects, as well as‘any changes in hematologic, clinical chem-

istry and urinalysis parameters. The results from this study are of limited
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value because the various parameters studied during the 4-year period were
analyzed by several laboratorles using various methods and on different
individuals. There was potential exposure to other substances also. During
vartous times of the study, the time-weighted-average airborne concentra-
tions of hexach]orobenzgne ranged from <1-13 ppb, and wipe samples from
surfaces 1In ihe control, laboratory and c¢lerical work areas ranged from

0.03-1.24 4g/100 cm2,

The- laboratory analyses and phis1ca1 examinations performed on the 1977
study group and on a contro] group Fr&m a polyethylene plant did not reveal
any signs indicative of PCT, Blood levels of hexachlorobenzene, urinary
porphyrin and coproporphyrin and the average years of exposure-are Tisted 1n
Table VI-1. A 5tat15t1cé11y significant (p<0.05) correlation was Found-
between hexachlorobenzene levelis in blood and the number of years worked in -
the plant. For the other studied parameters no statistically significant
differences were noted between the 44 chlorinated solvents workers and the
44 control workers for 1977, except for higher protein levels and lower
hematocp1t valyes in the former workers, which were not considered to be
biologically significant. In addition, significantly lower levels of
urinéry coproparphyrins and albumin were detected in white male workers with
hexachlorobenzene blood levels >200 ppb than in those with hexachlorobenzene

41eve15 <200 ppb.

Burns and Miller (1975) studied plasma hexachlorobenzene residues of 86
residents 1iving and/or working in an area exposed to the production, trans-
portation and disposal of “hex" wastes (hexachlorobenzene and other chlori-

nated hydrocarbons) 1in Louisiana. Plasma hexachlorobenzene Tlevels were
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TABLE VI-1.

5

Results of Blood and Urine Analysis in Men Employed in a Chlorinated Solvents Plant, 1974-19774

Study Group

Compar ison Group

Parameter 1974 1975 1976 1971 19117
(n=50) (n=49) (n=49) (n=44) (n=44)
Blood HCB 310.7 + 287.70  311.5 + 242.9b  159.9 + 142.7¢  170.3 + 111.8€ 0.1 + 0.6
(ng/t) ' ' ' o '
Urinary 22.4 + 21.1 20.9 ¢ 11.0 37.4 + 14.4 26.2 + 14.3 NR
uroporphyrins
(ng/t) .
Urinary 77.4 + 40.5 67.2 + 36.1 100.6 + 40.8 95.2 &+ 48.9 NR
_ coproporphyrins
(ng/t)
Age 30.1 + 6.3 31.1 + 6.6 30.8 + 6.7 31.7 + 7.1 31.3 + 6.8
(years) '
Plant-years 55+ 3.9 6.3 + 4.0 5.9 4+ 4.5 6.6 + 4.8

6.6 + 4.4

d4Source: Currier et al., 1980; 1974-1975 results conducted
conducted by Pathology Laboratories (+ Standard Deviation)

bin plasma
CIn blood

N = Sample size

NR = Not reported

~ HCB = Hexachlorobenzene

by Biosc\ente Laboratories;

1976-1977 results



measured and correlated with demographic characteristics, occupational
hazards, food sample analyses and house dust analyses. Average plasma
levels of hexachlorobenzene ranged from 2.4-3.6 ppb in exposed subjects as

compared with 0.5 ppb in controls (p<0.001; Table VI-2).

Higher levels of hexachlorobenzene residues, which were statistically
significant (p<0.05), were found in the male SubSects (4.71 ppb) than in the
female subjects (2.79 ppb). These were not associated with race or exposure
to hexachlorobenzene through the consumption of homegrown vegetables and
animals. About 68% of ;he house dust samples contained an average hexa-
chlorobenzene concentration of 380 ppb as compared with 20_ppb in control
samples. When the hexachlorobenzene levels 1n dust were compared with the
mean plasma hexachlorobenzene levels for members of the same household, a
significant correlation was obtained (p<0.025). In addition, blood samp1es‘
from 11 workers employed for an average of 4.8 years (TO months to 15 years)
at the chem1cal‘ plant contained an average of 78.6 (14-233} ppb

hexachlorobenzene.

Accidental Ingestion in Turkey

The hexachlorobenzene-induced PCT éptdemic in Turkey, & result of expo-
sure during 1955-1953 in individuals who used contaminated seed wheat For
food, has been reviewed by Courtney {1979). Cam and Nigogo;yan {1963) esti-
mated that 0.05-0.2 g of hexachlerobenzene was consumed per day. The method
of estimation was not described. PCT s a disease of disturbed porphyrin
metabolism manifested by cutaneous lesions and 1s commonly followed by
hypertrichesis (hairiness) and hypefpigmentat1on. The tinduction of por-
phyria by hexachlorobenzene has been reviewed {DeMatteis, 1967; Granick,

1965; Tschudy and Bonkowsky, 1972; Courtney, 1979}. Porphyrtas are
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TABLE VI-2

HCB Plasma Levels in Exposed Ind1v1dua1$ and Controlsd

Parameter ExposedP Co-srolsh
Number of subjects 86 | : 43
Age (years) 39.8 + 19.1 - 32.3 = 18.6
Black/white ratio _ -1.0- 2.3
HCB plasma residues (ppb) . 2.4 + 2.3C | 0.5
Range (ppb) 0-23 - | 0-1.8
Percent positive _ , 33 95
5

Percent >1 ppb 39

dSource: Burns and Mtller, 1975
bvalues are mean + 1 SD

Clevel For‘ random sample only, N=63 (3.6 + 4.3 for -random and biased
samples, N=83)

‘"HCB = Hexaclorobenzene
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metabolic disorders of porphyrin metabolism that are characterized by
increased excretion of porphyrins and their precursors. Normally,
s§-aminolevulinic -acid synthetase 1s the rate-limiting step in porphyrin
synthesis and heme acis as an end-product 1nhib1tor or an end-product
repressor of &-aminolevulinic -acid synthetase. In hexachlorobenzene-
induced porphyria, g&-aminolevulinic acid synthetase 1s 1induced but heme
does not suppress or inhibit the enzyme. The 5ct1v1ty of uroperphyrinogen
decarboxylase 1s decreased; consequently, porphyrin and 1ts precursors
{e.g., uroporphyrinogen, coproporphyrinogen and occas1ona11y' series ]
porphyrins) are excreteé mainly 1n- the urihe but alse In the feces.
Increased levels of porphyrins also can be measured in the 1liver, skin,
intestiné1 tract and other tissues {Courtney, 1979). PCT appeared fo occur
more frequently in children 4-16 years of age, whereas the number of adu1t;
and children under 5 years of age reporting PCT was much lower (10-24% of "
cases were 1ndividuals over 15 years of age and <5% were children below the
age of 4). A distinct disease described as "pink sore" was observed in
children under 1 year of age and reached an eplidemic scale. The clinical
symptoms were weakness and convulsions and usually death in children whose
mothers had clinical symptoms of PCT or who had ingested contaminated bread
during gestation and/or lactation. The presence of hexach]orobeniene in the
milk of nursing mothers iuggested that pink sdre was a manifestation of
hexachiorobenzene toxicity. The- reviewer states that there was- a 95%
mortality in th;se infants in addition to the very high incidence of

stilibtrths.

In 3 follow-up study, Cripps et al. {1981) examined 32 patients 20 years

after the onset. Porphyrins were determined in urine and stool specimens of

02600 VI-6 04/12/88



29 pattents and clinically significant porphyrin levels were observed in 5
patients. Clintcal features such as hyperpigmentation, scarring, pinched
facies, hypertf1chos1s, enlarged thyroid and distinctive arthritls were

'present in about half of the pét1ents.

A detalled follow-up study was also conducfed uith 161 Turkish patients
25 years after the 1n1tia1 Hexqch1orobenzene incident (Peters et al., 1982}.
The patient group studied included some of the patients previoﬁs1y examined
(Peters et al., 1966). Twenty-six patients were ove: 17 years of age at the
time of acute toxicity, whereas the average age of the remaining patients
was 7.1 years.  An evaluation of the clinical signs and symptoms is sum-

marized in Table VI-3.

. The Ehron\c disease state was manifested by genera11zedlhyperp1gmenta-
tion and hypertrichosis, scarring on the cheeks and hands, and'tfght sclero-
dermoid changes of the nose with perioral scarring. The most striking c1in-
jcal features 1q those pattents who developed signs of hexachlérobenzene
thic%ty‘ at an average age of 7 years consisted of painless arthritic
changes with osteoporosis 6f carpal, metacarpal and phalangeal bones and
atrophy or failure to develop 1in thé” terminal phalanges. In‘ addition,
neurologic symptoms including weakness, paresthesias, myotonia, cogwheeling
and painless arthritic changes of the hands and feet, were observed in
50-70% of the patients examined. Since the signs and symptoms 20-25 years
Tatef represented a continuum of signs and symptoms observed personally by
Peters and Gocmen ({1959-1963), it ua§ concluded that the symptoms repre-
sented the effects of both hexachlorobenzene toxicity and changes caﬁsed by

the induced mixed porphyria. Control patients from the villages inhabited
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TABLE VI-3

Clinical Signs and Symptoms in Humans 25 Years After Exposure to
Low Levels of HCB in Turkey, 1955-19594

Clinical Signs/Symptoms No. of Patients . Percent
with Symptomsb -

Porphyria--Neuroloqical

Weakness 117 (161) 73

Paresthesias . . 89 (161) 55
~ Sensory shading 15 (12%) 60
Nervousness . -39 (60) 65
- Myotonia 35 (76) 46
"Cogwheeling" 34 (125) 21
Colic - 84 (161) 52
Constipation 31 (181) i 19
Recent red urine 17 (181) 11
Enlarged Tiver ’ 10 (181) )

Dermatologic¢

Hyperpigmentation 125 (161) 78
Scarring 134 (161) 83
Hirsutism 81 (1e1) 50
Pinched facies 69 (161) 43
Fragile skin 62 (161) 39
Thyroid enlargement
Total | 64 (161) 40
Men 26 (98) 27
Women 38 {63) b0
Orthopedic and others |
Arthritis ' 108 {161) 67
Small hands 107 {161} 67
Short stature 74 (161) - 46

dSource: Peters et al., 1982

DNumbers 1in parentheseé represent total number of patients examined for
this symptom

HCB = Hexachlarobenzene
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by these patients included unaffected family members and clearly demon-
strated the unigueness of this disorder that allowed for ready identifica-
tion of affected'pat1ents. In addition the 60% incidence of large thyrojd
tumors in the femaIes proved 38 sharp contrast to the 5% incidence of thyroid
tumors 1in the geographical area. No conclusions were drawh 3s to the inci-
dence of cancer and mortality. Studies on these endpoints are still in
progress and the length of time that has eTapse& from the time of éxposure

may not yet be adequate for drawing conclusions.

A boy and three uomén of the exposed tndividuals treated in the early
1960's with i.v. and/or oral edetic acid (the metal chelating agent EDTA)
showed no active symptoms when examined, and skin pigmentation and scarring
were much less severe than in most of the pther patients. Urine and/or
stool porphyrin studies showed that seven patients had clearly recogn1zab]e‘
increases in porphyrin levels (Table VI-4). C(linical chemistry and milk
residue data are summarized fn Table VI-5. Percent é&-aminolevuiinic acid
values were Ffound to be above the upper normal limit of 4 mg/e in 32/55
patients. The average residue levels 1ﬁ human milk samples from Tﬁrkish
mothers with porphyria was 0.51+0.75 ppm; 0.16+#0.23 ppm was found in milk

samp]e; from nonporphyric but hexachlorobenzene-exposed mothers.

Summary

A few epidemiclogic studies with octupationa11y-exposed workers have
been reported, together with studies and surveys conducted in Turkey and in
the United States (i.e., Louisana), on the general population following
accﬁdenta1‘ exposure to hexachlorobenzene. These studies gqualitatively

support the toxicity of hexachlorobenzene but give 1ittle dose respodse
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TABLE VI-4

Porphyr in Levels in Palients and Controlse

Slao) {pg/q dry welghi) Urine {pg/0)
Coproporphyrin Protoporphyrin Uroporphyr in Coproporphyrin Uroporphyrin
Conlrols
Turkey, 4.80 ¢ 3.2 7.65 + 9.83 V.41 & 1.57 Jo.o + 23.6 5.0 + 4.25
mean ¢ SO
IN=32) '
Uniled States, 6.1+ 4.2 21.7 ¢+ 116 2.8 + 2.7 69.0 + 21.0 9.0 + 4.0
mean « 5D . .
(N=40)
Hexachlorobenzene - xpased Pallents
Pallenls with active porphyria 70,14 12.19 .25.8 174.5 111.4
{Na15) (V.0-837.6}) {0.2-61.8} {0.7-189.2) (32.6-779.3) {16-1607)
Rematnder 5.4 9.02 1.19 0.9 1.25
{N=146) (0.5-4.1) {0-103_4) (0-12.6) (0-198.4) 10-29.5)

"Saurce: Pelers el al., 1982



Laboratory Test Results of Turkish Patientsd

TABLE VI-5

Pattents without porphyria

0.-16 (0-1.26)

: No. of
Test Normal Range Patient Range Abnormal
. Resultsb
Urine
§-Aminolevulinic acid, mg/t - <4 0.14.10.1 32 (55)
Porphobilinogen, mg/% <] . 0.11.7.,04 0 (56)
Copper, ppm - 0.01-0.06 0.01-0.046 0 (31)
Zinc, ppm 0.1-0.7 0.02-1.22 7 (31}
Serum
Copper, ug/dt 70-1558 88-153 0 (30)
2inc, ug/de 70-120 57-112 9 (29)
Creatine kinase, units/g women, <120 65-141 -1 (8)
' men, <150 51-318 4 (11)
[ron, ug/de 65-170 £63-147 g (2%9) .
Thyrotd function tests 5-11 2.2-10.1 women, S (10}
"Thyroxine, ug/dg : : men, 2 (9)
Trilodothyronine uptake, 37-59 36-51.1 women, 1 (10)
percent men, 1 (9)
Free thyroxine index . 1.85-6.5 0.39-4.6 women, 4 (10)
men, 0 {9)
Blood
Lead, erythrocyte, ug/ds <35 2-117 {1)
Uroporphyrinogen synthetaset >20 12.4-34.8 5 {(30)
Mi1k hexachlorcbenzene, ppmd
Patients with parphyria NA 0.51 (0-3.12) 53 (56}
NA 16 (77)

dSource: Peters, et al., 1982

bNumbers - in parentheses represent total number of patient specimens

analyzed.

cValues expressed in nanomoles formed per mil111iter of RBCs per hour

dallowable . 1imit in United States for cow's milk is 0.02 ppm

NA = Not applicable
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tnformation. Blolegic monitoring of plasma Jevels shows clearly more
hexachlorobenzene in plasma of exposed compared with nonexposed individuals,
although no biologically significant adverse health effects were seen during

the observation periods.

The exposure of humans to hexach]drobenzeqe in Turkey from 1955-1959
caused an epldemic of hexachlorobenzene-induced PCT, also known as porphryi’
turcica, which is manifested by disturbed porphyrin metabolism, cutaneous
lesions and hyperpigmentation. The ‘authors estimated that 0.05-0.2 g/day
were ingested. In children under 1 year of age, pink sore was observed as

well as 95% mortality in these infants.

Follow-up studles conducted with patients 20-25 years after the'onset of
porphyria showed that a few patients sti11 had active porphyria, whereas
>50i exhibited hyperpigmentation scarring as well as other dermatologic,
neuro1ogic aqd skeletal festures of hexachlorobenzene tox1c1tyf Hexachloro-
benzene res1dués were also found in the blood, fat or bfeast milk of some

patients,

‘A correlation was found between hexachlorobenzene 1eve1s‘1n blood and
the number of years worked in a chlorinated so];énts plant. The cencentra-
tion of urinary urop&rphyrins and coproporphyrins in workers ranged from
21-37 and 67-101 wug/t, respectively, for the pertod between 1974 and
1977. An epidemiologic survey conducted with 86 residents in the vicinity
of thls <chlorinated solvents plant showed elevated hexachlorobenzene
residues in p]asmaﬂ Htghef Tevels of hexachlorobenzene residues were found
in males than in females, but these were not assocciated with race or food

consumption.
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VII. MECHANISMS OF TOXICITY

The exposure of humans to toxicologically significant Jevels of hexa-
chlorobenzene occurred in Turkey from 1955-1959 by ingestion of cbntaminated
grain, as reborted by .Cam (1959, 1960), Cam and Nigogosyan (1963), and
Peters et a7. (1966), and caused an epfdemic of hexachlorobenzene-induced
porphyria cutanea tarda (PCT), also known as .porphyr1a tufcicia. This -
disease is 'characterfﬁéd by a marked elevation 1in the Tevels ‘df uropor-
phyrins in the urine. Aqu seen, sut.to a iesser degree, are tncreases in
coproporphyrins (Thiers, .1981). Photosensitivity 1is assoctéted with PCT
(Ellefson, 1982) and may be tnvolved in the manifestatﬁon» of cutaneous

lesions and hyperpigmentation (Tonnukt et al., 1981; Cripps et al., 1981)..

Although 1t 1s clear that exposure to hexachlorobenzene adversely
affééts the heme biosynthetic pathway, the exact mechanism of action by
which hexachloreobenzene 1nautes hepatic porphyria remains unkhoun. In addi-
tion, only a small proportion of those peop1e‘exposed to hexachlorobenzene
developed porphyria (Dogramaci, 1964), but such adverse effects éppeé% to be
1ong-term in both humans (Cripps et al., 1984) and experimental anima1s‘
(Koss et al, 1983). As such, the toxicity of hexachlorghenzene poses a very
interesting” problem whose solution will likely provide an increased under-
.standing of human porphyria, heme bibsynthests and the influence of xeno-

biotics on each.

Mechanism of Porphyria

The 1induction of porphyria by hexachlorobenzene has been extensively

reviewed (Granick, 1965; OeMatteils, 1967; Tschudy and Bonkowsky, 1372;
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Courtney, 1979), and experimental models of hexachlorobenzene-induced
hepatic porphyria now exist in several animal species (reviewed by Elder,

1978; Smith and De Matteis, 1980).

It 1s clear that exposure to hexachlorobenzene adversely affects the
heme biosynthetic pathway, but the exact target(s} of its toxic insult is
st111 unknown. Numerous studies have demonstrsted that exposure to hexa-
chlerobenzene impairs metabelism of urbporphyrinogen 111 by decreasing the
enzymatic activity of uroporpﬁyriﬁogep decafboxy1ase (Elder et al., 1976,
1978; Kushner et al., 1956; Strik et al., 1980; San Martin de Viale et al.s
1977; Koss et al., 1983). This loss of enzyme function ts,gssdciated with
decreased catalytic function and not with the concentration of uroporphyrin-
ogen decarboxylase {Elder and Sheppard, '1982; Elder and Urquhart, 1986). As>
such, this decreased activity may be attributed to etther the presence of an
tnhibiter or to modification of the enzyme itself. Two hypotheses have been
pre§ented to explain this decrease of uroporphyrinogen decarboxylase
(DeMatteis, 1986). The first proposes that hexachlorobenzene is metabolized
to a reactive intermediate capable of impairing enzyme function. As such,
inducers of drug metaboliizing enzymes, including hexachlorobenzene itself,
can affect its toxicity. The second suggests a more generalized effect of
hexachlorobenzene involving oxidative damage to “membranes and proteins via
the formaticn of peroxides and free radicals: This mechanism could directly
involve hexachlorobenzene, or alternatively, hexachlorobenzene could act to
induce liver concentrations of other enzymes capable of generating such

reactive species {DeMattels, 1986).
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Metabolism

Just as metabolism 1s important to the conversion of hexachlorobenzene
to more polar comﬁounds, hence to its elimination and subsequent decreased
body burden (Sundlef et al., 1982), 1t also appears to be equai]y important
for the 1nduct1on‘bf the toxic effects attributed to thts éhem1ca] (Koss et

al., 1980a; Debets et al., 1980a; Wainstok de Calmanovicl et al., 1984).

The metabolism of hexachlorobenzene has been reviewed {Rénner, 1981;
Renner and Nguyen, i984) and 1s believed to have similar routes in rats and
humans (Stonard, 1974), Primary métabo11tes, 1nc1ud1n§ pentachlorophenol
and tetracn]orohydroquinone; are found in human urine, but pentachlorothio-

phensl, a major rat metabolite, is not (Edgerton et al., 1981).

B1111 -and coworkers have shown that certain of these metabolites can
1nhﬁbit uroporphyrinogen decarboxylase in vitro (Bil111 et al., 1986a,b) and
also are associated with increased liver porphyrin concentrations in vivo
(B1111 et al., 1986b). Te;rach]orohydroquinone and pentach]orophéno1
decreased uroporphyrinogen decarboxylase activity 64 and 25%, respectively.
Hexachlorobenzene produced no effect {Bi111 et al. 1986a). However, as
noted (31111‘$t al., 1986b), the effec£1ve inhibitory concentration of these
metabolites was much greater than the concentration of these metabolites
found in the livers of rats tfeated with hexachlorobenzene (Koss et al.,
1978b). Others have shown that hexachlorobenzene 1is porphyrtnogenic when
ddded to primary chick embryo Tiver cells grown in culture. In this study
the parent compound was more effective than certain metabolites including
pentachlorophenol, énd was dépendent upon the cytochrome P-450 content of

the cells {Debets et al., 1981).
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Using ([14]C-labeled hexachlorobenzene it was shown that the binding of
14C to proteins 1s dependent upon ¢ytochrome P-450 (Debets et al., 1981).
However, hexachlorobenzene 1is a poor substrate Ffor cytochrome P-450 {Van
Ommen et al., 1986), but it does bind to cytochrome P-450 with high-affinity
and does produce the type I spectrum characteristic of tytochrome P-450
substrates (Takazawa and Strobel, 1986). These studies suggest that metabo-
1ism of hexachlorobenzene 1§ prerequisite to 1is toxic effects, but the:
discrepancy between the effective concentrations in vivo and the production

of reactive intermediates In vitro is not yet understood.

Oxjdative Damage

An alternate mechanism has been proposed suggesting that exposure to
hexachlorobenzene results in oxidative damage and perturbation of 1lipid-
membranes including increased permeabitity of 1iposomal membranes (Koszo et

a1., 1974) and direct membrane-fluidizing effects (Koszo et al., 1982).

- In the latter study, chronic dosing at 0.2% hexachlorobenzene in the
diet resulted in a significant decrease of the spin labeling order parameter
indicative of increased membrane fluidity. Since both S-aminolevulinic acid
and porphyrin must cross the mitochondrial membrane, 1t 1s conceivable that
aiterat1ons of membrane fluldity could alter the-heme biosynthetic pathway

(Koszo et al., 1982).

Observations supporting this theory have been reported {Neilson et al.,
1979, 1980), but it was also noted that both ethanol and hexachlorobenzene
exibit membrane-fluldizing effects, while only the latter results 1in

significant 1increases 1n porphyrin excretion (Neilson et al., 1980).
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However, ethanol has been shown to potentiate certain effects of
hexachlorobenzene 1including ones associated with damage to the plasma

membrane (Nikolaev et al., 1986).

dther studies ﬁave,shoun ihat exposure to hexach?orobeﬁzene causes no
irreversible damage to mitochondrial membranes (Masini et al., 1984a,D,
1985) and suggest that -the hexachlorobenzene metabolite, bentach1orophenol.'
acts to uncouple mitochondrial oxidative phosphorylation. Hoﬂever, no clear
correlation exists betweep the concentration. of pentachiorophenol and the
increase of urinary and hepatic porphyrins (Masini} et al., 1985). Aga1n‘1t
is unclear whether or not- the metabolism of hexachlorobenzene significantly

contributes to 1ts toxicity in vivg.

The role -of glutathione has also been investigated. Repeated exposure
of fats to hexachlorobenzene was shown to decrease the activity of
glutathione-S-transferase  (Koss et al., '1980a). | “In  addition,
diethmiajeate, .a compound known to deplete g1utath1oné concentrations,
potentiates the action of porphyrinogenic drugs (Puzynska et al., 1978).
With decreased glutathione or transferase activity, reactive, electrophilic
metabo1ites or oxyged-free radicals and peroxides have 1ncre§sed opportunity

to react with sulfur-containing molecules 1né1udtng proteins such as

uroporphyrinogenic decarboxylase.

As recently reviewed (DeMatteis, 1986), it tis possible that chemicals
11ke hexachlorobenzene affect porphyrin synthesis indirectly by stimulating

the production of these oxygen-free radicals and peroxides, and that iron
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synergistically enhances this effect by 1ts ability to catalyze these
rcactlons. Hexachlorobenzene may efther stimulate the production of these
reactive species; djrect1y, or alternatively, may Iinduce enzymes that can
produce such reactive intermediates {(DeMatteis and Stonérd, 1977). With
respect to the latter hypothesis, it is of interest that hexachlorobenzene
has been shouﬁ to induce activities of NADPH-cytochrome P-450 reduct&se
{Goldstein et al., 1982; Debets et al., 1980a}. This enzyme is known to be
directly involved in 11pid peroxidation and superoxide formation (Morehouse
et al., 1984; Pederson and Aust, 1972) by NADPH and iron-dependent (Ernster
and Nordenbrand, 1967) and hydroperoxide-dependent (0'Brlen and Rahimtula,
1975) mechanisms. These can result in total destruction of microsomal P-450
and mttochondrial hemoproteins (Hrycfy and 0'Brien, 1971), and also in the
tndirect tnactivation of other enzymes and the alteration of membrane

structure (Tappel, 1973).

It is known that uroporphyrinogen decarboxylase contains many sulfhydry]l
groups, at least one of which s essentlal For catalytic activity (Sassc et
al., 1984). Recentr studies have demonstrated that the effects of
hexachlorobenzene on wuroporphyrinogen decarboxylase 1s to decrease 1ts
enzymatic acttvity, but the concentration of immunoreactive pfote1n is not
altered (Elder and Sheppard, 1982; tlder et al., 1976). [t has been
suggested that rcactive oxygen species ;0u1d be responsible for the
alteration of uroporphyrinogen decarboxy]asé (Fertold et'a].; 1984; Elder
and Urquhart, 1986). However, the specific mechanism(s) of this effect are
not yet understood, and thls remains an important and interesting example of

chemically-induced pathology.
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Contributing Factors

Several Fac}ors can éontr1bute to the porphyrinogenic .action of
hexachlorobenzene. These 1include the liver ﬁoncentrat1on of nonheme iron,
as well as the sex (hormonal status) and the genetic background (strain) qf
the animals used. Nonheme iron has been shown to enhance the toxicity of
he;ach]orobenzene. and as discussed above, <th1s may be due to its

cohtr1but1on to oxygen-free radical formation (reviewed by Smith et al.,

1986).

Female rats Iare much more sensitive to the porphyrinogenic action of
hexachlorobenzene, and an increase In sensitivity 1is seen in males given
estrogens (Rizzardini and Smith, 1982). It is especia11y significant that
in addition to the development of porphyria, female rats also show a higher

Yncidence of l1iver tumors (Smith et al., 1986).

Finally, some strains of mice are more sensitive to the porphyrinogenic
effect of hexachlorobenzene. This dﬁfference may be associated with
differences of the Ah locus, a regulatory gene involved in the induction of
several enzymes by polycyclic aromatic hydrocarbens. Nonetheless, 1t 1s not
yet clear that a correlation exists bétween Ah responsiveness and. the toxic
effects of hexachlorobenzene (Smith et al., 1986; Linko et al., 1986; Hahn

et al., 1986).

Time Course of Toxicity

Despite this understanding of hexachTorobenzene-)nduced hepatic
porphyria, 1t is sti11 difficult to explain the 1afency period between

exposure and onset of overt porphyria (Eevﬁeued by Xoss et al., 1986).
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Moreover, 1t {s not known why this porphyria, once induced, will perstst
Jong after the exposure has stopped, but this s true for both humans

(Cripps et al., 1984) and experimental gnima]s (Koss et al., 1983).L

As such, the study by Koss et al. (1983) prov1aes an ‘important
understanding of the progression of hepatic porphyria. These researcherq
administered 100 mg/kg hexachlorobenzene dissolved in olive oil every other
day for 6 weeks, through stomach tube, to female Wistar rats and then
observed the rats for an additional 18 months. The rats were evaluated
during both the exposure period énd the 18-month holding period for 1liver
hexachlorobenzene levels, 1levels of Tliver porphyrins, and fhe activity of
liver uroporphyrinogen decarboxylase. The results revealed a rapid increase
tn hexachlorobenzene Tiver levels, which reached a p]ateaq after 10 days of.
treatment and remained constant until exposure was terminated at 6 weéks.
The levels of 1iver hexachlorobenzene then decreased over fime with no valid
blologic half-1ife determinable. The 1liver porphyrin levels, however,
started to rise slightly after 3 weeks of hexachlorobenzene exposure and
reached a maximum 1iver porphyrin concentration ~7 months after the
exposures had ceased (Table VII-1). The Tiver porphyrin levels decreased to
a constant level ~14 months after ceasing hexaqp]orobenzene exposures. At
18 months, after ceasing expasures, the treated rat's T1iver porphyrin levels
were sti11 substantially higher than the levels 1in control rats. The
distributton pattern of the 1iver porphyrins was observed to be changed as
early as after the second hexachlorobenzene administration. The observed
changes were 1Increases In liver uroporphyrin levels and decreases In Jiver
protoporphyrin and coproporphyrin levels. The change in porphyrin patterns

was traced to the decreased activity of uroporphyrinogen decarboxylase
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TABLE VII-]

Porphyrin Content and Uroparphyrinogen Decarboxy1asé Act1v1ty'
in the Liver Cytosol of Female Rats Pretreated with 100 mg/kg HCB

Every Other Day for & Weeks?

Enzyme

Time After the Porphyrin Content Act1§1ty
End of Treatment (nmo1/6 me cytésal)P (pmol « mg~3 « min~2)¢
1 day BERLIC NDe
7 months | 133 # 15 ND
14 months 9+6 ND
18 months 845 0.3 + 0.2d
Controls 0.06 + 0.04 0.5 + 0.1

dSource: Koss et at., 1983

be me cytosol correspond with 1 g liver tissue

Cpmol coproporphyrinogen 1 (determined as coproporphyrin) formed from uro-

porphyrinogen I in 1 min by 1 mg cytosol proteln

dMean (+ SD} of three or four antmals -

€ND = Not detectable. The lower detection Timﬁt was determined at 0.02

“pmol « mg~! « min~2 coproporphyrin

HCB = Hexachlorobenzene
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acttvity, which was found to be not detectable - at the end of the b-week
exposure period and the activity did not become detectable agatn unttl 18
months postexposure {see Table VII-1). These data led the investigators
(Koss et al., 1983) to propose that there are four phases of hexachloro-
benzene-induced porphyria:
During the first phase an almost constant content of hexa- -
chlorobenzene and a gradual decrease of uroporphyrinogen decarboxy-
tase activity 1s achieved. In the second phase a noticeable accu-
mulation of porphyrins and a. practically complete inhibition of
decarboxylase activity are conspicuous. In the third phase, which
occurs after hexachlorobenzene administration has been discon-
tinued, a further accumulation of porphyrins and a continuing inhi-
bition of uroporphyrinogen decarboxylase activity can be seen, even
after extensive elimination of hexachlorobenzene. furing the

fourth phase a decrease 1in porphyrin content and a -return of
- decarboxylase activity are clearly observable.

A possible reason for the continued inhibitton of uroporphyrinogen decar-
boxYTase activity, even after substantial elimination of hexachlorobenzene
has occurred, was also discussed in this report. KXoss et al. (1983) pre-
sented the scenario that once hexachlorsbenzene had caused an inhibition of
uroporphyrinogen decarboxylase activity and 1ncfeased Tiver porphyrin levels
that the accumulation of porphyrins could themselves malntain the inhibition

of the enzymé activity.

Interactions

Certaln chemicals have beeh shown to alter the toxicity and pharmaco-
kinetics of hexachlorobenzene In mammals. Pentachlorophencl and Jron
Increased the porphyrinogenic effect of hexachlorobenzene, whereas
decachlorobiphenyl had no effect. Hexachlorobenzene pretreatment resulted
In 1ncreased CC]4 toxicity dnd altered 1immune responses In hexachloro-

benzene-treated animals. In addition, hexach]orobeﬁzene has been shown to
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induce hepatic xenobiotic metabolism and thus has the potential to alter the

rate and extent of metabolism of other chemicals.

Debets et al. (1980b} studied the effect of Dentach}oronhénol'(PCP) an
hexachlorobenzene toxicity., Groups of Fema]e‘rats were fed.diets containing
1000 ug hexachlorobenzene/q, 500 wug Dentach1§ronheno1/q. or both chemi-
cals in the same amounts. and a fourth qroup served as the control. Penfa-"~
chlorophenal accelerated the pnset of hexach]nrobenzene-induced porphyria,
as 1indicated by an increase in urinary excretion of uroporphyrin and a
decrease of porphyrins with two and three carboxylic groups. This increase
occurred ~3 weeks earlier in the hexach]orobenzene plus pentachlorophencl-

treated animals than in hexachlorobenzene-treated animals.

Rizzardini and Smith {1982) investigated diethylstilboestrol (DES} pre-
treafment,on hexachlorobenzene metébo11te excretion in young male and female
F344/N rats. The rats were injected i.p. with four doses of DES dipropio-
.nate 20 umoles/kg dissolved in arach's oil over a‘24-day period and then
given 14 mg)kg hexachlorobenzene by oral ‘ntubation for 7 days. The results
1ndicated‘that the DES pretreétment stimulated the excretion of hexachloro-
benzene metabolites, via wurine and ‘feces, in both males and females

(Table VII-2).

Blekkenhorst et al. (1980) reported that the simultaneous i.m. adminis-
tration of Yron and hexach1orobenzene caused a marked potentiation of hexa-
chiorabenzene porphyrinogenic effect in rats. This was shown by a decrease

in hepatic uroporphyrinogen decarboxylase activity and increased urinary and
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TABLE VII-2

Analysds of the Excreta from Rats Administered Hexachlorobenzene
After an Initia) Treatment with Diethylstilboestrold.b

Sex and Treatment Pentachloropheno) Tetrachlorobenzene-1,4-dlo) Pentachlorothiophenol
{nmole/24 hours/kq bw)

Ur ine :
Male + o)) 151 + 19 3+ 23 + 3
Male + DES 190 + 22 - 17 « 2€ _ 158 + 9¢€
Female ¢ ol) 174 + V7 16 + 2d : 142 + 12¢
Female + DES . 453 + 105fF 3%+ 9 176 + 7f
fFeces .
Male + o}l 85 + 15 , Trace ] 14 + 23
Male + DES 160 + 23f Trace 166 + 33
Female + o] 116 + 35, Trace . 65 + 4
Female + DES 279 + 80 Trace 149 + 13¢

aSource: Rizzardind and Smith, 1982

DMale and female rats (52-54 apd 71-73 days old, respectively) were gliven 20 ymole of DES diproplo-
nate/kg dissolved in arachis o)1 (10 mg/mp) or o1l alone by 1.p. Injection on days 1, 4, 14 and 24.
From day 25 all rals were given 14 mg of hexachlorobenzene/kg by oral Intubation dally for 7 days. After
the last dose 24-hour samples of urline and feces were collected, hydrolyzed and analyzed. Results are
means + S.E.M. (n=4/group).

cSlgnlficance of differences from rats not given DES, p<0.001
dSlgnlflcance of differences from males, p<0.005
eS\gnlflcance of differences from males, p<0.00) .
FSignificance of differences from rals not given DES, p<0.05

Total excretlons of these metabolites were: male, 336357; male + DES, 691470 (p<0.01); female, 513:62;
female » DES, 1092+175 (p<0.025) nmole/24 hours/kg _ ‘



fecal porphyrin excretion. Conversely, simultaneous bleeding of hexdchloro-
benzene-treated rats diminished the porphyrinogenic effect of hexachloro-

benzene.

The role of 1ron' 1n' increasing the porphyﬁ1nogenﬁc5ty of
‘hexachlorobenzene was noted in female Sprague-Dawley rats fed 0 or 400 ppm
of hexach]ofobenzene in their dﬁets for up to 118 days (Lambrecht et ai.,'
1986). Ethylenedlaminetetracetic acid (EOTA) was added to the study diets
at a concentration of 0, 0.5 or 1.0%, resulting in six study groups.
Dramatic  increases tn the urinary excretton of uroporphyrin and
coproporbhyrin were seen 1ﬁ the rats exposed to hexachlorobenzene for 8}
days or longer. EDTA in the diet significantly decreased the amounts of
porphyrins excreted in the urine. Hexachlorobenzene-induced liver porphyrin
fluorescence was also decreased in the EDTA groups. EDTA significantly
reduéed the ltver leve1§ of 1iron, zinc and copper, which were greatly
1ncreased‘1n the hexachlorobenzene-exposed rats. EDTA had no effect on the
hexachlorobeniene-induced Tiver and kidney pathology observed. The authors
concluded that the 1liver metal Jevels may play an 1Iimportant ro1; in
hexach1orobénzene-1nduced porphyria but not the hexachlorobenzene-induced

pathology.

Goldstein et al. (1978) studied the comparative tox1c1iy of pure hexa-
chlorobenzene (purity >99%)4 and technical hexachlorobenzene {purity 92%),
which ua§ known to contain 200 ppm of decachlorobiphenyl and 4 ppm of octa-
ch10r9d1benzofuran, in female CD rats fed diets containing 0, 30, 100, 300
or 1000 'ug hexachlorobenzene/q fFfor up to 15 weeks. Neither grade con-

tafned other chlorinated dibenzofurans or dibenzo-p-dioxins. Both grades
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resulted in comparable effects (porphyria, cutanecus lesions, hyperexcit-
abi1ity, changes in llver enzymes and morphologic liver changes) in treated
rats, although the technical grade appedred to be slightly more potent than
pure hexachlorobenzene 1in its effects” on the pulmondry endothelijum. The

1mpu§it1es d1d not appear to have a synergistic effect.

Kluwe et al. (1982) reported that pretreatﬁent of male Sprague-Dawley -
rats with hexachlorobenzene resulted in increased CC14 toxicity., The rats
received seven doses of hexach]orobénzgne at-30 mg/kg in corn o1l once every
72 hours followed by én-1.p. injection of CC]4 at 0.0, 0.03, 0.05, 0:25,
1.0 or 2.0 ma/kg in 4 ml/kg'corn ol1l 24 hours after the 1§st hexachloro-
benzene treatment. Hexachlorobenzene pretreatment increased the CC14-
induced acute growth retardation, renal tubular functional impairment,
hepatocellular necrosis and Ffurther reduced the suyrvival of the animals.
Variable results were repofted in 3@ study on the effect of hexachlorobenzene

pretreatment of male albino Sprague-Dawley rats on the in vivo biotransfor-

mation, residue deposition, and elimination of 4C-aldrin, 1-naphthol,
DDT, hexachlorobenzene or mirex (Clark et al., 1981a). There was no evi-
dence of qualitative changes in the Dbiotransformation of any test compound
that could be attributed to hexachlorobenzene pretreatment. Analysis of
residue deposition gave mixed results: less ¥2C restdues were found 1in
rats fed dilets containing hexachlorobenzene and then treated with
14C-aldrin, more 3*¢C residues were found after 24C-DOT or 14C-m1rex
treatment, and no difference was evident after 14C-hexachlorobenzene or
1sC-1-naphthel treatment. Hexachlorobenzene also potentiates the effects
of stress on male Sprague-Dawley rats (Clark et al., 1981b). Rats fed 250

ppm hexachlorobenzene resulted in an increased severe Tloss of body weight
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when placed into crowded cages and compared with the weight loss of crowded
control rats. Crowded rats fed hexachlorebenzene had higher tissue residues

of hexachlorobenzene and higher mortality than the noncrowded -hexachloro-

benzene-treated rats or the control rats.

Summary
Hexachlorobenzene (HCB) affects the heme blosynthesis pathway and this

ts the mechanism by which porphyria 1s 1induced. Although many animal

studies have been performed, the exact target 1s unclear. Ffrom 1n vitro

experiments it is known that metabolites of HCB, such as pentachlorophenol,
inhibit uroporphyr1nogen dicarbbxy1ase but HCB 1tself does not. An
alternate mechanism that has been proposed 1s that HCB and its metaboliles
cause oxidative damage to cellular 1ipid membranes. Despite extensive
investigation of these two separate mechénisms of action the issue has not
beeh resolved; in fact, other mechan15m§ have been proposed and are also

being explored.
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VIIL. QUANTIFICATION OF TOXICOLOGIC EFFECTS

 Introduction

The quantification of toxicologic. effects of 4 chemical ‘consists of
separate assessments of noncarcinogenic and carcinogenic: health effects,
Chemicals that do not produce carcinogenic effects are belleved to have a
threshold dose be]dﬁ which no adverse, nontarcinbgénic health effects occur,.

while carcinogens are assumed to act without a ihresho1d.

In the quantificatién of noncarcinogenic effects, .4 Reference Dose
(RFD), [formerly termed the Acceptab]e'Dé1fy Intake (ADIf] is ca]cu]ated..
The Rfﬁ is an estimate (with uncerta1nty‘spann1ng perhaps én order magni-
tude) of a daiTy exposure to the humani population (including sensitive
subgroups) that is Tikely to be uithout.an appreciable risk oF‘de1eterious‘
heaTth effects during a lifetime. The RfD s derﬁved from a8 no-observed-
adverse-effect level (NOAEL), or lowest-observed-adverse-effect _1e9e]
(LOAEL),'identifiedlfrom a subchronic or chronic study, and divided by an
uncertainty facfor(s) times a médﬁfy1ng factor. Thé RfD is calculated ag

follows:

(NOAEL or LOAEL)

: . — = mg/kg bw/day
[Uncertaintly Factor(s) x Modifying Factor] ~——

RfD =

Selection of the uncertainty factor to be employed in the calculation of
the RfD is based upon professional judgment, while considering the entire
- data base of toxicologic effects for the chemical. In order to ensure that

uncertainty factors ‘are selected and applted in a consistentllmanner.
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the U.S. EPA (1991) employs a modification to the guidelines proposed by the

National Academy of Sciences (NAS, 1977, 1980) as follows:

Standard Uncertainty Factors {UFs)

+ Use a 10-fold factor when extrapolating from valid experimental
results from studies using prolonged exposure to average healthy
humans. This factor is fintended to account for the variation
in sensitivity among the members of the human population. [10H]

+ Use an additional 10-fold factor when extrapolating from valid
results of Jlong-term studies on experimental animals when
results of studles of human exposure are not available or are
inadequate. This factor 1s intended to account for the uncer-
tainty in extrapolating animal data to the case of humans.
[104] .

+ Use an additional 10-fold factor when extrapolating from Tess
than chronic results on experimental animals when there s no
yseful long-term human data. This factor is intended  to
account for the uncertainty in extrapelating from less than
chronic NOAELs to chronic NOAELs. ({10S]

« Use an additional 10-fold factor when deriving an RfD from a
LOAEL instead of a NOAEL. This factor is intended to account
for the uncertainty 1in extrapolating from LOAELs to NOAELs.
[10L]

Modifying Factor (MF)

. Use professional Jjudgment to determine another uncertainty
factor (MF) that is greater than zero and less than or equal to
10. The magnitude of the MF depends upon the professicnal
assessment of sclentific uncertainties of the study and dala
base not explicitly treated above, e.g., the completeness of
the overall data base and the number of species tesied. The
default value for the MF is 1.

The wuncertainty factor used for a specific risk assessment is based
principally wupon sctentific judgment rather than scientific ~ fact and
accounts Ffor possible intra- and _interspecies‘ differences. Additional
considerations not incorporated in the NAS/O0DW guidelines for selection of
an uncertainty factor include the use of a less than lifetime study for.

deriving an RfD, the significance of the adverse health effects and the

counterbalancing of beneficial effects.
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From the RfD, a Driﬁang Water Equivalent Level (DWEL) can be calcu-
1atéd. Tﬁe DHEL represeﬁts a medium specific (i.e., drinking water)
11fet1me_exposufe at uhitﬁ advefse. noncarcﬂnogehtc heaItﬁ effects are not
4 anticipated to‘occur.l fhe DWEL assume; 100% exposure from drinkihg’uater.
The DWEL provides the nonca}cinogenic health effects bas1sifor estabT1sh1ng
a drinking water ;tandérd. For 1ingestion data, the‘ DWEL 3; derived as

follows:

(RfD} x (Body weight in kg) mg/e

DWEL = =
Drinking Water Volume in &/day

where: ‘ '

Body weight = assumed to be 70 kg for an adult

Drinking water volume = assumed to be 2 2/day for an adult

In addition to the RfD and the DWEL, Heaith Advisories (HAs} for expo-

sures of shorter duration (1-day, 10-day and longer-term) are determined.
The HA values are used as informal guidance. to municipalities and other
organizatiohs when emergency spi]]s or contamination situations occur. The
HAs are calculated using an equation similar to the RfD and DWEL; however,

the NOAELs or LOAELs are identified from acute or subchronic studies. The

HAs are derived as follows: ’

A - (NOAEL or LOAEL) x (bw) - mg/t
(UF) x (__ 2/day) —

Using the above equation, the following drinking water HAs are developed

!

for noncarcinogenic effects:

1-day HA for a 10 kg child ingesting 1 ¢ water per day.
10-day HA for a 10 kg child ingesting 1 ¢ water per day.
Longer-term HA for a 10 kg child ingesting 1 & water per day.
Longer-term HA for a 70 kg adult ingesting 2 ¢ water per day.

- —
« e s a
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The l-day HA calculated for a 10 kg child 4assumes a single acute
exposure to the chemical and is generally derived from a study of <7 days
duration., The 10-day HA assumes a limited exposure period af 1-2 weeks and
is generally derived from a study of <30 days duration. The longer-term HA
is derived for both the 10 kg child and a 70 kg adult and assumes an
exposure period of ~7 years (or 10% of an individual's 1ifetime). The
longer-term HA s 'generally derived from a sfudy of subchroni¢ duration

{exposure for 10% of animal's lifetime).

The U.S. EPA categorizes the carcinogenic potential of a chemical, based
on the overall weight-of-evidence, according to the following scheme:
Group A: Human Carcinogen. Sufficient evidence exists from

epidemiology studies to support a causal assocfation between
exposure to the chemical and humén cancer.

Group B: Probable Human Carcinggen. Sufficient evidence of
carcinogenicity in animals with Timited (Group B1) or inade-
quate {Group B2) evidence in huméns.

Group C: Possible Human Carcinogen. Limited evidence of
carcinogenicity in animals in the absence of human data.

Group D: Not Classified as to Human Carcinogenicity. Inade-
quate human and animal evidence of carcinogenicity or for which
no data are avaiiable. ‘

Group E: Evidence of Noncarcinogenicity Ffor Humans. No
evidence of carcinogenicity in at TJeast two adequate animal
tests tn different species or in both -adequate epidemiologic
and animal studies.

If toxicologic evidence leads to the classification of the contaminant
as a known, probable or possible human carcinoygen, mathematical models are
used to cailculate the estimated excess cancer risk assoclated with the

ingestion of the contaminant in drinking water. The data used in these
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estimates usually come from lifetime ‘exposuré studies using adimaﬁs; | In
order to predict the risk for humans from animal data, animal 6oses must be
cohvefted to equkva]ent human doses. This conversion includes correction
for noncontinuous exposure, Tless than‘11fet1ﬁe studies and for dtfferences
in size. The factor thatvéompensates for the size difference is the cube
root of the fatio of the animal qnd human body weights. It is assumed tﬁat
the average adult human body weight s 70 kg énd tﬁat the average Hqter

consumption of an adult human is 2 ¢ of water per day.

For contaminants uiiﬁ a carcinogenic potential, chémfca] levels are
correlated with a carcinogenic risk estimate by emp]oytng a cancer poténcy
(unit risk} value together with the assumption for 11fetime exposure from
ingestion of water. The cancer uynit risk 1is usua1lg derived from a linear-
1zed multistage model with a 95% upper ﬁonf1dencé Timit providing a low dose
estimate; that is, the true risk to humans, while not 1dent1f1éb1e, is not
1ikely to exceed the upper 1imit estimate aﬁd} in fact,. méy be ‘1ouef.
Excess cancer risk estﬁmatés may also be calculated usinQ other models suﬂh
ds the one-hit, Weibull, logit dnd probit. There is 1ittle basis in the
current wunderstanding of the biclogic mechanisms involved in cancer to
suggest that any one of theée models is able to predict risk mare accurately
than any other. Because each model 1is based upon " differing assumﬁtions, the

estimates derived for each model can differ by several orders of magnitude.

The scientific data base used to calculate and support the setting of
cancer risk rate levels has an inherent uncertainty that 1is due to the
systematic and random errors in scientific measurement. In most cases, only

studies wusing experimental animals have been performed. Thus, there is
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uncertainty when the data are extrapolated to humans. When developing
cancer rtsk rate levels, several other areas of uncertdinty exist, such as
the incomplete knowledge concerning the‘hea1th effects of contaminants in
drinking water, the 1impact of the experimental animal's age, sex and
species, the nature of the target organ system{s) examined and the actual
rate of eprsure of‘the internal targets 1n experimental animals or humansi
Doée‘response data usua11y'are avallable only fﬁr high levels of exposure -
and not for the lower levels of exposure closer to where a standard may be
set. When there 1s exposure to .more than one contaminant, additional
uncertainty results from ; lack of 1nf6rmat1on about possible synergistic or

antagonistic effects.

Noncarcinogenic Effects

The toxictty of long-term dietary exposure of humans to hexachloro-
benzene was demonstrated by the epidemic of porphyria cutanea tarda (PCT) in
Turkish citizens who accidentaily consumed bread made from gréin treated
with hexachlorgbenzene (Cam and Nigogosyan, 1963; Peters et al., 1966,
1982). The authers estimated that 0.05-0.2 g/day were ingested. In
children Tless than 1 year of age, pink sore was observed as well as 95%
mortality. In addition to the PCT-associated symptoms of skin lesions,
hypertrichosis and hyperpigmentation, thg exposuré caused neurotoxicity and
1iver damage. follow-up studies repofted PCT symptoms, reduced growth and
arthrittc changes 1in the. appendages of children who were directly or
indirectly {V.e., through breast milk) exposed. Studies 1in rats have
demonstrated hexachlorobenzene's ability to 1increase the fincidence of
sti11births, decrease fetal growth and decrease postnatal survival (Grant et

al., 1877; Khera, 1974). A study in rats reported that administration of
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hexachlorobenzene during gestation 1increased significantly the number of
fetuses with extra ribs. A study in mice found that hexachlorobenzene given
on days 7-16 of gestation resulted in an increased incidence of fetal

abnormalities when compared with controls (Courtney et al., 1976).

The acute oral toxictty'of hexach1orobenzene»has been found to be low,

with LD . values ranging from 1700-10,000 mg/kg (NAS, 1977; IARC, 1979;

5
Sax, 1979). Subchronic oral toxicity studies with a number of mammalian ’
spectes 1nq1cated statistically significant 1increases in ﬁiver and k1dney.
weights 1n.hexach1orobenzene-treated animals (Kuiper-Goodman et a].,‘1977;
Boger et al., 1979; Koss et al., 1978b; Sundlof et al., 1981; Shirai et al.,
1978). Studies have shown increases in other organs as well {Elissalde and
Clark, 1979; Koss et al., 1978b). The livers from hexachlorobenzene-exposed |
animals have shown histologic changes such as irreqularly shaped and mode-
rateiy en]arged Tiver mitochondria and increases in the size of centrilobu-
lar hepatocytes (gq1perfﬁoodman et al., 1917;lBoger et al., 1979; Lambrecht
et al., 1982a,b). Chronic oral toxicity studies revealed the same type of
effects seen In the Quhchronic stﬁdies plus hexachlarobenzene-associated
11fe-shorteniﬁg and varipus hepatic and renal pathelogtes (Cabrail etlal.,
1977, 1979; Smﬂ}h and Cabral, 1980; Lambrecht et ai., 1983a,b; Arnold et
al., 1985). These subchronic and chronfc'effects-Qere usually dose-related.
Multiple alopecia and scabbing, together with neurologic effects, have also
been observed jn rats, m1ce»and dogs (Headiey et al., 1981; Sundlof et al.,
1981). A dose-reiated histopathblogic change 1n‘the ovaries of monkeys hés

also been reported (Iatropoules et al., 1976; Knauf and Hobson, 1979},
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Increased porphyr?n Tevels in the liver and in uyrine have been reported
for 311 species studied {Kuiper-Goodman et al., 1977; Koss Ft al., 1978a,
1883; Smith et ai.; 1980; Gra]]a et a]., 1977; Rizzardin! and Smjth, 1982)
except for the dog, which does not exhibit 1increased porphyrin levels
(Gralla et al., 1977). Hexachlorobenzene was found to cabse the accumula-
tion of B&5B-H-steroids that induce porphyrin biosynthesls {(Graef et q1,ﬂ
1979}, and to inhibit uropbrphyrinogen decarboxylases {Graef et al., 1979;
- Koss et al., 1983). The fnhibttion of -uroporphyrinogen decarboxylases
appears to be due to pentachlaorophenol, a hexachlorobenzene metabolite (Ries
de Molina et al., 1980). There 1s evidence that females are more susceptls
ble to hexachlorobenzene-induced porphyria than are males, which may be
related to the female estrogen levels and:greater hexachlorobenzene metabo--
Ttsm (Rizzardint and Smith, 1982). IHexach1orobenzene was reported to
produce 3 mixed-type induction of cytochromes resembling that produced b& a
combination of phenobarbital (P-450) and 3,4-benzpyrene (P-448) {Goldstein
et al., 1982; Debets et al., 1980a}. In addition, the activities of hepatic
microsomal enzymes were found to be induced by hexachlorobenzeng {Ariyushi
et al., 1974; Mehendale et al., 1975; Carlson and Tardiff, 1976} Chadwick et
al., 1977; Carlson, 1978, 1980; Carlson et al., 1979).

Hexachlorobenzene has been shown to produce various types of tumers in
animals. Lifetime d1etary administration of hexachlorobenzene to hamsters,
rats and mice increased the incidence of thyroid tumors in hamsters (Cabral
et al., 1977), Viver tumors in hamsters {Cabral et al., 1977), mice (Cabral
et al., 1979) and rats (Smith and Cabral, 1980; Lambrecht, 1983; Arnold et
al,, 1985), ki'dney tumors in rats (Lambrecht, 1983) and adrenal tumors in

rats (Arnold et al., 198%; Peters et al., 1983).
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Quantification of Noncarcinogenic Effects

Table VIII-1 presents a summary of the toxﬂéity studies on hexachloro-
benzene that were considered for calculation of the 1-, 10-day and Tonger-
term Health Advisories (HAS) and the lifetime Orinking Water Eguivalent

Level {DWEL). : -

Derivation of 1QDay Hga]th Advisory. Curreht]y avéilabTe evidence for-
the acute toxicity of hexachlorobenzene is considered to be Insufficient for
calculation of a T1-day HArFof a 50 kglchifd. There are acuté oral LD50
studies with hexach1orobénzene that  indicate low acute ‘toxictty, as LDSOH
values are >1700 mg/kg, for this material in rats, rabbits, cdts and mice.

‘ waever, these studies do not provide an_assessment of systemic .toxicity
- which can be épp11ed to 5,1-day HA calculation. Conversely, the Kuiper-
Goodman et al. (1977} study, ‘which is the basis for the longer-term. HA.
herein, gives a dose-response with effect and no-effect levels for systemic
toxicity in male and Ffemale rats given hexachlorobenzene in the diet. The
" subchronic dosing pattern is & limitation .in usiﬁg the Kuiper;Goodmanlet al.
- {1977) study specifically for a 1-day HA calculation. Nonetheless, adminis-
~tration of hexachlorobenzene in the diet would more c¢losely éppr0x1mate
exposure patterns with drinking water than bolus treatment via gavage or
capsules, which was the.method of treatment in the acute as well as several
subchronic toxicity‘studies with hexachlorobenzene. Thérefore, the lgnger -
term HA for a 10 kg child of 0.05 mg/t 55 also recommended for use as a

1-day HA.

Dertvation of 10-Day Health Advisory. Currently available oral -exposure

toxicity data are considered insufficient for calculation of a 10-day HA for
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TABLE VIII-]

Sunmary of Toxicity Studles on Hexachlorobenzene

Route Dose Duration Effects

Specles Reference
Rat oral 100 mg/kg every olher up lo 43 days Suggested covalenl binding of hexachlorobenzene Koss et al.,
(females) day ) melabolites Lo cylosolic protelins 1980a
Rat oral 0.5 mg/kg/day 15 weeks exposed and Transienl Increases in liver porphyrin levels Kulper -Goodman

{diet) i held to 48 weeks in females afler termination of exposure et al,, 19N
2.0 mg/kg/day 15 weeks exposed and Increases 1n Viver porphyrin levels in females
held lo 48 weeks after lerminallon of exposure, Increased shze
of centrilobular hepatocyles
8.0 mg/kg/day 15 weeks exposed and ~ Increased 1iver welghls, Increased llver,
held to 48 weeks kidney and spleen porphyrin levels in females
{porphyria), centrilobular liver leslons espe-
clally In females at 48 weeks
32.0 mg/kg/day 19 weeks exposed and Increased mortalily in females, intension
held Lo 48 weeks tremors 'n males and females ang ataxla in a
few females, Vncreased llver, kidney and
spleen welghts, increased liver, kidney and
' spleen porphyrin levels in females (porphyria),
centrilobular liver leslons and splenomegaly
Rat oral 50 mg/kg every olher 15 weeks Increased Viver, kidney, spleen and adrenal Koss et al.,
(females) {gavage) day welghts, porphyria {Vncreased Yiver porphyrin 1976b
Yevels and Increased excretion of porphyrins
and precursors), lremors, hatr loss and skin
. lesions ’
Rats oral 0.5 mg/kg twice 29 weeks Increase In relative Viver welght B8ger et al.,
{females) (gavage) week ly 1319
2.0 mg/kg lwice 29 weeks Increase In relative 1lver welght, moderalely
weekly enlarged hepalocyles
8.0 mg/kg twice 29 weeks Porphyria, markedly enlarged hepatocytes,
weekly : Increase In relative Vlver welght
32.0 mg/kg lwice 29 wceks Porphyria, markedly enlarged hepatocytes,
weekly Increase In Viver welghts
Rat oral 100 mg/kg diet 98 days ~ Porphyria {increased Viver lobe porphyrins), Smith et al.,
(females) {dlet) - decreased activity of uroporphyrtnogen 1980

decarboxylase




02920

LL=I11A

16/2t/%0

1ABLE VIIL-1 (cont.)

Species Route Dose Duration Effecls Reference
Rat oral 50 mg/kg diet gestation until Depressed resistance to L. monocytogenes and Vos et al.,
{dVet and ) 5 weeks of age T. spiralls. enhanced thymus-dependent antibody 1979b
nursing) response
150 mg/kg diet gestation until Increased serum IgM and IgG, depressed resis-
5 weeks of age tance lo L. monocytogenes and 1. spiralis,
enhanced lLhymus-dependent antibody response,
increased llver and ad(enal welghls
Rat oral 4, 20 or 100 mg/kg gestation until Increased IgM and IgG responses lo tetanous Vos el al.,
{(dietl and diet 5 weeks of age toxiod, delayed-lype hypersensilivily reactions 1983a,b
nursing) - to ovalbumin, noted accumulation of alveolar
. macrophages;. no change tn 1. spiralis resistance
Rat oral 500, 1000 or 2000 3 weeks Dose-related increases in relative spleen, Vos et al.,
(diet) mg/kg diet lymph nodes, liver, adrenals, lhyroid, testes 1979a
and kidney welghls, dose-related increase In
. serum IgM levels, no change In serum lg6
levels, dose-related pathological changes in
ltver, lymph nodes and spleen
Ral ‘oral 2000 mg/kg diet 10 weeks - Porphyria found microscopically at 5 weeks and Gralla et al.,
(diet) grossly at 10 weeks using fluorescence 19717
Ral oral 2000 mg/kg diet 100 days Elevaled hepatic enzymes by 1 week and increased Lissner
{male) (diel) ur¥nary porphyrin and ALA levels (porphyria) as et al_, 1915
‘ early as 40 days
Ral oral 3000 mg/kg diet 1) weeks Decreased uroporphyrinogen decarboxylase' Elder et al.,
(female) {diel) activity and porphyria after 4 weeks 1976
Rat oral 50, 100 or 200 my/kg 120 days - Dose- and time-dependent Increaselln 1tver and Carlson, 19717
{female) {gavage) ur ine porphyrins (porphy(la)
Rat oral 14 mg/kg every other 103 days Porphyria in treated females, susceplibility of Rizzardiny and
(gavage) day - - females to porphyria may be related Lo estrogen Smith, 1982
levels ) -,
Ral ] oral 100 mg/kg every b6 weeks exposed and Pdrphyrla (Viver uroporphyrin levels peaked 7 Koss et al.,
(females) (gavage) other day held for additional months postexposure and levels had not returned 1983
18 months Lo normal by 18 months), decreased liver proto-
porphyrin and coproporphyrin levels, Inhibition
of uroporphyrinogen decarboxylase activity
until 18 monlhs, postexposure ’
Rat oral 6-8 mg/kg/day 715-90 weeks Decline In body welghts, porphyria, enlarged Smith and
(Ffemales) (diel) . Itvers and llver tumors

Cabral, 1980




02920

¢L-ITIA

L6/¢1/%0

TABLE VIII-1 (cont.)

Species

Roule

Dose

Duratton

fffects

Reference

Rat

Rat

Rat

Rat

oral
{diel)

oral
(diel)

oral
{diet)

oral
{diet)

oral
{diel and
nursing)

oral
(diel)

15 mg/kg diel
(4-5 mg/kg/day})
150 mg/kg diet
(6-9.5 mg/kg/day)

15 or 150 mg/kg diet

800 mg/kg diet

0.32, 1.6, 8.0 or
40 mg/kg diet

0.32 or 1.6 mg/kg
diel

8.0 mg/kg diet

40 mg/kg diet

10 or 20 mg/kg diet
40 mg/kg diet

80 mg/kg diet

160 mg/kq diel

320 and 640 mq/kg
dlel

up to 2 years

up to 2 years

20 weeks

~130 days

gestation through
1ifettme (130 weeks)
gestation through

Iifettme (130 weeks)

gestation through
1ifetime (130 weeks)

fo to Fq generations

fo to F4 generations

fg Lo F4 generations

fg to Fq generalions

tp Lo fgq generatlons

Porphyria, time-related appearance of severe
hepatic and renal pathologles, after 1 year In-

creases in hepatomas, hepatocarcinomas, btle duct

adenomas, renal adenomas and renal carcinomas

Decreased nerve conduclion velocities 8 and
3% ¥n 75 and 150 ppm groups, respeclively;
muscles showed signs of denervation,
fibrillations and pseudomyotonia

Reduced nerve conduclion, velocilies, no muscle
abnormalities as observed in 2-year study

Hematologic changes at all dose levels iIn
males, increases in liver and heart weighis in
males at 8.0 and 40 ppm diels, no trealment-
related effects observed \n bred females

Glycogen depletion \n 1.6 mg/kq males; no
effects reported at 0.32 mg/kg

Increase ¥n liver pathologles

Increased mortality as pups, increase in liver
and kidney pathologles, Increase in adrenal
pheochromocytomas in females and paralhyroild
tumors in males

No effects reported

Increases in Viver welghts and an)line
hydroxylase activily

Decreased body welghls, fg and f4 generations had
decreased lactation Index and posinatal viability

and Increased stillbirths

Increased mortality and decreased laclallon
Index starling in f) generation

20 and 50X mortality in Fg 320 and 640 mg/kg

groups, ‘respeclively, greally reduced fertdlity

ndex and Mitler stze and Increase in sthll-
birlhs, viabllily tndex zero in |y

Lambrecht et
al., 1983a,b

Sufit et al.,
19686

Sufit el al.,
1986

Arnold et al.,
1985

Grant et al.,
1911
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TABLE VITI-1 (cont.)

Species

Roule

Dose

Duration

Effects

Reference

Rat

Rat

Rat

Mouse

Mouse
(male)

" Mouse

{male)

House

Mouse

Hamster

oral
{diet)

oral
{diet)

oral
{diet)

oral
{gavage).

oral
{diel)

oral
{diet)

oral
{diet)
oral

{diet)

oral
{gavage)

oral
(diet)

60, 80, 100, 120 or

140 mg/kg diet

0 or 80 mg/kg dlel

80 mg/kg diet

10, 20, 40, 60, 80
or 120 mqg/kg

2.5, 25 or 250
mg/kg dlet

10 mg/kg dlet (6.4
(mg/mouse/24 weeks)

or 50 mg/kg dlet
(35.3 mg/mouse/

24 weeks)

167 mg/kq dlel

6, 12, 24 and 26*

mg/kg/day

100 mg/kg/day to

pregnanl mice

200 or 400 my/kg

dlet

Fg to Fya and Fyp

generallons

gestatlon and
nursing or cross
nursed wilh controls

2 weeks prior to
matling to 35-36 days
after weaning

days 6-2) of gesta-

- tion

21 day{

24 weeks

3-6 weeks

101-120 weeks

(15 weeks exposed
held unt) 120
weeks)

days 7-16 of
gestatlon

90 days

Increased mortality in al) groups at 21 days,
21-day LDsg values for pups were 100 and 140
&y/kg for Fyy and Fyp generations, respeclively

Nursing exposure produced grealer effecls Lhan
did gestalional exposure, effecls noled were:
smaller brains, hearts, kidneys and spleens,
increased liver welghts

Increased porphyrin levels and decreased )iver
eslerase aclivity in dams, no changes in
geslation Indices or neonaﬂal survival

" Matérnal toxicity {welght loss, tremors and

convulsions) and reduced fetal weighls at 120
and 80 mg/kg malernal doses, dose-relaled in-
crease In Incldence of unilaleral and bilateral
141h rib, stlernal defecls were also noled In

~one exper Iment -

Dose-related increase in llver and decrease in
prosiale and seminal vesicle welghls, dose-
related alterations n teslosterone metabolism,
altered hepatic enzyme levels

Dose-related reduction in welght gain, no tumor
pathology observed

Impatrment in host resistance as measured by
Increased sensitivily to S. typhosa and P.
berghel, and decrease In lgA levels

Reduced growlh rate at all dose levels, short-
ened 1ifespan assoclated with tremors and con-
vulsions In 24 and 36 mg/kg/day groups, dose-
dependenl iIncrease In liver-cell tumors in the
12, 24 and 36 mg/kg/day dose groups :

Increased maternal livers and decreased felal
body welghis, increased Incldence of abnormal
fetuses per 1itler observed

Precirrhot)c and cirrhotic hepatic lesdons,
bile-duct hyperplasias and hepalomas

Kitchin

~ et al., 19682

- Mendoza

et al., 1978

Mendoza ‘,
et al., 19719

Khera, 1974

Elissalde and
Clark, 1919

Shiral et al.,
1918 -

Loose et al.,
1978a.b
Cabral et al.,
1979

Cour tney

et al., 1976

Lambrecht
et al., 1982a
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TABLE VIII-1 {cont.)

Specles Route Dose Duration Effects Reference
Hamster oral 4, 8 or 16 mg/kg/day Vifespan Shortened V11fespan in 16 mg/kg/day group, In- Cabral el al.
{diel) crease In hepatomas al al) dose levels, Increase 19
in )iver haemangloendothelioma In males and
females and an Increase In thyrotd alveolar
) adenomas o males in 16 mg/kg/day group
Cats oral 3 or 8.7 mg/day/cat 142 days Helght loss and Increased disease susceptibility Hansen et al.
{breeding {diel) in bred females, dose-relaled decrease in Jitter 1979
females) size and survival of offspring, hepatomegaly In
offspring
Minks oral 1 or 5 mg/kg diet during gestatllon Dose-relaled Increase in offspring mortality, Rush et al.,
{diel) untt) 17 weeks of Inductlon of hepatic MFO enzymes Vn exposed 1983
age ofFspring
Dog oral 50 or 150 mg/kg/day 21 days Liver and hepalocyte enlargement, dose-induced Sundlof
{female) (‘capsule) eleclroencephalogram dysrhythmias el al., 19m
Dog oral ¥, 10, 100 or 1000 ) year Increase In mortalily, neulrophilia, and Gralla el al.
{capsule) mg/day/dog anorexia In the 100 and 1000 mg dose groups, 1977
dose-related nodular hyperplasia of gastric
VTymphold tissue In al) lreited animals
Monkey oral 8, 32, 64 or 128 60 days Dose-related pathology n liver, kidney, ovarles latropoutus
{female) (gavage) mg/kg/day . and thymus . et al., 1976
Monkey oral 1.5)-186 ppa milk 60 days 2 of 3 Infants dled as a resull of exposures Badley el al.
{nursing) . 1980

.
—




a. 10 kg child. Therefore, the longer-term HA for a 10 kg child of 0.05

mg/e 1s recommended for use as a 10-day HA.

Derivation of Longer-Term ' Health- Advisory. The 15-week subchronic

feeding study by Kuiper-Goodman et al. (1977) is selected for the derivation
of the longer-term HA. The doses used in this'ﬁtudy are on a mg hexachloro-
benzene/kg bw basis, which 1s a preferred dose uﬁit for HA calculatiens, and
the data given in the report show dose responses with effect and no-effect
levels fo} the effects observéd. in the study by Arnold et a]. {1985), F0
males «sed as breeders Fbr the F1 generation had statistically significant
“increases in liver-to-body ue{ght ratios and heart weights after exposure to
8 and 40 ppm hexachlorobenzene in the diet for 130 days. The study by

Arnold et aT.'(ISBS) using the F_, males could alsgc be proposed for calcu-

v
lation of a longer-term HA, but the organ weight and body weight data were
not ‘reported to show the strength of ‘the effeéts and the dose response, and
the selection of the exposure levels on a ppm dietary basis could result in

a less precise estimate of dose on & mg/kg bw basis.

Rush et al. (1983) observed a substantial reduction ih the survival of
mink offspring from mothers exposed to dietary levels of 1 and 5 ppm hexa-
chlorobenzene from about 6 weeks before mating antil weaning of offspring.
Assuming a daily food consumption of 155 g and a body weight of 0.87 kg for
female mink§ (Bleavins and Aulerich, 1981), 1 and § ppmrdose levels of hexa-
chiorobenzene would be equivalent to 0.155 and 0.775 mg/kg/day, respec-
tively. Thus, the mink is quite sensitive to hexachlorobenzene effects on
reproduction. However, thisbstudy is not proposed for use in the Tonger-

term EA or DWEL calculations 'in that the mink is a species that has not been
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extensively investigated as an animal model for toxicity testing. Further-
more, the gastrointestinal physiology of minks s different from that of

humans. -

In the. Kuiper-Goodman et al. (1977) study, groups of 70 male and 70
female Charles River (C0BS) rats uére fed diets providing 0, 0.5, 2.0, 8.0
or 32.0 mg/kg bw/day of hexachlorobenzene, d1s§o1ved in corn o011, for as
long as 15 weeks. Female rats were found to be more susceptible to
hexachlorobenzene, as 1nd1cated by §11'paraméters studied, and an "apparent"
NOEL of 0.5 mg/kg/day‘-uas concluded by the authors. Increased liver
porphyrin levels in females and 1increases in the size of centrilobular
hepatocytes along with the depletion of hepatocellular marker enzymes were
‘noted with higher doses. With the two highest doses, there were increased
liver-to-body weight ratlos in males and Females and increased porphyrin
levels in the kidney and spleen. Exposure to the highest dose resulted in
de¢readsed suryiva] in females, spienomegaly in females, increases 1in
spleen-to-body weight and kidney-to-body weight ratios in males and females,
intension tremors in males and females, ataxia in females, and decreased
Dody weight in males. Similar effects in liver were reported by Bdger et
al. (1979) after treating groups of 36 female Wistar rats twice weekly for
29 weeks with oral doses of 0.5, 2.0, 8.0 and 32.0 mg hexachlorobenzene/kg

bw in olive oil.
~The Jonger-term HA for a 10 kd child and & 70 kg adult are calculated

using the NOEL of 0.5 mg/kg bw/day reported by Kuiper-Goodman et al. {1977)

as follows:
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For 10 kg chiild:

Longer-Term HA =

where:

0.5 mg/kg bw/day

10 kg =
100 =

1 2/day e

For a 70 kg adult:

0.5 mg/kg bw/day) (10 kq)
(100} (1 w/day)

= 0.05 mg/y

NOEL identified in the  Xuiper-Goodman et al.
[1977) study

assumed weight of a child

uncertainty - factor, in accordance with

"NAS/0DW and Agency guidelines to account for

use of an animal study.

assumed water consumption by a child

405 ma/kg bw/day) (70 ka) _ ¢ 135 mgye

Longer-Term HA =

(100) (2 v/day)

where:

0.5 mg/kg bw/day
10 kg =

2 t/day =

Assessment of Lifetime Exposure and Derivation of DHEL; The deriva-

{rounded to 0.2 mg/%)

NOEL fidentified in the Kuiper-Goodman et al.
(1977) study
assumed weight of an adult

uncertainty ~ factor, in accordance with
NAS/0DW and Agency quidelines to account for
use of an animal study.

assumed water consumption of a 70 kg adult

tion of the 1ifetime OWEL is based on a 130-week study of Arnold et al.
{1985). This study involved feeding male and female Sprague-Dawley rats,
the F0 generation, diets containing 0, 0.32, 1.6, 8.0 or 40 ppm of hexa-

chlorobenzene (analytical grade) for 90 days prier to mating and until 21

days after parturition (at weaning).
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The number of offspring (F] generation) From these matings was reduced
to 50 males and 50 females per dose group at 28 days of age and fed their
respective parents’ diets. Thus, the F1 animals were exposed to hexa-
chlorobenzene and metabolites in utero, from maternal nursing and from their
diets for the remainder of thelr 1ifetime {130 weeks}. No Hexachlorobenzene-
induced adverse effects were reported in the 0.32 and 1.6 ppm hexachlero-
benzene F1 groups, indicating that these Jlevels are NOAELs. Although
significant (p<0.05} increases 1in the incidences of periportal gliycogen
depletion (1.6 ppm}, peribiliary 1ymphocytos1s (0.32, 1.6 and 40 ppm), and
peribiltary fibrosis (0.32 and 40 ppm) were observed in the F] male rat
groups, these effects are not being considered as hexachlorobenzene induced
adverse effects because they were observed in a large number of F] control
males’ as well. The 8.0 ppm hexachlorobenzene F.I groups were reported to.
have an 1ﬁcrease (p<0.05) in hepatic¢ centrilobular basophilic chromogenesis.
The 40 ppm hexachlorobenzene F] groups were reported with increases
{p<0.05) 1in pup mortality, hepatic centrilobular basophilic chromogenesis,

severe chronic nephrosis i1n males, adrenal pheochromocytomas -in females and

parathyroid tumors in males.

A 1ifetime DWEL for hexachlorobenzene is calculated using a 10G-fold
uncertainty factor, which represents two 10-fold factors to dccount for both
the intra- and interspectes variability to the toxicity of the chemical when
specific data are lacking. It is difficult to estimate 1ifetime doses on a
mg hexach]orobénzene/kg bw basis in this study because of the initial

exposure of the animals to hexachlorobenzene and its metabolites in utero

and during lactation. However, In an attempt to estimate the Tifetime

hexachlorobenzene doses on a mg/kg bw basis, the 1.6 mg/kg hexachlorobenzene
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‘diet Jevel, interpreted from this study as the highest ‘NOAEL level, was con-
verted to a dai]y intake dose .of 0.08 mg/kg bw/ddy by avefaging the dosage
data provided by‘Arno1d (1984).1 Using 0.08 mg/kg bw/day as a NOAEL from the
Arnold et al. (1985)'study the RFD and OWEL for a 70 kg adult is calculated

as follows:

Step 1 - RFD Derivation

~ (0.08 mg/kg bw/day)

Rf
0 (100)

= 0.0008 mg/kg bw/day

where:

0.08 mg/kg bw/day = NOAEL identified 1n the Arnold et al. (1985)
study

100

uncertainty factor, in accordance ~ with
NAS/00W and Agency guidelines to account for
use of an animai study.

Step 2 - DWEL Derivation

{0.0008 mg/kq bw/day] (70 kq)

DWEL =+ = 0.028 mg/¢
(2 v/day)

(rounded to 0.03 mg/g)

where:

RED

- 0.0008 mg/kg bw/day

70 kg assumed weight of an adult

2 v/day assumed water consumption by an adult’
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Carcinogenic Effects

This quantitative section deals with estimation of the wunit risk for
hexachlorobenzene as a potential carcipogen in water, and with the potency
of hexachlorobenzene relative to other carcinogens that have been evaluated
by the U.S. EPA Human Health Assessment Group (HHAG). Thé unit risk for a
water polilutant 1s defined as the 1ifetime canceér risk to humans from daﬁ1y
exposure to a concentration of 1 ug/%t in water by Ingestion. The U.S.
EPA HHAG has prepared the rationale and the calculatlion for the unit risk
estimate presented hereln'fof the U.S: EPA {1985) Health Assessment Document
for Chlorinated Benzenes. The HHAG has also classified hexachlorobenzene as

a B2, probable human carcinogen.

The unit risk estimate for hexachlorobenzene represents an extrapo1atjon-
below thé dose range of experimental data. There is currently no solid
scientific basis for any mathematical extrapolation model that relates
exposure to. cancer risk at the extremely low concentrations, ‘including the
unit concentration given above, that must be constdéred when evaluating
environmental hazards. For practital reasons, the correspondingly low
levels of risk cannot be measured directly either by animal gexperiments or
by epidemiologic study. Therefore, low dose extrapolation must be based on
current understanding of the mechanisms of carc1nogenesjs. At the present
time the dominant view of the carcinogenic process involves the concept that
most cancer-causing agents also cause irreversible damage to DNA. This
pasition Ys based in part on the Fact that a very large proportlion of agents
that cause cancer are also mutagenic. There 1s reason to expect that the
quantal response that is characteristic of mutagenesis 1s associated with a
Tinear (at low doses) non-threshold dose-response relationship. Indeed,

there 15 substantial evidence from mutagenicity studies with both ionizing
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radtation and a wide vartety of chemicals that this tyﬁe of dose-re§P0ﬂ58
model is the appropriate one to use. This 1is particularly true at the lower
end of the dose-response curve; at high doses there can be an upward curva-
ture, probably reflecting the effects of multistage processes on the muta-
genic response. The 11ﬁear non-threshold dose-response relationship is also
consistent with the rglat1ve1y few epidemiologic studies of cancer responses,
to ﬁpec1f1c agents that contain enough 1nfo}mat1on to make the evaluation
possible {e.qg., radiat1on-induced Teukeﬁia, breast and thyroid c#ncer, sk1n
cancer Induced by arseaic in 'drinkgng uatér, Tiver cancer 1induced by
aflatoxins in the digt). Some supporting evidence also exists from animal
experiments (e.g., the 1n1tjat10n stage of the two-stage -carclnogenes1s

model in rat liver and mouse skin).

;Becauge its sctentific bas1§,»a]though limited, is the best of any of
the current mathematical extrapolation models, the nonthreshold model, which
s linear at Jlow doses, has beeﬁ adbpted as the primary basis for risk
extrapolation to 10Q levels of the dose-response relationship. The risk
estimates made with such a model should be regarded as conservative, repre-
senting the most plausible upper 1imit for the risk (1.e., the true risk is

not likely to be higher than-the estimate, but it _could be lower).

For several reasons, the unit risk éétimate based on animal biodssays is
on]j an approximaté indication of the absoluie'r1sk in populations eiposed
to known carcinogen concentrations. First, there are important species
differences in uptake, metabolism and organ distribution of carcinogens, as
well as specles differences ’in target site susceptibility, immuno1ogic"

responses, haormone function, dietary factors and disease. Second, the con-
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cept of equivalent doses for humans compared with animals on a mg/surface
area basis is v1rtua11y without experimental verification 1in regard to
carcinogenic resﬂodse. Third and finally, human populations are variable
with respect to genetic constitution and diet, 1iving environment, activity

patterns and ather cultural Factors.

The unit risk estimate can give a rough indicatton of the relative
potency of 4 glven agent as compared with other carcinogens. Such e;timates
are, of course, more reliable when thHe comparisons are based on studies in

which thestest species, strain, sex and routes of exposure are similar.

The gquantttative aspect of carcinogen risk assessment is addressed here-
because of 1its possible value in the regu1atufy deciston-making process,
e.g., 1n'sett1ng requlatory priorities, evaluating the adequacy of technel-
ogy-based controls, etc. However, the Imprecision of presently available
technology for estimating caincer r1;ks to humans at Jow levels of exposure
should be recognized. At best, the linear extrapolation model used nere
provides a rough but plausible estimate of the upper limit of risk -- that
is, with‘thms model 1t 1s not 1ikely ithat the true risk would be much more
than the estimated risk, but it could be considerably lower. The risk esli-
mates presented in subsequent sections should not be regarded, therefore, as
dccurate representations of the true cancer fisks even when the exposures
involved are accurately defined. The estimates presented may, however, be
factored 1into regu1a£ory declisions to the extent that the concept of

upper-risk 1imits 1is found to be useful,
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Procedures for the Determinatton of Unit Risk.,

Low Dose Extrapolation Model -- The mathematical formulation chosen to

describe the 1inear non-threshold dosa-response re1at16nsh1p af low doses is
the 1linearized mﬁ1t1stage mode (Crump‘ and Watson, 19?9). :Th1s mode
emp1oys,énough arbitrary Eonstants to be able to fit almost any monctonic-
ally increasing dose-respoﬁée data, and it Iincorporates a procedure for.
e§t1ﬁat1ng the largest pﬁssib]e linear slope (in the 95% confidence Timit
sense) at low extrapolated doses that is consistent with the data-at all

dose levels of the experiment.

Let P(d) représent the 11fetime risk (probability) of carcer at dose d.

The multistage model has the Form:

‘ ' K
P(d) =1 - exp [-(qq + qd + g,d2 + ...+ q,d")]

where .

g, 20, and 1 = 0, 1,2, ..., k

Equivalently,
. , . | "
Pt(Q) =1 - exp [f(q]ﬂ + q2d2 ... qkd )]
where ‘

P{d) - P(0)
Pl = 575

15 the extra risk over background rate at dose d.
The point estimate of the coefficients q, 1 = 0, 1, 2, ..., k, and

consequentIy; the extra risk function, Pt(d), at any given dose 4, 1s

calculated by maximizing the Tikelihood function of the data.
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The point estimate and the 95% upper confidence 1imit of the extra risk,
Pt(d), are calculated by using the GLOBAL79 computer program developed by
Crump and Hatson>(1979). At low doses, upper 95% confidence 1imits on the
extra risk and lower 95% confidence 1imits on the dose producing a glven
risk are determined from a 95% upper‘confidence limit, &1*, on parameter
q]. Whenever q] >0, at Tow doses the extra risk Pt(d) ;has approxi-
mately thg form Pt(d) = g% x d. Therefore, ql* xd 1s a 95% upper
confidence 1imit on the extra risk and R/q1* s a 95% Tower confidence
1imit on the dose, producing an extra risk of R. Let L0 be the maximum
value of the log-likelihood Ffunction. The upper-limit q]* is calculated
by increasing 9 to a value q]* such that when the log-likelthood is
remaximized subject to this fixed value q]* for the Tinear coefficlent, .
the resulting maximum value of the log-likelihood L1 satisfies the equat1on

| 2 (L0 - L]) = 2.70554
where 2.70554 is the cumulative 90% point of the c¢hi-square distribution
with one degree of freedom, which corresponds to a 95% upper-1imit {one-
sided). This approach of computing the upper confidence limit for the extra
risk Pt(Q} is an improvement on previous models. The upper confidence
l1imit for the extra risk calculated at low doses is always linear. This is
conceptually consistent with the linear non-ihreshold concept discussed
earlier. The slope, q1*, 's taken as an upper-bound of the polency of the
chemical in inducing cancer at low doses. [In the section calculating the

risk estimates, Pt(d) wil)l be abbreviated as P.]
In fitting the dose-response model, the number of terms in the poly-

nomial is chosen equal to (h-1), where h is the number of dose groups in the

experiment, including the control group.
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" Whenever the multistage model does not fit the data sufficlently, data
at the highest dose is de]eied and the model is refitted to the rest of the
data. Thls is continued until an acceptable fit to the data 1s obtained.

To determine whether or not a fit 1s acceptable, the chi-square statistic:

h
{X5 - N3Pys)2
=1y ; (1191)-
121 174 i
Is calculated where I“l‘1 s the number of animals 1in ‘the 1th dose group,

X, 15 the number of animals in the 1th do;e group with & tumor response,

i

‘P1 is the probability of a response in the 1th dose group estimated by
fitting the multistage model to the data, and h is the number of remaining
groups. The fit 1s determined to be unacceptable whenever X2 fis .larger.
than the cump1at1ve 99% point of the chi-square distribution with f degrees
of freedom, where f equals the number of dose groups minus the number of

non-zero multistage coefficients.

Selection of Data -- For some chemicals, several studies in different

animal species, strains and sexes, each run at severdal doses and different
routes of exposure, are available. A cholce must be made as to which of the
data sets from several studies to use in the model. It may also be appro-
prtate to correct for metabolism differences beiuéen species and for absorp-
tton factors via different routes of adminjstration. The procedures used in
e§a1uat1ng these data are cons1steht with the approach of making a maximum-

Ttkely risk estimate. They are as follows:

1. The tumer incidence data are separated according to organ sites or tumor
types. The set of data'(1.e.. dose and tumor incidence) used in the

model 1s the set where the 1incidence f1s statistically stgnificantly
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higher than the control for at least one test dose level and/or where

the tumor 1ns1dence rate shows a statistically significant trend with
respect to dose-leve1. The data set that gives the highest estimate of
the 1ifetime carctnogepic risk, q]*, is selected in most cases.
However, efforts are made to exclude data sets that p}oduce spuriously
high risk estimates because of a small number of animais. That is, 1f
two sets of data show a similar dose-response relationship, and one has
a very small sample size, the set of data having the larger sample size

1s selected for calculating the carcinogenic potency.

2. If there are two or more data sets of comparable stze that are identical
with respect to species, stratin, sex and tumor sites, the geometric mean
of q]*, estimated from each of these data sets, 1is used for rjsk
,assesément. The geometric mean of numbers A], 'Az. ey Am ts

_ defined as

(A1 X A2 X ... XA}

3. If two or more significant tumor sites are observed in the same study,
and if the data are available, the number of animals with at teast one
of the specific tumor sites under constderation ts used as incidence

data in the model.

Calculation of Human Equivalent Dosages -- Following the suggestion of

Mantel and Schneiderman (1975), it is assumed that mg/surface area/day 1s an
equivalent dose between species. Since, to a close approximation, the
surface area 1is proportional to the two-thirds power of the weight, the

273

exposure in mg/day of the welght is also considered to be equivalent
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exposure. In an animal experiment, this equivalent dose 1s compuled in the

following manner.

Let
Le = duration of experiment
la = duration of exposure
m = average dose per day in mg during administration of the agent
(t.e., during 1,), and
W = average weight of the experimenta1 anima1

Then, the 11fet1me exposure is
le xm

- Le X w/3

Oral. Often exposures are 'nqi given 1in units of mg/day, and 1t

becomes necessary to convert the given exposures Into mg/day.' Similarty, in
drinking water studies, exposure is expressed as ppm in the water. For
example, in most feeding studiles exposufe s given in terms of ppm in the

diet. In these cases, the exposure in mg/day is
m = ppm-x F xr

where ppm is parts per million of the carclinogenic agent in the diet. or
waler, F is the weight of the food or water consumed per day in kg, and r 1s
the absorption fraction. In the absence of any data to the contrary, r 1is
dssumed to be equal to cone. For a uniform diet, the weight of the Fooa
consumed 15 proportfona] to the ca}ories required, which in turn Ys propor-
ttonal to the surface area; or two-thirds power of the weight. Hatér

demands are also assumed to be proportional to the surface area, so that
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2/3
ma PPM X W xr

or

2 ¢ ppm
w273 T

As a result, ppm in the diet or water is often assumed to be an equ1va1§ny
exposure between species. However, this 1s not justified in dose extrapola-
tion of 1laboratory animals to humans since the ratio of calories to food
welght 1s very different in the diel of man as compared with laboratory
animals, primarily due to differences in the moisture content of the foods
eaten. For the same reason, the amount of drinking water required by each
species 3lsg differs. It is, theréfore,'necessary to use an empirically-
derived factor, f = F/W, which is the fraction of an organism's body weight

that 1s consumed per day as food, expressed as Follows:

Fraction of Body Weight Consumed as

Species W ffood Fuater
Man 70 0.028 0.029
Rats 0.35 ©0.05 0.078
Mice 0.03 0.13 0.17

Thus, when the exposure 15 given as a certain dietary or water concentration

In ppm, the exposure 1n‘mg/N2/3 is

m 7; ppm x F ppm x f x W

= = = ppm x f x Wl/3
rwe/3  we/3 we/3

When exposure is given in terms of mg/kg/day = m/Wr = s, the conversion is

simply
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. B V)

Calculation of the United Risk from Animal Studies -- The risk associ-

Iéted with d mg/kgz/s/day i5 obtained from GLOEAL?S and, for most-cases of
interest to risk assessment, can be adequate]y approx1mafed by P{d) = 1 -
‘exp (-q1*d). A "unit risk" in units X s simply the risk éorrespond1ng to
an exposure of X = 1, This value 1s estimated simply by finding the number-

2/3/day that corresponds to one unit of X, and substituting this

of mg/kg
vaiue into the above relationship. Note that an equ1valeh{ method of calcu-
lating unit risk would be to use mg/kg for the animal exposures, and then to
increase the jth po1ynomfa1 coefficient Dy an amount

TVC TR TR O SO

and to use mg/kg equivalents for the unit risk values.

Adiustments for Less Than Lifespan Ouration of Experiment. If the

duration of experiment Le is less than the natural lifespan of Lhe test
animal L, thé slope q]?; or more gengra]]y the exponent g{d}, is increased
by multiplying a Ffactor (L/Le]a. We #ssume that if the average dose d
is continued, the age-specific rate of cancer u1{i cont1nue to increase d4s a
constant Function of the background rate. The age-specific rates for humans
incredase al Jeast by the third power of the age and often by a Considerably
higher power, as demonstrated by Doll (1971). Thus, It 3s expected ‘that the
cumulative tumor rate would increase by at least the third power of age.
Using this Ffact, 1t is as;ﬁmed that the\s]ope q1*. or mofe generally the

exponent g{d), would also increase by at least the third power of age. As a
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result, 1f the slope q1* [or g{d)] 1is calculated at age Le' it s
expected that If the experiment had been continued for the full 1ifespan L
at the given average exposure, the slope q1' [or g{d)] would have been

increased by at least tL/Le)a.

This adjustment 1s conceptually consistent with the proportional hazard
model proposed by Cox (1972) and the time-to-tumor model considered by
" Daffer et al. (1980), where the probability of cancer by age t and at dose d

Ys given by
P(d,t) =1 - exp [-f(t) x gi{d)].

Unit Risk Estimates --

Daia Available fof Potency Calculation. Hexachlorobenzene has been

shown to induce tumors in hamsters, mice and rats. The primary target organ
appears to be the Tiver in all three of these species. Liver haemanglioendo-
theliomas in hamsters and hepatocellular carcinomas in rats were signifi-
cantly lincreased 1in the hexachlorobenzene-treated animals. The potency
estimate calculated on Lhe basis of hepatocellular carcinomas in female rats
{s used to derive unit risk estimates for hexacﬂiorabenzene in water. This
particular tumor site s selected for calculating unit risks because il is a
malignant tumor 1in the primary target organ and results in the highest

potency estimate.
Increased incidences of thyroid, parathyroid, adrenal and kidney tumors

were also observed among these species. Fourteen data sets showing signifi-

cant tumor incidences have been used herein to calculate the carcinogenic

02620 VIII-30 06/13/N



potency of hexachlorobenzene. These calculations provide a range of
estimates that, in part, reflect the uncertainties 1inherent in the risk
assessment process. Tables VIII-2 through VIII-S summarize the data used to

caiculate the potency of hexachlorobenzene.

Choice of Low-Dose Extrapolation -- In addition to the multistage

model currently used by the U.S. EPA HHAG for low-dose extrapoiation, HHAG |
also uses three other mode]s. the probit, the Weibull and the one-hit
models, to estimate the risks from eiposure to hexachlorobenzene using the
data For hepatocellular carcinoma in female rats. Tﬁese models cover aimost
the entife spectrum of risk estimates that could be generdated from the
existing mathematical extrapolation models. These models are generally
statistical in character, and are not derived from biologi¢ arguments, .
except for the multistage model which has been used to support the somaiic
mutation hypothesis of carcinogenesis (Armitage and Doll, 1954; Whittemore,
1978; Whittemeore and Keller, 1978). The main differences among these models
is the rate at which the response function, P(d), appreoaches zero or P(0Q) as
dose, d, deéreases. For instance, the probit model would usually predict a
smaller risk at low dosés than the multistage model because of the
difference of the decreasing rate in the low-dose region. However, it
should be noted that one cqp1d always art1F1c1a1{y give the multistage model
the same (or ‘even greatér) rate of decrease as thé probit model by making
some dose transformation and/or by assuming that some of the parameters in
the multistage model are zero. This, of course, s not reasonable without
knowing, a priorl, what the carcinogenic process for the agent is. Although
the multistage model appears to be the most feasonaDTe or at Teast the most

general model to use, the point estimate generated from this model is of
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TABLE VIII-?

Tumor Incidences in Male and Female Hamsters Given
Hexachlorgbenzene in Dietd

b Thyroid - Hepaioma Liver Hemangioendcothelioma
(qu£;§day) Male Male Female Male - Female
0 0/40 0740 0/30 0/40 0/39
4 0/30 14/30 14/30 ‘ 1/30 0/30
9 1/30 26/30 17/30 6/30 2/30
16 : 8/51 49/57 £1/60 20/517 1/60

dsource: Cabral et al., 1977

OIf mg/surface areas/day 1s assumed to be equivalent between humans _and
animals, the dose in mg/kg/day is multiplied by a Ffactor (0.1/70)]/3,
where 70 and 0.1 kg are, respectively, the average body weights of humans
and hamsters.
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TABLE VIII-3

Incidence of Liver Cell Tumors in Male and Female Swiss Mice
Given Hexachlorobenzene Diet@

Doseb’ MaleC FemaleC
(mg/kg/day}
0 10747 0/49
6 0730 0/30
12 32 312
28 1/29 14/26

dSource: Cabral et al., 1979

BIf the equivalent dose bhetween humans and mice is assumed to be on the
basis of body surface area, the dose in mg/kg/day is muitiplied by a factor
(0.035/70)1/3, where 0.035 kg and 70 kg are, respectively, the average
body weights of mice and humans.

CThe number of animals that survived at the first observed liver cell
tumor is used as lhe denominator. ' .
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TABLE VIII-4

Liver and Kidney Tumor Inclidence Rates in Male and female
Sprague-Dawley Rats Given Hexachlorobenzene 1n Dietd

Sex DoseD - Hepatocé]]u]ar Hepatoma Renal Cell
{mg/kg/day) Carcinoma Adenoma
Male 0 0/54 0/54 1/54
4.24 3/52 10/52 41/52
8.48 4/56 11/56 42/56
Female 0 0/52 0s52 1/52
4.67 36/56 26/56 1/56
9.34 48755 35/55 15754

dSource: Lambrecht et al., 1§83a.b. Additional data from this study on
adrenal pheochromocytoma has recently become available (Peters et al., 1983)
but was not availablie when quantitative estimates were made.

BThe dosages are calculated by the investigator based on the average food
consumption of 22.6 g/rat/day and an average body weight of 400 q for male
rats. For Female rats, the average food consumption is 16.5 g/rat/day and
Lthe average body weight 1s 265 g. If the equivaleni dose between humans and
mice 1s assumed to be on the basis of body surface area, the dose presenled
in the table is multiplied by a factor (W3770)V/3, where Wy is Lne
body weight of male or female rats, and 70 kg is the human body weight.
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TABLE VIII-5

Incidence Rate of Adrenal Pheochromocytoma in Femaie Sprague-Dawley
Rats (Fy generation) in a 2-Generation Feeding Study

Dosed - Incidence Ratel _Revised Incidence RateC
~(mg/kg/day) (used in calculations)

0 | C 2/48 ) | 2/43

0.02 - 4/50 4/49

g0.08 | ‘ . 4/50

0.40 o 549 - 4749

1.90 | 17/49

d4If the equivalent dose between humans and rats tis assumed to be on Llhe
basis of. body surface, the dose in this table is multiplied. by a factor
(0.35/70)1/3. where 70 kg and 0.35 kg are, respectively, assumed to be
the body weight of humans and rats. ‘

DSource: Arnold et al., 1985

CSource: Arnold, 1984. The amended 1984 data were not available when
quanilitative estimates were made.
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Timited value because 1t does not help to determine the shape of the
dose-response curve beyond experimental exposure levels. Furthermore, point
estimates at WOQ dosgs extrapolated beyond experimental doses could be
extremely unstable and could d1ffer drastically, depending on the émount of
the lowest experimental dose. Since upper-bound estimates from the
multistage model at 1low doses are relatively more stable than point
estimates, it 1s suggested that the upper-bound gstimate for the risk kof
the lower-bound estimate for the dose) be wused 1in evaluating the
carcinogenic potency of a suspegt cartinogen. The upper-bound estimate can
be taken as a plausible estimate 1f the true dose-response curve is actually
Tinear at low doses. The upper-bound estimate means that the risks are not
1ikely to be higher, but could be lower if the compound has a concave upward -
dose-response curve or a threshold at low doses. Another reasbn one ¢an, at
best, obtain an upper-bound estimate of the risk when animal data are used
Ys -that the estimated risk is a probability conditional to the assumption
that an animal carcinogen 1s also a human carcinogen. Therefore, in
reality, the actual risk could range from a value near zero to an

upper -bound estimate.

Quantification of Carcinogenic Effects

Fourteen sets of tumor incidences which shou“s1gn1f1cant increases (see
Tables VII[-2 through VIII-5) are used herein to calculate the carcinogenic
potency of hé:ach]orobenzene. Stnce preparing these calculations additional
data from the Lambrecht et al. (1983a,b)} study {adrenal pheochromocytoma)
and from the Arnold et al. (1985) study (neoplastic liver nodules) have
become available. Quantitative estimates have not been made using this

data. Using the multistage model for Jow-dose extrapolation, as shown 1in
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Table VIII-6, the‘potency estimates calculated on the basis of these data
sets are approximately within an order of magnitude from each other, with
the exception of the thyroid tumor . .Theée potencies ‘provide a range of
estimates that reflects the uncertainties stemmﬁng.from the differences in
species, tumor sites, solvent vehicles and composition of‘diet. The range
does not reflect wuncertainty resulting from the wuse of different

extrapolation models.

To calculate thé unit risks of hexachlorobenzene in water, HHAG used an
estimate of carcindgenic potency based upon the data for hepatocellular
carcinoma in Female rats, which is the highest potency among the carcinoma
responses. This particular data set was preferred over the hepatoma oniy
respense. A combining of hepatomas and carcinomas was not possible because

of a lack of individual animal data.

Risk Associated with 1 ug/% of Hexachlorobenzene in Drinking
Water -- Under the assumption that daily water consumption for a 70 kg.

person is 2 %, the hexachlorobenzene intake in terms of mg/kg/day s

d=21%x 1 ug/t x 1073 mg/e/70 kg = 2.86 x 107% mg/kg/day.

{rounded to 2.9x107s mg/kg/day}

Therefore, the risk from drinking water containing 1 wg/% of hexachloro-

benzene is estimated to be

P=1.7Tx2.86 x107% = 4.9 x 1073,
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TABLE VIII-6

The Carcinogenic Potencyd of Hexachlorobenzene, Calculated on the Basis of 14 Data Sets,b

Using the LinearVzed Multistage Model

Dose 1s Assumed to be
Equivalent on the Basis of

Study Pate Base Reference
Body Weilght Surface Area
Hamster Thyroid (male) 9.3 x 107? 8.3 x 1072 Cabral
: Hepatoma: ' et al., 1977
Male 1.9 x 1072 1.7
female 1.5 x 1072 1.3
Hemangioendothelioma: . )
‘Male 3.2 x 1072 2.8 x 107}
female 1.1 x 1072 1.0 x 1072
Mice » Liver celi: Cabral
Male 1.7°x 1072 2.1 x 1072 et al., 1979
female 1.4 x 1072 1.8 x 1072
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TABLE VIII-6 (cont.)

Dose 1s Assumed to be

Equivalent on the Basis of

Study Date Base Reference
. Body Weilght Surface Area -
Rats 7 Renal cell: Lambrecht et
Male 2.5 x 107? 1.4 al., 1983a,b
female 4.2 x 1072 2.6 x 1072
Hepatocellular carcinoma: . o
Male 1.8 x 1072 1.0 x 1072
female 2.1 x 107? .17
Hepdtoma:
Male 4.1 x 1072 2.6 x 102
Female 1.5 x 1072 9.0 x 107?
Rats Adrenal ' Arnold
2-generation Pheochromocytoma 2.6 x 10 1.6 et al., 1985

study © (female)

3q)* (mg/kg/day)™* 1s the 95X upper confidence 1imit of the linear component in the multistage model.

bSince preparing these calculations, additional data from Lambrecht et al. (1983a,b) study (adrenal
pheochromocytoma) and from Arnold el al. (1985) study (neoplastic l1iver nodules) have become avatlable.

These data have not been evaluated.



This calculatfon wuses the carcinogenic potency gy* = 1.7/(mg/kg/day),
based on the data on hepatocellylar carcinomas in female réts, assuming that
dose per surface area ts equivalent between rats and humans. If the equiva-
lent dose is assumed to be on the basis of body weight, the unit risk, P,

would be reduced to 7.6x107s,

Summary of Quantitative Estimation. Data on hepatocellular carcinomas

in female rats after oral ingestion have been used to estimate the carcino-
genic potency of hexachlorobenzene and the risks assoclated with one unit of
the compound in drinking water. The upper bound cancer risks associated
with 1 ug/2 of hexachlorobenzene 1in drinking water s estimated to be
4.9x1073. Accordingly, upper bound cahcer risks of 107¢, 1075 and
1074 would be assoctated with 0.02, 0.2 and 2 ug/%, respectively, 'ofl
hexach1or6ben§ene in drinking water. This estimate !s calculated on the
basis of the assumption that dose per surface area 1is equivalent among
species,  If the dose 1s assumed to be equivalent on the basis of body
weight, the corresponding risk would be reduced approximately by a‘factor of
6. The carcinogenic potencies of hexachlorobenzene are also estimated on
the basis of 13 other data sets, encompassing different tumor sites and
animal specles. Except for the case of thyroid tumors, these potency esti-
mates differ from each other within a single arder of magn{ﬁude. The range
of the estimates reflects the uncertatinties due to differences in species,

tumor sites; solvent vehicles, composition of diet, elc.

Existing Guidelines, Recommendations and Standards

Occupational. Workplace standards have not Dbeen established in the

United States. The USSR has established a TLV of 0.08 ppm (0.9 mg/m3)
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{Verschueren, 1977}. In 1978, NIOSH c1a551f1ed.hexach]orobeﬁzene-(HEﬁ) as a
Group II pesticide and recommended criteria for standards Ffor occupations in
pesticide }wnufacturing and formulating. These standards rely on engineer-
ing controls, work practices andlmed1c;1 survéi]]ance programs. réther th&n
workplace atr 1imits, to protect Qorkers from the adverse effects of pesti-
cide exposure in manufacturing and formulating. NIOSH specifically chose
not to estab]ish scientifically valid environmental (workplace aif) }1ﬁ1t;
for pesticides fexcept those already promulgated), because exposure via
other routes, especfa]]y dermal, had proven to be of critical importance for
many pesticides and because NIOSH believed that "immediate actlon® was
needed to protect workers in pesticide manufacturing and fqrmu]at1ng plants

(NIOSH, 1978).

.Food.' USDA regulates the use of hexachlorobenzene as & seed treatment

for the control of wheat bunt {smut} under the Federal Seed Act (7 CFR 201).

The U.S. EPA {1991) verified & .reference dose {Rf0) in May 1988 for
hexachlorobenzene. The RfD 15 BE-4 mg/kg/day. A carcinogenicity reference

dose has been verified through CRAVE and this value 1s a slope factor of 1.5

per mg/kg/day.

Water. The U.S. EPA (1980}, in an Ambient Water Quaiity Criteria
Document for Chlorinated Benzenes, determined that hexachlorobenzene 1is a
suspected human carcinogen and s1gce there is no recognized safe concentra-
tion for a human carcinogen, the recommended concentration of hexachloro-
benzene in water for maximum protection of human health is zero. However, a

zero level was thought te be unfeasible in some cases; therefore, water
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levels that may result in incremental increases 1in cancer risk of 1ifetime
exposure were estimated at 107% (one additional case of cancer for every
100,000 people exposed), 107¢ and 1077. The corresponding recommended
criteria were 7.2, 0.72 and 0.072 ng/R, respectively, assuming humans
consume 2 % of water and 6.5 g of fish and she11f1sh per day. The
criteria were calculated by using the hepatoma data on ma]e_hahslers in the

Cabral et al. {1977) carcinogenicity study and the multistage model.

Using the tumor data from the Cabfa] et ai. (1979) carcinogenicity study
with Swiss mice and the multistage model, the NAS (1983) averaged cancer
rtsks based on the male and female mouse data to obtain a 95%.upper Timit of
cancer risk of 1.856x107¢ with Tifetime daily cqnsumption of 1 ¢ of uater‘
containing 1 ug of hexachlorobenzene, Ear11er,\the NAS (19ﬁ0) used this
method anﬁ the tumor data in the Cabral et al. (1977) carcinogenicity study
with male and female hamsters to calculate a 95% upper 1imit of cancer risk
of 2.9x1073. The NAS (1980) also calculated a 7-day suggested no adverse

response level {SNARL) of 0.03 mg/2 for hexachlorobenzene.

Special Groups at Risk

Infants and children (4-16 years of age) appear to be the most suscep-
tible to exposure to hexachlorobenzene. This susceptibility was observed
after the accidental 1ngestion of hexachlorobenzene-contaminated grain
occurred in Turkey during 1955-1959 (Peters et al., 1982). A distinct
disease described as "Pink Sore", which reached an epidemic scale, was
cbserved in infanls under 1 year of age. These infants' mothers had con-
sumed the hexachlorobenzene-treated grain during gestation and/or lactation.

This exposure hds also been associated with the abserved 95% 1-year-old
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infant mortality and the high incidence of stillbirths, DOuring the same
Turkish accident, children (4-16 years of age) were found to be more

susceptible to porphyria cutanea tarda than the adults.

There are strong indications that adult females may be more susceptible
to hexachlorobenzene-induced porphyrﬂa than adult males, which is the case.
tn the rodent studies (Rizzardini and Smith, 1982). According to thése
researchers, this increased susceptibilfty in adult females is related to

their estrogen levels and faster metabolism of hexachlorobenzene.

Summar y
Health advisorles based on noncarcinogenic toxicity data and the

carcinogenic risk assessment are given in Table VIII-7. Avallable data'are‘
conc]ude& to be insufficient for calculation of 1-day and 10-day HAs. The
longer-term HA, of 0.2 mg/e for a 70 kg adult and 0.05 mg/¢ for a 10 kg
child, which 1s als¢ being proposed as the 1-day and 10-day HA for 10 kg
child, 1s based on the study by Kuiper-Goodman et al. (1977) in which male
.and female Charles River rats were fed hexachiorobenzene in the diet for as
long as 15 weeks. An RFD of 0.0008 mg/kg bw/day and a DWEL of 0.03 mg/g
for a 70 kg adult is bpased on noncarcinbgenic effects 1in ma]eAand female

Sprague-Dawiey rats exposed to hexachlorobenzene in utero, during Tactation,

and in the diet for the remainder of their 1ifetimes. Houever, there 1s
sufficlent evidence Ffor the >carc1no§en1c1ty of hexachlorobenzene In
experimental animals. Based on a weight-of-evidence <classification
hexachlorobenzene is rated'as a B2, probable human corcinogen. By using the
95% upper limit with the multistage model and the hepatocellular carcinoma

data in female rats from the Lambrecht et al. (1983a,b) hexachlorobenzene
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carcinogenicity study, lifetime exposures to hexachlorobenzene in drinking
water at levels of 2x107%, 2x107¢ and 2x1073 mg/L are associated

with 107¢, 1073 and 107% cancer risks, respectively.
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TABLE VIII-T

-Summary of the Data for Hexachlorobenzene Used to Derive HAs and DWEL

Health Specles/Route Dose Durattion Basts Uncertainty Valued Reference
~ Advisory (mg/kg bw/day) Factors {mg/t}
1-Day and insufficlent data
10-Day Insufficlient data
Longer-term HA rat/oral 0.5 15 weeks NOAEL, higher doses cause - 100 0.05b Kulper -Goodman
an increase in liver, kidney 0.2¢ et al., 1977
and spleen porphyrin levels :
and centrilobular Viver
lestons
| DWEL rat/oral 0.08 130 weeks NOAEL, higher doses cause 100 0.03¢ Arnold et al.,
. - : an increase n liver and 1985 ’
kidney lestions
Cancer unilt rat/oral “I¥nearized* 11fetime Hepatocellular carcinomas NA 2.0x107s¢.d Lambrecht et
risk estimate multistage al., 1963a.,b
. mode)

3iexachlorobenzene water solubilily 1s referenged as 0.005 mg/t @ 25°C

bfor a 10 kg child
Cfor a 70 kg adult

dyater concentration associated wilh an upper level excess lifetime cancer risk of 1076,

clated with upper level excess 1ifetime cancer risks of 107% and 1074, respectively.

NA = Not applicable

Values of 2x107* and 2x10™® mg/a are asso-
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