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20.1.1 TOXICOKINETICS AND TOXICODYNAMICS
20.1.1.1 Exposure

Highest exposures can be found in workplace (e.g., evaporation of solvents) or during spe-
cial processes (e.g., leaks of normally closed systems). Acute and severe solvent accidents
often happen in workplaces (high solvent concentrations, intermittent high-level exposures,
high duration of exposure). Apart from working sites, various other emission sources of sol-
vents should be considered, e.g., consumer products.

The description of exposure parameters (type of solvents, concentrations, duration,
routes of exposure) are important for the evaluation of toxicokinetics. Solvents and other
chemicals are usually emitted as a mixture of various substances. Therefore, the risk assess-
ment of emitted solvents is difficult to ascertain.'? Solvent concentrations and duration of
exposure vary in most cases (intermittent high-value peaks, periods of low exposure). The
exposure is influenced essentially by surrounding occupational and environmental condi-
tions, such as working climate, protective equipment and by individual parameters such as
eating habits.

The exposure to solvents is regulated by relevant threshold limit values."? Exposure
and exposure values can be controlled by defined methods (e.g., ambient and biological
monitoring).

20.1.1.2 Uptake
Relevant uptake routes of solvents are absorption from the lung and percutaneous absorp-

tion. The intestinal uptake is usually caused by accidents or by intent. The absorption rate is
influenced by various factors.
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20.1.1.2.1 Inhalation

Inhalation is the most common pathway of solvent absorption, especially at working sites.
The pulmonal absorption of solvents depends on the following parameters:**

* Exposure (concentrations and concentration fluctuations in the ambient air,
exposure time, physical exertion). The alveolar concentration of solvents or the
difference between air and blood concentration levels determine the diffusion
process into alveolar blood vessels. Physical exertion influences lung parameters,
especially ventilation, and consequently alveolar and blood concentrations.

* Lung parameters (pulmonary and alveolar ventilation, pulmonary perfusion,
air-blood coefficient, blood-tissue coefficient). These coefficients describe the
amount of solvents which can diffuse. The blood-tissue partition coefficient
influences the tissue equilibrium concentrations. Solvents with stronger
hydrophobic properties (e.g., toluene) reach equilibrium more rapidly because of a
low tissue-blood coefficient. Intraindividual differences such as child/adult are also
of significance.

* Physicochemical characteristics of solvents (solubility such as hydrophobic and
hydrophilic properties, state such as liquid or gaseous and degree of volatility).

20.1.1.2.2 Dermal uptake

Dermal uptake of solvents requires skin contact and depends on the area of contact, skin
thickness, dermal state (e.g., eczema and defects in the stratum corneum), exposure parame-
ters (contact time, etc.) and solvent properties.”*

The main barrier against percutaneous uptake of solvents are structures of the stratum
corneum, especially intercellular lipids and fibrous keratin. Removal of lipids by polar sol-
vents such as ethanol or hydration in the stratum corneum is associated with an increase of
skin permeability. Defects or lack of stratum corneum that may occur in skin diseases, at
particular skin locations such as hair follicles or glandula regions enhance the percutaneous
movement of solvents. The absorption through mucosa membranes is facilitated because of
the lack of the stratum corneum.

Skin defects or diseases can be provoked by solvents which cause irritation, cellular
hyperplasia and swelling, or removal of lipids. Skin defects are provoked mainly by fre-
quent use of solvents thus enhancing their absorption.

Other characteristics, which influence percutaneous absorption, are solvent concen-
tration gradients, solvent partitioning (water/lipid partition coefficient) and permeability
constants.

Lipophilic chemicals are absorbed most easily (for example, benzene). These can in-
clude liquid solvents or solvents having low vapor pressure.”'! Vapors absorbed by dermal
uptake can significantly contribute to the body burden as a result of the whole body expo-
sure: e.g. 1-2 % of xylene or toluene, up to 5-10 % 1-methoxypropane-2-ol.'° For other sub-
stances, much higher skin absorption rates were measured after the whole body exposure:
2-methoxyethanol up to 55 %, 2-ethoxy-ethanol up to 42 %.'?

It is important to consider that the dermal uptake of vapors is especially significant
when using a gas-mask.” In addition to inhalation measurements, measurement of
percutaneous absorption is an important method for assessing health or environmental
risks.



20.1 Toxicokinetics, toxicodynamics, and toxicology 1317

Dermal absorption of solvents is shown in Table 20.1.1.

Table 20.1.1. Dermal uptake of solvents according to the German MAK-list.>®*

Benzene Cyclohexanone 2-Hexanone 1,1,2,2-Tetrachloroethane
Bromomethane Dimethylformamide | Methanol Tetrachloroethene
2-Butanone Dimethylsulfoxide | 2-Methoxyethanol Tetrachloromethane
2-Butoxyethanol 1,4-Dioxane Methyl formate Toluene

Carbon disulfide 2-Ethoxyethanol Nitrobenzene Toluidine(s)
2-Chloroethanol Ethylbenzene Nitrotoluene(s) 1,1,2-Trichloroethane
Chloromethane Ethyl formate Phenol Trichloromethane
Cresol(s) Ethylene glycol iso-Propyl benzene Xylene(s)

Cycolhexanol n-Hexane n-Propanol (from ACGIH')

20.1.1.2 Metabolism, distribution, excretion

Specific toxicity of solvents is directly related to their metabolism which is predominantly
catalyzed by cytochrome P-450 mixed-function oxidases in the liver or other tissues.

Relevant examples of specific metabolism are toxic epoxides of benzene
(hemopoietic toxicity), n-hexane 2,5-hexanedione (peripheral neurotoxic effects), metabo-
lites of ethylene glycol ethers (reproductive toxicity), and unidentified metabolites from tri-
chloroethylene (renal-toxic effects)." It should be emphasized that only the metabolites of
these solvents are associated with toxic effects.

Other relevant metabolic pathways result in detoxified substances, such as
biotransformation processes in the liver — conjugation with glycine, glucuronic acid and
sulphuric acid (e.g., via hydroxylation of toluene) or biotransformation by hydrolysis, oxi-
dation and conjugation (e.g., glycol ethers).

It should be noted that metabolism processes vary according to the following condi-
tions: "

* Species, sex, age, genetics, e.g., variability in enzymatic factors such as
polymorphisms (cytochrome systems) or tissue repair mechanisms'

¢ Life style —diet, smoking, drug consumption, physical activity

e Saturation. Massive concentrations of solvents result in saturation of metabolic
pathways. This is important with regard to detoxification

* Induction of enzymes. Specific induction of enzyme systems by chemicals (solvents
as well as other chemicals such as drugs) may consequently provoke an increase or
decrease of solvent toxicity

* Interactions may be involved in enhancing or reducing toxicity of solvents. For
example Bloch et al.'® showed that in cases of alcohol abuse an increase in the toxic
effects of benzene and other lipophilic petroleum derivatives occurs. Also, it has
been shown that benzene inhibits the metabolism of toluene.'’

Solvents can be excreted via various pathways:

e Exhalation (unchanged)
* Urine tract and biliary tract (unchanged or metabolites, e.g. water-soluble
conjugates)
20.1.1.3 Modeling of toxicokinetics and modifying factors

The complexity of toxicokinetic processes of solvents can be described in models, e.g., pre-
dicting exposure situations and distribution phenomena in the human body and quantifying
these processes (e.g. dose-effect response relationships). This applies especially to simula-
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tion of physiological and physicochemical parameters'® or to assessing low exposures to
complex chemical mixtures."”

20.1.2 TOXICOLOGY
20.1.2.1 General effects

General effects of solvents concern primarily acute exposures to high solvent
concentrations. Despite some variations of symptoms, the resulting effects on the central
nervous system (CNS) are rather stereotypical.”’

Several solvents have depressant or narcotic effects, and hence, some solvents are
used as anesthetics.”' The main acute health hazards result from the narcotic effects. Their
intensity is proportional to the solvent concentrations in brain tissue and is caused by the
solvents themselves (physical and chemical interactions with neural membranes, nerve
cells or neurotransmitters of the CNS).

General CNS dysfunctions after solvent exposure, are initially euphoria and
disinhibition, higher exposures result in pre-narcotic symptoms such as dizziness, euphoria,
disorientation and confusion, nausea, headache, vomiting, ataxia, paresthesia, increased
salivation and tachycardia.”*** The symptoms are rapidly reversible when the solvents are
removed.

In addition to the non-specific acute narcotic effects of solvents mentioned above, al-
terations of behavioral, cognitive and psychomotoric functions are typically found after
short-term exposure to solvent levels close to the TLV. Overexposure leads to convulsions,
coma and death. Typical changes are paresthesias, visual and auditory deficits, cognitive
deficits (short-term and long-term memory loss), confusion, disorientation, affective defi-
cits (nervousness, irritability, depression, apathy, compulsive behavior) and motor deficits
(weakness in extremities, incoordination, fatigue, tremor).>**

It is difficult to develop useful methods and models for testing these behavioral effects
of solvents but for this purpose tests of attention and reaction, cognitive tests and other test
systems are used.***’

Acute CNS dysfunction diseases can show mild (organic affective syndrome), moder-
ate or severe (acute toxic encephalopathy) symptoms.***

Unspecific irritations of skin and mucosa membrane structures can be caused by sol-
vents. Various solvents are significant occupational irritants, e.g., solvents which cause irri-
tant contact dermatitis.*” Intact skin structures can be destroyed by solvents which dissolve
grease and fat. Typically, the dermatitis is characterized by dryness, scaling and fissuring
and is usually located on the hands. It is often caused by handling solvent-contaminated
products or by cleaning procedures.’'*?

Unspecific irritation of mucous membranes is often caused by solvent vapors, e.g., ir-
ritation of the eyes and various sections of the airways.

20.1.2.2 Specific non-immunological effects

Table 20.1.2 summarizes the main specific effects of solvents:***’

* Hepatotoxicity

* Nephrotoxicity

* Reproductive toxicity
* Hemopoietic toxicity
* Neurotoxicity

* Ocular toxicity
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Table 20.1.2. Examples for specific effects of selected solvents

Organ-system Solvents Symptoms

halogenated hydrocarbons (e.g., carbon tet-
rachloride, tetrachloroethane, chloroform),| acute (necrosis, steatosis) and chronic (cir-

Li . . . .
tver ethanol, 1,1,1-trichloroethane, trichloroeth- | rhosis) hepatotoxic symptoms
ylene, bromobenzene, dimethylformamide
te tubul, is, gl 1 d tubu-
halogenated hydrocarbons (e.g., carbon tet- acute fubuar n§cr0s1s glomeruiat a . . u
. . . lar  dysfunctions (e.g., albuminuria,
. rachloride), toluene, dioxane, diethylene L ..
Kidney .| proteinuria), glomerulonephritis, note: mod-
glycol, ethylene glycol, glycol ethers, conju- | . .
. ification of solvent effects caused by renal
gates of trichloroethylene . .
dysfunctions possible
Reproductive carbon disulfide, benzene, glycol ethers,| disturbance of menstrual cycle; reduced
system nitrobenzene sperm counts, embryotoxic effects
Hemopoietic benzene metabolites (e.g., benzoquinone, . .
. marrow depression, myelotoxic effects
system hydroquinone)

peripheral neuropathy (especially distal ax-

n-hexane, ethanol, styrene, ons, axon swelling and degeneration, loss of
Nerval system o
tetrachloroethylene sensibility, muscular atrophy, loss of tendon
reflexes)
Eye methanol impaired vision

Note: the data shown come predominantly from data of occupational exposure.

20.1.2.3 Immunological effects

Various solvents have well-known allergic potentials. Allergic symptoms of the respiratory
tract (rhinitis, tracheitis, bronchitis, asthma), allergic contact dermatitis and conjunctivitis
can be provoked by solvents. The allergic effects of solvents can also contribute to other dis-
eases such as MCS, autoimmune diseases.

Nowadays, solvents or by-products with allergic potential occur mainly at workplaces
and, to a lesser degree, in consumer products. According to EG regulations, solvent ingredi-
ents of some consumer products, e.g., cosmetic products, must be labeled. It is often diffi-
cult to detect the causative solvent allergen (allergens which cause cross allergies,
secondary products of solvents such as oxygenated terpenes, unknown allergens). Various
specific test systems are available for carrying out individual test diagnoses: e.g., chamber
tests,*® skin tests such as patch-tests* and special applications of biological monitoring.

Solvent-induced allergies can occur at a variety of working sites, e.g., in shoe facto-
ries, in electronic industries,’" in synthetic chemical industries,” in metal industries™ or
in perfume and potter industries (oil of turpentine and other solvents).>* Similar occurrence
of solvents can be found in consumer products, e.g., in nail polishes (e.g., toluene).” Aller-
gic solvent substances are listed in various catalogues and databases.'**

Examples of allergic solvents are terpene products with high sensitivity potential,
which can cause positive test reactions (patch-test) or even allergic diseases (contact sensiti-
zation and dermatitis). Allergic dermatitis can even be provoked by d-limonene in the air.*®
Terpenes and terpenoid substances are found especially in “natural products”, e.g., cos-
metic products, foods, and plants (oilseed rape).’”®
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Allergic potential of solvent products depends on the typical solvent structure. For ex-
ample, in glycol ethers their allergic potential is proportional to the charge of interacting
molecules.”

Allergic effects can also be associated with other skin conditions caused by solvents
such as irritations. Multiple areas of skin damage, including solvent allergies, can change
the skin structure and provoke severe skin disease.®”

In addition to other substances (pesticides, food additives, dust, smoke, etc.), allergic
effects of solvents are discussed as an initial cause of MCS.®!

Organic solvents are associated with human autoimmune diseases, but defined
pathomechanisms of these solvents have not yet been detected (role of solvents in the initia-
tion or progression of autoimmune diseases).”

20.1.2.4 Toxic effects of solvents on other organisms

In addition to humans, microorganisms animals and plants are also exposed to solvents. The
interaction between organisms and solvents are often specific. For example, the reactions
elicited by certain solvents depend on the species and abilities of the particular organism af-
fected.

Hydrophobic organic solvents, in particular, are toxic to living organisms, primarily
because they disrupt cell membrane structure and mechanisms. Some living organisms es-
pecially certain bacterial species, are able to adapt to these solvents by invoking mecha-
nisms such as accelerating repair processes (through changes in the rate of phospholipid
biosynthesis), reduction of the diffusion rate of the solvent and active reduction of the
intracellular concentration of the solvent. More information and examples are shown in
Chapter 14.4.2.

20.1.2.5 Carcinogenicity

The term carcinogenicity is used for toxicants that are able to induce malignant neoplasms.
Carcinogens can be effective at different stages of the carcinogenic process, €. g., initiation,
promotion and progression. They may interact with other noxes and thereby enhance tumor
development. Interactive carcinogenesis can be described as co- and syn-carcinogenesis. A
co-carcinogen is defined as a non-carcinogenic compound that is able to enhance tumor de-
velopment induced by a given carcinogen. In syn-carcinogenesis two or more carcinogens,
each occurring in small amounts that are usually not sufficient to induce a tumor in a spe-
cific target organ, may interact to lead to tumor formation in that organ.

As with all carcinogens the carcinogenic potency of solvents has been assessed by
short-term in vitro tests, e. g., Ames assay, by long-term tumor induction experiments in an-
imals and - especially important for the evaluation of the carcinogenic action in humans -
prospective and retrospective epidemiological studies, for solvent exposure mainly in work
places.

From this data it is generally not possible to evaluate the carcinogenic action of solvent
mixtures, which occur in the majority of exposure situations. It is also important to note, that
for anumber of reasons, e. g., very long latency period of tumor generation, accumulation of
single hits in the target cells, significance of repair mechanisms it is not possible to define
TLVs for carcinogens.

In accordance with the evidence available, different classes for chemical carcinogens
have been developed by health authority organizations."****° Examples of the classification
of carcinogenic solvents are presented in Table 20.1.3.
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Table 20.1.3. Carcinogenicity - Survey of selected solvents

1321

hemopoietic system (rats)

Category*
Solvent Organ-System
MAK EG ACGIH TARC | NTP
Benzene hemopoietic system 1 K1 Al 1 K
Bromomethane upper ga§tr0intestinal, tract and respiratory, 3 K3 - 3 |l
tract (animals)
lymphati tem, li i t
Carbon tetrachloride | > P otc SYSIEHL, Vel (mice, ra S).’ 3 K3 A2 2B R
mamma (rats), suprarenal gland (mice)
li NS, forest h (rat: 1 cavit
Epichlorohydrin m.1g, C ' 'S, forestomach (rats), nasal cavity, 2 K2 A3 A R
skin (mice)
Chloroethane uterus (mice) 3 K3 n.l. 3 n.l.
Cyclohexanone suprarenal gland (rats) 3 n.c A4 3 n.l.
forestomach (mice), lung (mice, rats), nasal
1,2-Dibromoethane | cavity, peritoneum, mamma, connective| 2 K2 A3 2A R
tissue (rats)
brain, lymphatic and hemopoietic system,
1,2-Dichloroethane | stomach, pancreas; lung, mamma, stomach | 2 K2 A4 2B R
(mice, rats), lymphatic system (mice)
Dichloromethane liver, lung (mice, ! ats), mamma (rats), 3 K3 A3 2B R
lymphosarcomas (mice)
1,2-Dichloropropane | liver (mice), mamma (rats) 3 K3 A4 3 n.l.
Dimethylformamide | testes n.c. | nc A4 3 n.L
liver (rats, guinea pigs), biliary tract ik
1,4-Dioxane (guinea pigs), mamma , peritoneum (rats), | 4 « A3 2B R
nasal cavity (mice)
mamma, upper respiratory tract, thyroid
1,2-E 2 K2 A L L
~<-EPOXypropane gland (mice, rats) 3 n n
Hexamethyl . .
1 ty, | t L . A 2B R
phosphoramide nasal cavity, lung (rats) n n.i 3
2-Nitropropane liver (rats) 2 n.l A3 2B R
Nitrobenzene lgng, thyroid gland, mamma (mice), liver, 3 K3 A3 7B ol
kidney, uterus (rats)
2- Nitrotoluene epididymis (rats) 2 K2 | nc,BE** | 3 n.l
lymphatic system, hemopoietic system
Phenol suprarenal gland, thyroid gland, skin (mice, | 3 n.c. | nc,BEl | 3 n.l
rats)
Tetrachloroethane liver (mice) 3 K3 A3 3 n.L
oesophagus, kidney, hemopoietic system,
Tetrachloroethylene | lymphatic  system; liver  (mice),| 3 K3 A3 2A R
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Category*
Solvent Organ-System
MAK EG ACGIH IARC | NTP
h, li ki hyroid gl
Tetrachloromethane st(?mac > liver, kidney, thyroid gland (rats, 3 K3 A2 nl | nl
mice)
mamma, skin, bladder, liver, spleen, perito-
o-Toluidine neum, connective tissue (rats), vessels 2 n.i. A3 n.l. R
(mice)
1,1,2-Trichlorethane | liver, suprarenal gland (mice) 3 K3 A4 3 n.L
1 ;i ili ki 1
Trichloroethylene kldn.ey, iver, biliary .tract, idney, e g K3 A5 2A | nl
cervix, testes, lymphatic system (rats, mice)
h, liver, ki hyroid gl i
Chioroform stomach, liver, kidney, thyroid gland (mice, 4 K3 A3 ol R
rats)
oral mucosa (mice, rats), uterus (mice),
1,2,3-Trichloropropane | liver, pancreas, forestomach, kidney,| 2 n.i. A3 2A R
mamma (rats)

*Categories

MAK (German regulations)

1: substances that cause cancer in humans and can be assumed to make a significant contribution to cancer risk. Ep-
idemiological studies provide adequate evidence of a positive correlation between the exposure of humans and the
occurrence of cancer. Limited epidemiological data can be substantiated by evidence that the substance causes
cancer by a mode of action that is relevant to humans.

2: substances that are considered to be carcinogenic for humans because sufficient data from long-term animal
studies or limited evidence from animal studies substantiated by evidence from epidemiological studies indicate
that they can make a significant contribution to cancer risk. Limited data from animal studies can be supported by
evidence that the substance causes cancer by a mode of action that is relevant to humans and by results of in vitro
tests and short-term animal studies.

3: substances that cause concern that they could be carcinogenic for humans but cannot be assessed conclusively
because of lack of data. In vitro tests or animal studies have yielded evidence in one of the other categories. The
classification in Category 3 is provisional. Further studies are required before a final decision can be made. A
MAK value can be established provided no genotoxic effects have been detected.

4: substances with carcinogenic potential for which genotoxicity plays no or at most a minor role. No significant
contribution to human cancer risk is expected provided the MAK value is observed. The classification is supported
especially by evidence that increases in cellular proliferation or changes in cellular differentiation are important in
the mode of action. To characterize the cancer risk, the manifold mechanisms contributing to carcinogenesis and
their characteristic dose-time-response relationships are taken into consideration.

5: substances with carcinogenic and genotoxic potential, the potency of which is considered to be so low that, pro-
vided the MAK value is observed, no significant contribution to human cancer risk is to be expected. The classifi-
cation is supported by information on the mode of action, dose-dependence and toxicokinetic data pertinent to
species comparison.

EG()S
K1: confirmed human carcinogen
K2: compounds which should be considered as carcinogen
K3: compounds with possible carcinogenic evidence

ACGIH'
Al: confirmed human carcinogen
A2: suspected human carcinogen
A3: confirmed animal carcinogen with unknown relevance to humans
Ad4: not classifiable as a human carcinogen
AS: not suspected as a human carcinogen
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IARC*
1: carcinogenic to humans

2A:
2B:

probably carcinogenic to humans
possibly carcinogenic to humans

3: not classifiable as to its carcinogenicity to humans

NTP*

K: Known to be a Human Carcinogen
R: Reasonably Anticipated to be a Human Carcinogen (RAHC)

**Notes:

italic: cancer in humans

n.c.
n.i.: no information available

n.L:

: not classified as carcinogenic

: not listed

BEL: not classified as carcinogenic but biological monitoring is recommended

20.1.2.6 Risk assessment

For risk assessment of solvent exposure, and in addition to factors for general risk assess-
ment (age, gender, race, diet, physical activity, stress, physical noxes, etc.) it is important to
consider:

20.1.3

Occupational exposure (high doses) and environmental exposure (low doses) to
solvents separately.

The effect of exposure time, e. g., life long environmental low exposure or
occupational intermittent high exposure.

Exposure assessment (generally the most neglected aspect in risk assessment). This
involves extensive ambient monitoring over a long period of time. Only a small
amount of data on biological monitoring of solvents and/or metabolites
(representing the “effective” dose) is available.

The high volatility of solvents, e. g., VOCs and the fast biotransformation rate (in
the environment and within the human body) for most of the solvents.

Complex mixtures and numerous sources of environmental exposure.

Especially for environmental solvent exposure: High-to-low-dose extrapolation for
evaluation of adverse health effects may be misleading.

Confounding factors, e.g., smoking and alcohol consumption, as adverse health
effects which may dominate in cases of low solvent exposure.

Risk in this context is defined in terms of the probability as occurrence of a
particular adverse health effect, e. g. 1 in 10°.

Finally, as in general risk assessment, definition of a risk level that is acceptable.

CONCLUSIONS

For solvent exposure at workplaces considerable amount of evidence for adverse
health effects has been gathered.

In this regard, specific and carcinogenic effects in particular have been discussed
(see Table 20.1.2 and 20.1.3).

For environmental solvent exposure only a few examples of adverse health effects
have been documented.

It is rather unlikely that potentially toxic environmental solvent exposures, €. g.,
benzene or halogenated hydrocarbons, can be prevented in the near future.
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* Many suspicions, but only a small amount of scientific data demonstrate a

correlation between “environmental diseases”, e. g., sick building syndrome and
solvent exposure.

* It has been hypothesized that - as a rule - exposure to mixtures of solvents at low

non-toxic doses of the individual constituent represents no danger to health.®

* There exists overwhelming evidence of adverse health effects caused by accepted

environmental noxes such as tobacco smoke and the consumption of alcoholic
beverages.
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20.2 COGNITIVE AND PSYCHOSOCIAL OUTCOME OF CHRONIC
OCCUPATIONAL SOLVENT NEUROTOXICITY

JENNI A OGDEN
Department of Psychology, University of Auckland, Auckland, New Zealand

20.2.1 INTRODUCTION

Many organic solvents used in industry are neurotoxic, and may lead to a range of largely ir-
reversible cognitive and psychological or psychiatric impairments in workers who are ex-
posed over long periods of time, or who have had a peak exposure (an episode in which they
were briefly exposed to a larger than normal level of solvent). The most vulnerable workers
are those who work in the spray painting, boat building, printing, textile, plastic, agricul-
tural and pharmaceutical industries. Often self-employed workers or those in small busi-
nesses are more at risk because the safety measures they take are not as closely monitored,
and peer pressure to use safety equipment even when it is unwieldy, restrictive or expensive,
is unlikely to be as strong as in large workshops. In addition they may be less well educated
regarding the neurotoxic effects of the solvents they work with. The great majority of work-
ers diagnosed with OSN are men, presumably because men make up the bulk of the
workforce in trades and industries that use neurotoxic solvents.

The chronic, and often slow and insidious effects of occupational solvent
neurotoxicity (OSN) include psychological and psychiatric symptoms, impairments in cog-
nitive functioning, and negative psychosocial consequences. The Scandinavian countries
are the research leaders in this field, and in recent years health professionals and industries
in the United States and other major industrialized countries have become increasingly
aware of the debilitating symptoms that can affect workers exposed to neurotoxins over a
long time." There have been allegations that OSN is often over-diagnosed by health profes-
sionals who are zealous believers, and that a significant number of workers who complain
of OSN symptoms are malingering in the hope of obtaining financial compensation.> While
these allegations almost certainly have some credibility, especially in countries such as the
USA, where civil litigation has resulted in large settlements and the existence of OSN is
now enshrined in legal precedent,” there is ample evidence that the OSN syndrome does ex-
ist and is a major health problem for workers in industries that utilize neurotoxic solvents. A
number of research studies establishing the existence of OSN have been conducted in coun-
tries where there is only limited, if any, financial gain to be made from diagnosing OSN, in-
cluding Hong Kong® and New Zealand.’

One of the primary difficulties researchers and health professionals face when trying
to ensure that the symptoms they are observing are indeed the result of OSN, lies in the fact
that the neurological damage resulting from chronic neurotoxin exposure tends to be dif-
fuse, or may, for example, involve a neurotransmitter imbalance. It is therefore unlikely to
be evident on a Computerized Tomograph (CT) or Magnetic Resonance Image (MRI) of the
brain. A neurological examination is rarely helpful,’ and in many cases the psychological
and cognitive impairments are the only clear indicators of neurotoxicity. A
neuropsychological assessment which utilizes a range of tests to assess cognitive abilities
including attention, concentration, psychomotor speed, memory and visuospatial skills,
along with a psychological interview or questionnaire assessing depression, irritability, mo-
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tivation and fatigue, thus plays a major role in diagnosing chronic OSN.® The World Health
Organization (WHO) and the Nordic and New Zealand Governments all require that a
neuropsychological assessment be used in the diagnosis of solvent neurotoxicity.””

Many victims of OSN do not realize that their chronic fatigue, irritability, poor mem-
ory and other problems may be associated with the solvents in their workplace, and by the
time they seek help from their doctor, psychologist or marriage guidance counsellor, the
OSN symptoms are likely to be compounded and masked by other work and relationship
problems (themselves possibly a consequence of the OSN symptoms).® Identification of
OSN as the primary cause of the problems is therefore even more difficult, and proving
cause and effect usually impossible. That OSN is a significant cause of the person’s prob-
lems, can, however, often be established beyond reasonable doubt, provided that some
guidelines are followed. The individual must clearly have been exposed to neurotoxins over
a long period (usually set, rather arbitrarily, at 10 years or more of occupational exposure),
or have suffered a peak exposure. Other major contributors to neurological impairment
should be excluded (e.g., significant traumatic brain injury, or alcohol addiction), there
should be no evidence of malingering, and the pattern of cognitive impairments and psycho-
logical symptoms should be typical of OSN.

20.2.2 ACUTE SYMPTOMS OF SOLVENT NEUROTOXICITY

Neurotoxic solvent exposure can result in some workers experiencing nausea, vomiting,
loss of appetite, severe headaches, confusion, light-headedness and dermatitis. The solvent
may be detectable on their breath and skin for hours and even days after they have left the
solvent environment. Most of these symptoms resolve when they stop working with sol-
vents but return when they come into contact with solvents again. Workers who suffer these
acute symptoms do not necessarily go on to develop the chronic syndrome of OSN, perhaps
in many cases because they are so disabled by the acute symptoms they stop working before
irreversible damage occurs. Some workers who suffer acute symptoms do remain in the
work environment, sometimes because of financial necessity, or because they do not realize
the solvents are the cause of their problems.'’ Some workers who develop a chronic OSN
syndrome have suffered from acute symptoms, but others have not. The reason for these in-
dividual differences is not clear.

20.2.3 CATEGORIZATION OF OSN

The 1985 International Solvent Workshop'' proposed three types of OSN, as follows:

* Type 1 OSN: Characterized by subjective complaints of fatigue, irritability,
depression and episodes of anxiety. No cognitive impairments are demonstrable on
neuropsychological testing, and the psychological symptoms resolve on removal
from the solvents. This is also known as the organic affective syndrome, or the
neurasthenic syndrome.

* Type 2 OSN: A more severe and chronic form than Type 1 in which many of the
symptoms and cognitive impairments are thought to be irreversible when the worker
is removed from the solvent environment. It is also known as mild toxic
encephalopathy. Type 2 has been divided further into two sub-types based on
psychological symptoms (Type 2A) and cognitive impairments (Type 2B). Type 2A
sufferers have a range of symptoms which may include sustained personality and
mood disturbances, fatigue, poor impulse control and poor motivation. Type 2B
symptoms include poor concentration, impairments of new verbal and visual
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learning and memory, psychomotor slowing, and in more severe cases, executive
(or frontal-lobe) impairments. These can include impoverished verbal fluency,
difficulties with abstract thinking, and impairments in the ability to make plans and
organize tasks logically. These cognitive symptoms must be demonstrable on
neuropsychological tests following a solvent-free period. There is some research
which indicates that this separation of Type 2 OSN into psychological and cognitive
impairment profiles is largely unrealistic, as most workers with Type 2 OSN have
symptoms of both types.'®'? Type 2 OSN is the primary focus of this section given
its largely irreversible nature and its frequency in the workplace.

* Type 3 OSN: This is the most severe form of OSN and signals an irreversible
dementia with severe impairment across most cognitive and emotional domains. It
is also known as severe toxic encephalopathy, and is fortunately rare in occupational
situations. It is more likely to occur in long-term recreational solvent abusers.

20.2.4 ASSESSMENT OF OSN

There have been a few studies reporting specific symptoms caused by a specific solvent.
The widely used industrial solvent trichloroethylene (TCE), has, for example, been reported
to result in severe agitated depression, sometimes accompanied by violent behaviors to-
wards self and others."* Toluene and TCE can cause peripheral neuropathy, and TCE can
damage the trigeminal or fifth cranial nerve, resulting in a loss of sensation to the face,
mouth and teeth.' It is, however, rare to be able to pinpoint a specific solvent as the cause of
specific cognitive or psychological symptoms, and most research on occupational solvent
neurotoxicity has been carried out on workers exposed to a mixture of solvents. A core
neuropsychological battery has been developed by the WHO/Nordic Council,® and most
other formal and informal batteries developed for the assessment of OSN include a similar
range of tests, as these are the tests most sensitive to the common neuropsychological im-
pairments of OSN.”'*!>1¢ Specific tests used in these batteries will not be listed here, as
neuropsychologists qualified to administer, score, and interpret these tests can find special-
ist information in texts written on OSN assessment.'

The assessment of OSN may be initiated if a worker receives a poor score on a screen-
ing workplace questionnaire designed to assess the frequency of self-reported problems
such as irritability and poor memory.'? In other cases the worker comes to the attention of a
health professional because of interpersonal or memory problems which concern the
worker, family, or work colleagues. In New Zealand, in 1993 the Occupational Safety and
Health Service (OSH) of the Government Department of Labour, established a panel of ex-
perts to develop national guidelines for the diagnosis of OSN.*? Workers who are diagnosed
as suffering from OSN are registered as part of the Notifiable Occupational Disease System.
Other panels provide a similar function for other occupational diseases such as asthma and
asbestos-related disorders. Following is a description of the procedures for diagnosing OSN
that the New Zealand panel has developed and tested since 1993.*

Individuals, industries, industrial health workers, or general practitioners can notify a
possible case of OSN to the panel. Occupational hygienists then attempt to measure the
types and levels of solvents the worker has been potentially exposed to throughout his or her
working life. This is easier if the worker is currently in the solvent environment, but esti-
mates only can be made of solvent levels in previous workplaces, and of the workplace and
worker’s appropriate use of protective equipment over the years. If there is reason to suspect
that the worker has been exposed to neurotoxic solvents for 10 years or more, or has suf-
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fered peak exposures, the occupational physician will examine and interview the worker
(and where possible a close family member) and make an initial assessment regarding the
worker’s symptoms. It is not uncommon at this interview stage for the worker, often a mid-
dle-aged tradesman not accustomed to talking about his cognitive or emotional problems, to
break down in tears. Most health professionals experienced in assessing OSN are in no
doubt that it is a real syndrome with devastating consequences for the worker and family.°

If the symptom complex generally fits with that typical of OSN, the symptoms are sig-
nificant enough to be causing the worker or his family concern, and other possible causes
have been explored and considered to be unlikely as the primary cause of the problems, the
worker will proceed to a neuropsychological assessment. Whenever possible, this should
take place following two or more weeks away from solvents. This is again a somewhat arbi-
trary time period, arrived at in an attempt to find a balance between the real time it takes for
any acute effects of a mixture and range of solvents to resolve, and the amount of time (usu-
ally unpaid) an undiagnosed worker is willing or able to take away from his workplace. The
assessment usually commences with a psychological assessment, which may include both
an interview and standard questionnaires on mood, fatigue levels, motivation, memory
problems in daily life and so on. Often, with the worker’s permission, information is also
obtained from family members and work colleagues. Not only does this allow an assess-
ment of the problems the worker is experiencing at work and at home, but also gives the
neuropsychologist some idea of the time course of these problems. Other possible con-
founding psychosocial factors are checked out at this point. Whilst factors such as a high use
of alcohol, or a series of minor head injuries whilst playing sport 10 years previously, or a
recent marriage breakup, may not negate the possibility of the worker being diagnosed as
suffering from OSN, clearly these factors must be taken into account in making the diagno-
sis and the confidence that can be placed in that diagnosis, as well as when designing an in-
tervention or rehabilitation program for the worker.

Having ascertained that the worker’s exposure levels and psychological and subjec-
tive cognitive symptoms (e.g., complaints of memory problems) meet the criteria for possi-
ble OSN, a battery of carefully chosen neuropsychological tests is then given. This is often
scheduled for a later session, given the distress that the worker may have expressed during
the interview, and the high fatigue levels that are a common consequence of OSN. This bat-
tery should include one or more tests which can, along with education and occupational his-
tory, provide an estimate of the worker’s cognitive ability level prior to working with
solvents. Also included should be some tests which one would not expect to be impaired by
solvents, such as well-established vocabulary (meanings of words). Tests which are in-
cluded because of their sensitivity to OSN symptoms include tests of concentration and at-
tention, new verbal and visuospatial learning and memorizing (old, well-established
memories are rarely impaired), reaction time, psychomotor speed, and planning, organiza-
tional and abstraction abilities.

If the pattern of spared and impaired psychological and neuropsychological test re-
sults is typical of OSN, and other factors can be ruled out as the primary cause of this profile,
the worker will be diagnosed as having OSN.%!° This pattern analysis provides one way of
guarding against malingering, as the worker does not know which tests he or she should re-
main unimpaired on and which are commonly impaired following OSN. In addition, on
many tests, it is very difficult or impossible for the malingerer to perform in a way that is
consistent with true organic impairment, even if he or she has been coached on how to per-
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form poorly on the tests. For example, if an individual was unable to remember any new vi-
sual stimuli (an extremely rare condition), when given a memory test where the worker is
shown 50 photographs of unknown faces, and is then shown fifty pairs of faces and must
choose from each pair the face which he or she has previously seen, he or she should obtain
a score of approximately 50% (chance level) correct. If the score was considerably worse
than that, malingering or exaggerating might reasonably be suspected. Tests which mea-
sure reaction or response times for increasingly complex tasks are also difficult to malinger
successfully on as humans are not good at estimating response times in milliseconds, or
even seconds.

A diagnosis of Type 2 OSN is based on score deficits (measured by the number of
Standard Deviations (SD) below the worker’s estimated premorbid ability level) on those
tests commonly impaired by OSN. At least three neuropsychological test scores must fall
more than 1 SD below the scores expected for that worker to be categorized as mild Type 2
OSN, three test scores below 2 SDs for moderate Type 2 OSN, and three or more test scores
more than 3 SDs below the expected levels for moderate-severe Type 2 OSN.* The presence
and severity of typical psychological symptoms are also taken into account, and in clear
cases in which either psychological or cognitive symptoms are very dominant, this informa-
tion informs a decision regarding Type 2A or Type 2B OSN. Whilst psychological symp-
toms are the reason most workers come to the attention of health professionals, because of
the difficulty of measuring the severity of these symptoms and of attributing them to a neu-
rological syndrome, only workers who demonstrate neuropsychological impairments on
testing are positively diagnosed with OSN. The New Zealand experience has, however,
demonstrated that the vast majority of workers with significant solvent exposure histories
and severe psychological problems do demonstrate neuropsychological impairments, and
vice versa."’

20.2.5 DO THE SYMPTOMS OF TYPE 2 OSN RESOLVE?

Occasionally after an extended period away from solvents (perhaps 6 months to a year), the
worker’s psychological symptoms resolve, and on re-testing it is found that his or her
neuropsychological impairments have also resolved. In these cases the classification is
changed to Type 1 OSN (resolved). A recent New Zealand study re-assessed 21 men with
confirmed cases of OSN 6 to 41 (mean 27) months after ceasing exposure.'” An exposure
score was calculated for each worker by using the formula AxBxC, where A = years of sol-
vent exposure, B = a weighting for the occupational group (where boat builders, spray
painters and floorlayers had the highest weighting of 3), and C = a weighting reflecting the
lack of safety precautions taken by the worker relative to other workers in the same job.
Neuropsychological and psychological symptoms at the initial and follow-up assessments
were categorized as mild, moderate or moderate-severe (using the system described above)
by a neuropsychologist blind to the men’s initial diagnosis or exposure history. Twelve men
(57%) showed no improvement (or in one case a slight worsening) on cognitive and psycho-
logical assessment. Seven men showed some improvement on cognitive tests (but not to
“normal” levels), only three of whom also improved on psychological assessment. A further
two men showed an improvement in psychological functioning only. Men given a more se-
vere OSN diagnosis at their initial assessment were more likely to improve than men with
milder symptoms at the time of their first assessment. Possible explanations for this include
the likelihood that some of the more severe symptoms on initial assessment were exacer-
bated by the lingering effects of acute solvent exposure, or that those with mild OSN were
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misdiagnosed and their “symptoms” were due to some other cause or were “normal” for
them, or that there were psychosocial difficulties present at the first assessment which exac-
erbated the organic symptoms and resolved with rehabilitation. The disturbing message is,
however, that the symptoms of Type 2 OSN are often persistent, and in these cases probably
permanent. Even in those individuals where improvement occurs, their symptoms rarely re-
solve completely.

There was no association between improvement on neuropsychological tests and ei-
ther time between the two assessments or total time away from solvents. There was no cor-
relation between the exposure score and severity at diagnosis or extent of recovery, and
there was no association between a past history of peak exposures and either severity at ini-
tial diagnosis or change on neuropsychological assessment. A recent review'® of studies
looking at whether the degree of impairment is related to the dose severity concludes that al-
though several studies have demonstrated significant dose response relationships, there are
disturbing inconsistencies, with some studies showing no relationship,'**° and one study
showing a dose response relationship in painters with levels of exposure considerably lower
than the negative studies.”' Methodological problems and differences and different research
populations probably account for these inconsistent findings, and more research is clearly
required.

20.2.6 INDIVIDUAL DIFFERENCES IN SUSCEPTIBILITY TO OSN

One possible reason for the inconsistent findings both across and within studies examining
the relationship between exposure levels and OSN symptoms, may be that individuals have
different susceptibilities to solvents. It is not uncommon to diagnose one worker with mod-
erate Type 2 OSN, yet find no symptoms or serious complaints whatsoever in his workmate
who has worked by his side in the same spray painting workshop for twenty years. On closer
assessment it may be discovered that the affected worker sustained a number of minor head
injuries in his younger football-playing days, or has smoked a marijuana joint every week-
end for the past 20 years. Subclinical neuronal damage caused by previous insults, or even
by normal aging, may make an individual more susceptible to OSN. Another possibility is
that some people are biologically, and even genetically more susceptible to solvents. In this
sense, OSN can be likened to the post-concussional syndrome following a mild to moderate
traumatic brain injury.® Not only are the psychological and neuropsychological symptoms
very similar, but for reasons which cannot be explained simply by lifestyle differences or
malingering, individuals appear to differ widely regarding their susceptibility to developing
a post-concussional syndrome. In illustration of this, a recent study reports varying out-
comes from apparently equivalent head injuries in a group of athletes.?

20.2.7 PSYCHOSOCIAL CONSEQUENCES OF OSN, AND REHABILITATION

The common psychological and physical symptoms of OSN of fatigue, irritability, depres-
sion, sometimes aggression and violence, headaches, and hypersensitivity to noise and al-
cohol, along with memory difficulties, poor concentration, poor motivation, and slowed
thinking, are a recipe for disaster in interpersonal relationships. Thus it is not uncommon for
workers to be diagnosed and treated first for a psychiatric disorder (especially clinical de-
pression) and for their marriages to break up, before they are even suspected of having
OSN.*"” Once OSN is diagnosed, the prospect of losing their job is a grim one for most vic-
tims, most of whom are tradesmen in middle age or older who may have difficulty obtaining
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or even training for another occupation, especially given their memory, motivation, and
concentration problems.

Rehabilitation programmes®!® begin with psychoeducation for the worker and his
family about the effects of solvents and the importance of protecting himself from exposure
in the future. Family members can be taught strategies to reduce the stress on the victim,
such as encouraging him to have a rest in the afternoon, and limit his alcohol intake, and by
helping him avoid noisy environments such as parties and the family room in the early eve-
ning when children are irritable and hungry. Counseling and therapy for the victim and fam-
ily can be helpful in assisting them to vent their anger at the unfairness of their situation,
grieve for their lifestyle and cognitive abilities lost, and come to terms with a “different”
person (whose memory may be permanently impaired, and concentration span and motiva-
tion lowered). Financial and practical assistance is more often than not of extreme impor-
tance, as it is difficult to find the motivation to work on one’s psychological and family
problems when one is worried about feeding and clothing the children. Antidepressant or
anti-anxiety medications may be of assistance in severe cases of mood disorder. In some
cases both the neurological damage and the psychological overlay can result in aggressive
and violent behaviors not typical of the worker in his younger days. In these cases it is im-
portant to first attend to the safety of family members, and then to try and involve the worker
in anger management programs, or other therapy with the goal of helping him understand
how to control his aggressive or violent behaviors. Similarly, alcohol may be a problem
given that it seems likely that neurotoxic solvents damage the pre-frontal lobes, thus result-
ing in a heightened susceptibility to intoxication. A rehabilitation program aimed at reduc-
ing alcohol intake will be important in this case.

Vocational counseling and training are important not only to guide the worker towards
a new occupation where solvents are preferably absent, or where protection from solvent
exposure is good, but it is also important for the victim’s self-esteem and mood. Unfortu-
nately, in many countries where unemployment is high, the prospects of finding a satisfying
new career in middle-age are bleak. The task for the rehabilitation therapist in these sad
cases is to encourage the worker to take up new hobbies and recreational activities, to spend
more quality time with family and friends, and to try and live on a sickness benefit or unem-
ployment benefit without losing self-respect.
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20.3 PREGNANCY OUTCOME FOLLOWING MATERNAL ORGANIC
SOLVENT EXPOSURE

KRISTEN |. MCMARTIN AND GIDEON KOREN
The Motherisk Program, Division of Clinical Pharmacology and Toxicology,
Hospital for Sick Children, Toronto, Canada

20.3.1 INTRODUCTION

Organic solvents are a structurally diverse group of low molecular weight liquids that are
able to dissolve other organic substances.! Chemicals in the solvent class include aliphatic
hydrocarbons, aromatic hydrocarbons, halogenated hydrocarbons, aliphatic alcohols,
glycols, and glycol ethers. Fuels are a mixture of various hydrocarbons. They are generally
ubiquitous in industrialized society, both at work and at the home. They may be encoun-
tered as individual agents or in complex mixtures such as gasoline. Incidental exposures
may include vapors from gasoline, lighter fluid, spot removers, aerosol sprays and paints.
These short duration and low level exposures may often go undetected. More serious expo-
sures occur mainly in the industrial or laboratory settings during manufacturing and pro-
cessing operations such as dry cleaning, regular working with paint removers, thinners,
floor and tile cleaners, glue and as laboratory reagents. Gasoline sniffing or glue sniffing,
albeit not occurring in the occupational setting, is another source of exposure to organic sol-
vents during pregnancy.

Counseling pregnant women who are occupationally exposed to numerous chemicals
(mostly organic solvents) is difficult because it is hard to estimate the predominant chemi-
cals and their by-products. Even after identifying the more toxic agents, it is still difficult to
assess the circumstances of exposure as for many chemicals one can measure neither air-
borne nor blood levels. Smelling the odor of organic solvents is not indicative of a signifi-
cant exposure as the olfactory nerve can detect levels as low as several parts per million
which are not necessarily associated with toxicity. As an example, the odor threshold of to-
luene is 0.8 parts per million whereas the TLV-TWA (threshold limit value-time weighted
average) is 50 parts per million. In addition, reproductive information on many individual
solvents is at best sparse, either limited to animal studies or nonexistent.
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Many organic solvents are teratogenic and embryotoxic in laboratory animals depend-
ing on the specific solvent, dose, route of administration and particular animal species.' The
various malformations described include hydrocephaly, exencephaly, skeletal defects, car-
diovascular abnormalities and blood changes. Also, some studies suggest poor fetal devel-
opment and neurodevelopmental deficits. In a portion of these studies exposure levels were
high enough to induce maternal toxicity.

Organic solvents are a diverse, complex group and because exposure usually involves
more than one agent and different circumstances, adequate human epidemiological studies
are difficult to interpret. Many studies are subject to recall and response bias and are not al-
ways controlled for other risk factors such as age, smoking, ethanol, and concurrent drug in-
gestion. It is hard to prove or quantify the suspicion that organic solvents are a reproductive
hazard. One may even expect that a ubiquitous exposure to solvents would by chance alone
be associated with an increase in birth defects or spontaneous abortions, which may differ
from one study to another. While fetal toxicity is biologically sensible in cases of intoxi-
cated mothers, evidence of fetal damage from levels that are not toxic to the mother is
scanty, inconsistent or missing.

This chapter will review the reproductive toxicology of organic solvents with particu-
lar focus on exposure during pregnancy. Firstly, examples of animal studies with regard to
three organic solvents will be discussed. This will be followed by information obtained
from human studies including: a meta-analysis of pregnancy outcome following maternal
organic solvent exposure; results from the first prospective study by the Motherisk Program
at the Hospital for Sick Children on gestational exposure during pregnancy; and finally, a
proactive approach for the evaluation of fetal safety in chemical industries.

20.3.2 ANIMAL STUDIES

There are numerous experimental studies that examine the reproductive effects of organic
solvents in animals. The reproductive effects of maternal organic solvent exposure will be
summarized using three organic solvents as examples. The solvents discussed will be ben-
zene, toluene and tetrachloroethylene.

Benzene

Watanabe and Y oshida® were the first to claim teratogenic effects of benzene after ad-
ministration during organogenesis only. Groups of 15 mice were given single subcutaneous
injections of 3 ml benzene/kg on one of days 11-15 of pregnancy. This dose caused
leukopenia lasting 24-48 hours but had no effect on body weight in the dams. Litter size
ranged form a average of 6.5-8.5 in the 4 treatment groups. Malformations were seen in
most treated groups; cleft palate occurred in 5.5% of fetuses exposed on day 13 and in 1.0%
of fetuses exposed on day 14 and agnathia or micrognathia was seen on 0.9%, 2.4% and
1.0% of fetuses exposed on days 11, 13 and 14 respectively. Extra 14th ribs were seen in
10-16% of fetuses in all treated groups. Fetuses from 5 dams treated on day 15 had no mal-
formations but 24% had extra 14th ribs. In the absence of any control data it is not known if
these represent significant increases in malformations and anomaly rates. Extra 14th ribs
for example, can be a common skeletal variant in some strains of mice and rats.’

Matsumoto et al.” have given groups of 8-11 mice subcutaneous injections of 0, 2, or 4
ml of benzene/kg on days 8 and 9 or 12 and 13 of pregnancy. Fetuses were examined exter-
nally and for skeletal defects only; internal soft tissues were not examined. They claim that
fetal weight was significantly decreased in both groups given 4 ml/kg and placental weight
significantly reduced in those given 4 ml/kg on days 12 and 13 of pregnancy. However, re-
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working of the data shows p values of >0.4 in all cases.” Sporadic malformations (cleft pal-
ate and open eye) did not differ significantly between treated and control groups, neither did
the incidence of dead or resorbed embryos and fetuses. A small degree of retarded ossifica-
tion was seen in fetuses from dams given 4 ml/kg.

Nawrot and Staples® investigated the effects of oral administration by gavage of 0.3,
0.5 or 1.0 ml/kg on days 6-15 of pregnancy or 1.0 ml/kg on days 12-15 of pregnancy in the
mouse. After dosing on days 6-15, 0.5 and 1.0 ml/kg caused some maternal mortality and
embryolethality. Fetal weight was significantly reduced at all 3 dose levels but no increase
in malformations was seen. There were similar findings after dosing on days 12-15 except
that resorptions occurred later in gestation. The study is reported in abstract only and no fur-
ther details are given.

Murray et al.> exposed groups of 35-37 mice to 0 or 500 ppm benzene for 7 hr/day on
days 6-15 of pregnancy. Acceptable teratological methods were used.” There was no evi-
dence of maternal toxicity. There were no effects on implants/dam, live fetuses/dam,
resorptions/dam or malformation rates. Fetal body weight was significantly reduced and de-
layed ossification significantly increased in fetuses from the benzene group.

Iwanaga et al.° demonstrated an increased postnatal susceptibility to benzene toxicity
in mice exposed prenatally to benzene by injection of the dams with 4 ml benzene/kg on day
9 or 12 of gestation. At 10 weeks of age the offspring were injected with 5 daily doses of 0.1
ml benzene/kg and the effects on erythrocytes, leukocytes, body weight, thymus and spleen
were more marked than in non-prenatally exposed controls.

There have been several inhalational studies on benzene in the rat. In an unpublished
study summarized by Murray et al.,’ teratogenic effects were observed at 500 ppm when
rats were exposed to 0, 10, 50 or 500 ppm benzene for 7 hr/day on days 6-15 of pregnancy
and a low incidence of exencephaly, kinked ribs and abnormal ossification of the forepaws
was noted at 500 ppm. In another unpublished study quoted by Murray et al.’ no teratoge-
nicity but increased embryoloethality was seen after exposure to 10 or 40 ppm for 6
hours/day on days 6-15 of pregnancy in the rat.

Hudak and Ungvary’ exposed groups of 19-26 rats to 0 or 313 ppm benzene for 24
hours/day on days 9-14 of pregnancy. Acceptable teratological methods were used.’ There
was no maternal mortality but maternal weight gain was significantly reduced. There were
no significant effects on live fetuses/dam, resorbed or dead fetuses/dam or malformation
rate. Mean fetal weight was significantly reduced and retarded ossification, abnormal fu-
sion of sternebrae and extra ribs were all significantly increased in the benzene-exposed
group.

Green et al.® exposed groups of 14-18 rats to 100, 300 or 2200 ppm benzene for 6
hours/day on days 6-15 of pregnancy, each benzene-exposed group having a concurrent 0
ppm control group. Maternal weight gain was significantly reduced in the 2200 ppm group,
but not at lower exposure levels. There were no significant effects on implants/dam, live fe-
tuses/dam, resorptions/dam or malformation rates. There was a significant 10% reduction in
fetal weight in the 2200 ppm benzene group and skeletal anomalies were sporadically in-
creased in benzene-exposed groups (missing sternebrae at 100 ppm, delayed ossification of
sternebrae in female offspring only at 300 ppm and 2200 ppm and missing sternebrae at
2200 ppm). The authors suggest the higher number of affected female fetuses is in accor-
dance with other observations on the increased susceptibility of females to benzene toxic-
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ity.’ In addition, they observed a non-significant low incidence of hemorrhages in all 3
benzene-exposed groups which were not seen in control fetuses.

In conclusion, embryolethal and teratogenic effects are not seen even at maternally
toxic doses but significant fetotoxicity in terms of reduced body weight sometimes accom-
panied by increases in skeletal variants and delayed ossification is seen at doses which are
not necessarily toxic to the dam. The absence of any such effects in a large number of ade-
quately conducted studies reported in full suggests these observations may be of no biologi-
cal significance. The role that benzene-induced maternal anemia may play in any adverse
effects on the offspring is not known.’

Toluene

Euler' exposed mice to a mixture of toluene and trichloroethylene similar to that
which has been used in the soling of shoes. The mixture was composed of 32 ppm (120
mg/m’) toluene and 64 ppm (340 mg/m?) trichloroethylene, equivalent to inhaling 157
mg/kg toluene and 406 mg/kg trichloroethylene in the mice. They inhaled the mixture for 10
days before mating or during part or the whole of pregnancy. Differences were noted be-
tween treated and control groups in pregnancy rates, length of pregnancy, damaged em-
bryos, birth weights and neonatal mortality but the direction and magnitude of these
differences is not stated. No groups were exposed to toluene alone.

Nawrot and Staples* gave mice 0.3, 0.5, or 1.0 ml toluene/kg orally by gavage on days
6-15 of pregnancy or 1.0 ml/kg on days 12-15 of pregnancy. There was no maternal toxicity
except a decrease in maternal weight gain in those dosed on days 12-15. There was a signifi-
cant increase in embrylolethality at all 3 dose levels and a significant reduction in fetal
weight in the 0.5 and 1.0 ml/kg groups after dosing on days 6-15. Those dosed with 1.0
ml/kg on days 6-15 had a significant increase in numbers of fetuses with cleft palate which
was not simply due to general growth retardation. Treatment on days 12-15 only had no ad-
verse effects on the offspring. The study is reported in abstract only and no further details
are given.

Teratological investigations on inhaled toluene in mice and rats have been carried out
by Hudak et al.” Mice were exposed to 0, 133 or 399 ppm (500 or 1500 mg/m®) toluene for
24 hr/day on days 6-13 of pregnancy. In the high dose group all 15 exposed dams died
within the first 24 hr of exposure. No maternal deaths occurred in the 11 mice exposed to
133 ppm and there were no effects on implants/dam, live fetuses/dam, dead and resorbed fe-
tuses/dam, malformations or anomaly rates, but fetal weight was significantly reduced by
10% in comparison with controls. It is not stated whether 133 ppm had any effect on mater-
nal weight gain.”

In conclusion, similar to benzene, toluene does not appear to be teratogenic. It is
fetotoxic, causing a reduction in fetal weight in mice and rats and retarded ossification and
some increase in skeletal anomalies in rats at doses that are below those toxic to the dam as
well as at toxic doses.” Embryolethality has also been seen with inhalation of very high con-
centrations lethal to some of the dams or following oral administration of non-toxic doses.’

Tetrachloroethylene

Schwetz et al."" exposed rats and mice to 300 ppm tetrachloroethylene for 7 h/day on
days 6-15 of pregnancy. The dams were killed just before term and the fetuses examined by
acceptable teratological methods but results are given on a per litter basis only. The number
of treated animals in each case was 17 and the number of controls (air exposed) 30 for both
rat and mouse studies.
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Effects of tetrachloroethylene on the dams varied between species.'' In the mouse rel-
ative liver weight was significantly increased and the absolute liver weight increased but not
significantly and with no effect on maternal body weight. In the rat there was a non-signifi-
cant decrease in absolute and relative liver weights and a significant 4-5% decrease in mean
body weight. Food consumption was unaffected.

Effects on the embryo and fetus also differed.'' In the mouse there was no effect on im-
plantation sites, live fetuses or resorption rates but mean fetal weight was significantly re-
duced, 59% of litters containing runts (weight less than 3 standard deviations below the
mean) compared with 38% of control litters. Whereas in the rat, resorption rate was signifi-
cantly increased from 4% in controls to 9% in the exposed group, while fetal body was unaf-
fected (mean slightly higher than controls).

In the mouse, examination for anomalies revealed an increase in delayed ossification
of the skull bones (significant) and of the sternebrae (nonsignificant) as might be expected
from the fetal weight data. There were also significant increases in the incidence of split
sterenbrae and subcutaneous edema. No gross malformations were found. In the rat, gross
malformations (short tail) were reported but the incidence did not differ significantly from
that in controls. There were no other significant differences in soft tissue or skeletal abnor-
malities."

The results of this study are difficult to assess, partly because no indication of the num-
bers of fetuses affected within affected litters is given and partly because of the uncertain
nature of the “subcutaneous edema” reported.”!! Exposure to tetrachloroethylene and the
concurrent controls were part of a large study on four different solvents. The incidence of
subcutaneous edema in the mouse ranged from 8-59% of litters affected which seems very
high and while the incidence in the tetrachloroethylene group was highest at 59%, it was as
high as 45% in nonconcurrent controls (27% in concurrent controls)."" In the rat, the inci-
dence of this particular anomaly also varied enormously between groups from 0%
(tetrachloroethylene group) to 28% (trichloroethylene group).'" It is therefore important to
know how strict were the criteria for designation of “subcutaneous edema” and in particular
whether the designation was made before or after fixing, subcutaneous edema being a com-
mon fixative artifact.” However, the retardation of growth and ossification and the increased
incidence of split sternebrae in fetal mice exposed to tetrachloroethylene were clear effects
and in the absence of any effect on maternal body weight, suggest that tetrachloroethylene
has some maternal hepatotoxicity but has no effect in the rat where there is no
hepatotoxicity at 300 ppm."!

The results of a behavioral teratology study in the rat by Nelson et al. have been re-
ported.'? Rats were exposed to 0 or 900 ppm tetrachloroethylene for 7 hours/day on days
7-13 or 14-20 of pregnancy (9-16 rats per group). The dams were affected by this level,
showing reduced food consumption and lower weight gain during exposure but
histopathological examination of the maternal liver and kidney in dams sacrificed on day 21
of pregnancy revealed no abnormalities."

Postnatally, offspring were tested for olfaction, neuromuscular ability, exploratory
and circadian activity, aversive and appetitive learning.'” There was evidence of impaired
neuromuscular ability.'> Offspring from dams exposed on days 7-13 were poorer than con-
trols in ascent of a wire mesh screen during the second week of life and were poorer than
controls on a rotorod test on one of the 3 days tested in the fourth week of life.'> Offspring
from dams exposed on days 14-20 performed less well in ascent of a wire mesh screen.
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However, the latter group were consistently superior to controls on the rotorod later in de-
velopment.'? Both exposed groups were generally more active in open field tests than con-
trols but only those exposed on days 14-20 of gestation differed significantly from
controls.'” Biochemical analyses of whole brain neurotransmitter levels showed no effects
in newborns but significant reductions in acetylcholine levels at 21 days of age in both ex-
posed groups of offspring and reduced dopamine levels at 21 days of age in those from dams
exposed on days 7-13."? There were no significant differences between exposed and control
groups on any other of the tests.'? Exposure of offspring to 100 ppm on days 14-20 of gesta-
tion showed no significant differences from controls on any of the above behavioral tests.'

It was not stated whether neurotransmitter levels were measured in this low-dose group.”'?

In view of these results, suggesting some fetotoxicity in the mouse but not the rat at
300 ppm and postnatal effects in the rat at 900 ppm but not 100 ppm, there is a need for fur-
ther studies at low levels between 900 and 100 ppm to establish a more accurate no-ef-
fect-level.’

20.3.3 PREGNANCY OUTCOME FOLLOWING MATERNAL ORGANIC
SOLVENT EXPOSURE: A META-ANALYSIS OF EPIDEMIOLOGIC
STUDIES

[Adapted, by permission, from K.I. McMartin, M. Chu, E. Kopecky, T.R. Einarson and G.

Koren, Am. J. Ind. Med., 34,288 (1998) Copyright 1998 John Wiley & Sons, Inc. Reprinted

by permission of Wiley-Liss, Inc. a division of John Wiley & Sons, Inc.]

Introduction
Evidence of fetal damage or demise from organic solvent levels that are not toxic to the
pregnant woman is inconsistent in the medical literature. A mathematical method has been
previously developed and utilized to help overcome bias and arrive at a single overall value
that describes the exposure-outcome relationship; namely, meta-analysis."

The risk for major malformations and spontaneous abortion from maternal
inhalational organic solvent exposure during pregnancy is summarized using meta-analy-
sis.’! Besides being more objective than the traditional methods of literature review, it has
the ability to pool research results from various studies thereby increasing the statistical
strength/power of the analysis. This is especially useful in epidemiologic studies, such as
cohort studies or case control studies since very often large numbers of subjects are required
in order for any problem to be significantly addressed. This is particularly true for
teratogenic studies where the frequencies of malformation are often very low.

Methods
A literature search was conducted to collect studies for the meta-analysis. Using Medline,
Toxline and Dissertation Abstracts databases spanning 1966-1994, literature was identified
concerning the problem in question. In addition, external colleagues were consulted (re-
garding unpublished studies) whose area of interest is in occupational exposure and repro-
ductive toxicology. All references from the extracted papers and case reports were
investigated. Standard textbooks containing summaries of teratogenicity data were con-
sulted for further undetected references.

Inclusion criteria consisted of human studies of any language which were 1) case con-
trol or cohort study in design; 2) included maternal inhalational, occupational, organic sol-
vent exposure; 3) had an outcome of major malformation and/or spontaneous abortion; and
4) included first trimester pregnancy exposure. Exclusion criteria consisted of animal stud-
ies, non-inhalational exposure, case reports, letters, editorials, review articles and studies
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that did not permit extraction of data. For subgroup analysis, we also identified and ana-
lyzed cohort and case-control studies specifically involving solvent exposure. Major mal-
formations were defined as malformations which were either potentially life threatening or
a major cosmetic defect.'> Spontaneous abortion was defined as the spontaneous termina-
tion of pregnancy before 20 weeks gestation based upon the date of the first day of the last
normal menses.'*

To obtain an estimate of the risk ratio for major malformations and spontaneous abor-
tion in exposed versus unexposed infants, an overall summary odds ratio (ORs) was calcu-
lated according to the protocol established by Einarson et al.'> Additionally, homogeneity of
the included studies, power analysis and the extent of publication bias were also examined
as described by Einarson et al."”

Results and discussion
The literature search yielded 559 articles. Of these, 549 in total were rejected for various
reasons. The types of papers rejected were: animal studies (298), case reports/series (28),
review articles (58), editorials (13), duplicate articles (10), not relevant (62), malformation
not specified (29), spontaneous abortion not defined (31), unable to extract data (4), no indi-
cation of timing of exposure (16). Five papers were included into the major malformation
analysis (Table 20.3.1) and 5 papers were included into the spontaneous abortion analysis
(Table 20.3.2).

Table 20.3.1. Studies of teratogenicity of organic solvents meeting criteria for
meta-analysis [Adapted, by permission, from K.l. McMartin, M. Chu, E. Kopecky, T.R.
Einarson and G. Koren, Am. J. Ind. Med., 34, 288 (1998) Copyright 1998 John Wiley &
Sons, Inc. Reprinted by permission of Wiley-Liss, Inc. a division of John Wiley &
Sons, Inc.]

Authors Study type | Data collection Malformation described
Axelsson et al.'® C R “serious malformations”
Tikkanen et al."” cC R cardiac malformations
Holmberg et al.’® CcC R CNS, oral clefts, musculoskeletal, cardiac defects
Cordier et al."” CcC R “major malformations”
Lemasters® C R “major malformations”

CC=Case control; C=Cohort; R=Retrospective

A. Malformations

In total 5 studies describing results from organic solvent exposure were identified (Ta-
ble 20.3.3). The summary odds ratio obtained was 1.64 (95% CI: 1.16 - 2.30) which indi-
cates that maternal inhalational occupational exposure to organic solvents is associated with
an increased risk for major malformations. The test for homogeneity yielded a chi square of
2.98 (df=4, p=0.56). When studies were analyzed separately according to study type, the
chi square value from the test for homogeneity of effect for cohort studies was 0.52 (df=1,
p=0.47) and for case control studies it was 0.01 (df=2, p=0.99). Their combinability remains
justified on the basis of the lack of finding heterogeneity among the results.

Meta-analysis of both the cohort studies and case-control studies produced similar re-
sults, i.e., they demonstrate a statistically significant relationship between organic solvent
exposure in the first trimester of pregnancy and fetal malformation. The summary odds ratio



1340 Kristen I. McMartin, Gideon Koren

for cohort studies was 1.73 (95% CI: 0.74 - 4.08) and 1.62 (95% CI: 1.12 - 2.35) for
case-control studies.

Table 20.3.2. Studies of spontaneous abortion of organic solvents meeting criteria for
meta-analysis. [Adapted, by permission, from K.l. McMartin, M. Chu, E. Kopecky, T.R.
Einarson and G. Koren, Am. J. Ind. Med., 34, 288 (1998) Copyright 1998 John Wiley &
Sons, Inc. Reprinted by permission of Wiley-Liss, Inc. a division of John Wiley &
Sons, Inc.]

Authors Study type Data collection
Windham et al.”! ccC R
Lipscomb et al.* C R
Shenker et al.” C P
Pinney* C R
Eskenazi et al.” C P

CC=Case control, C=Cohort, R=Retrospective, P=Prospective

Table 20.3.3. Results of studies comparing outcomes of fetuses exposed or not
exposed to organic solvents. [Adapted, by permission, from K.l. McMartin, M. Chu, E.
Kopecky, T.R. Einarson and G. Koren, Am. J. Ind. Med., 34, 288 (1998) Copyright 1998
John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc. a division of John
Wiley & Sons, Inc.]

Congenital Defect
Reference Exposure

Yes No Total

organic solvents yes 3 489 492

Axelsson et al.'® no 4 492 496
total 7 981 988

organic solvents yes 23 26 49
Tikkanen et al."” no 546 1026 1572
total 569 1052 1621

organic solvents yes 11 7 18
Holmberg et al.' no 1464 1438 2902
total 1475 1475 2950

organic solvents yes 29 22 51

Cordier et al."” no 234 285 519
total 263 307 570

styrene yes 4 68 72

Lemasters® no 13 822 835
total 17 890 907

yes 70 612 682
TOTAL no 2261 4100 6354
total 2331 4712 7036
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In this meta-analysis, major malformations were defined as “potentially life threaten-
ing or a major cosmetic defect”."® In the general population there is a 1-3% baseline risk for
major malformations. Estimate incidence via cohort studies indicated 2 studies with a total
of 7 malformations in 564 exposures or 1.2% rate of malformations which falls within the
baseline risk for major malformations.

Publication bias is the tendency for statistically significant studies to be submitted and
accepted for publication in preference to studies that do not produce statistical signift
cance." This may be the case for solvent exposure and major malformations. Determining
the extent of possible publication bias (file drawer analysis) is not unlike power analysis for
nonsignificant results. Each provides some quantitative measure of the magnitude of the
findings with respect to disproving them and requires judgment for interpretation. In order
to perform a file drawer analysis effect sizes must be calculated from the summary statistic.
Effect sizes represent the magnitude of the relationship between two variables. Unlike sta-
tistical significance, which is directly related to sample size, an effect size may be thought
of as significance without the influence of sample size. In other words, effect size represents
the “true” impact of an intervention. Cohen has determined that an effect size d=0.2 is con-
sidered small, 0.5 is medium and 0.8 is large."

The result from this file drawer analysis indicates that one would have to obtain 2 arti-
cles with a small effect size (d=0.001) to bring the study’s overall effect size (d=0.071) to a
smaller effect size of 0.05. One of the acceptable studies achieved such a small effect size.
The smallest effect size was d=0.000682."° It would therefore seem probable to have some
studies stored away in file drawers with very small effect sizes (lack of statistical signifi-
cance). Unfortunately, no statistical test yet exists to precisely determine such a probability
and one must therefore exercise judgment.

There are some considerations to bear in mind when interpreting results of this
meta-analysis:

1. Environmental exposure in pregnancy is seldom an isolated phenomenon, there-
fore, analysis of human teratogenicity data may require stratification for a number of factors
depending on the intended focus of the analysis.

2. Organic solvents belong to many classes of chemicals. Not all of the studies have
examined the exact same groups of solvents in terms of both extent and range of solvents as
well as frequency and duration of exposure.

3. The malformations listed in each of the papers seems to reflect a diverse range of
anomalies. One might expect to notice a particular trend in malformations between studies,
however, this does not appear to be the case.

Certain factors should be kept in mind when evaluating the results such that a number
of studies were case control in design. Certain factors inherent in this study design may af-
fect the interpretation of their results, including recall of events during pregnancy, selection
of samples based on volunteer reporting and a change in the knowledge over time regarding
factors considered to significantly affect the fetus. Mothers of malformed children may un-
derstandably report exposure more often than mothers of healthy children. The recall of the
exact name of the chemical, amount of exposure, starting and stopping date of exposure are
also difficult to establish retrospectively. Recall may be affected by the method of question-
ing; when asked open ended questions, women may not recall details as well as when ques-
tioned with respect to specific chemical exposure. As a result, there could be systematic bias
toward reporting exposure.
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It is important to consider the criteria or “proof” for human teratogenicity as estab-
lished by Shepard:*®

1. Proven exposure to agent at critical time(s) in prenatal development. One of the in-
clusion criteria for this meta-analysis, with malformations as the outcome of exposure, was
first trimester exposure to organic solvents.

2. Consistent findings by two or more epidemiologic studies of high quality including:
control of confounding factors, sufficient numbers, exclusion of positive and negative bias
factors, prospective studies if possible, and studies with a relative risk of six or more.

When this happens it is unlikely that methodological problems or systematic biases
can influence the results of the studies conducted in different contexts and different study
designs. The studies included in this meta-analysis usually controlled for such items as geo-
graphical location and date of birth, however, other potential confounding factors such as
maternal age, alcohol, and smoking that could lead to subsequent problems in outcome pre-
sentation were not consistently reported.

In addition, this meta-analysis included studies that were contained within large data-
bases spanning many years. The majority of information about occupational exposure in
general during pregnancy originates from Scandinavia, namely, the Institute of Occupa-
tional Health in Helsinki. For example, Finland monitors spontaneous abortions through the
spontaneous abortion registry. The registry contains all information about women who
were hospitalized with spontaneous abortions covering approximately 90% of all spontane-
ous abortions in Finland. Finland also monitors births via the Finnish Register of Congenital
Malformations. All new mothers in Finland are interviewed during their first prenatal visit,
at 3 months post-delivery, at Maternity Care Centers located in every province throughout
Finland.

When scanning the literature, there are no studies that prospectively examine occupa-
tional exposure to organic solvents during pregnancy and pregnancy outcome with regard to
malformations. The studies are retrospective, either case-control or cohort in design. In con-
trast, however, there are a number of studies that prospectively examine occupational expo-
sure during pregnancy and pregnancy outcome with regard to spontaneous abortion.

In all the studies there was an attempt to ascertain the occupational exposure by an in-
dustrial hygienist who blindly assessed the group exposure information. In addition, the in-
dividual studies included in the meta-analysis did not obtain an odds ratio or relative risk of
6.0 or more with a significant 95% confidence interval. The larger the value of the relative
risk, the less likely the association is to be spurious. If the association between a teratogen is
weak and the relative risk small (i.e., range 1.1-2.0), it is possible to think that the associa-
tion is indeed due to unknown confounding factors and not to the teratogen under study.
However, weak associations may be due to misclassification of exposure or disease. They
may also indicate an overall low risk but the presence of a special subgroup at risk of
teratogenesis within the exposed group.

3. Careful delineation of the clinical cases. A specific defect or syndrome, if present, is
very helpful. If the teratogen is associated only to one or a few specific birth defects, the
possibility of a spurious association becomes smaller. In this meta-analysis, the malforma-
tions were variable with no specific trend apparent.

4. Rare environmental exposure associated with rare defect.

5. Teratogenicity in experimental animals important but not essential.

6. The association should make biologic sense.
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When a chemical or any other environmental factor caused a malformation in the ex-
perimental animals and/or the biological mechanism is understood, the observation of an
association in humans becomes more plausible. Although the statistical association must be
present before any relationship can be said to exist, only biological plausible associations
can result in “biological significance”.

The mechanisms by which many solvents exert their toxicity are unclear and may vary
from one solvent to another. Halogenated hydrocarbons such as carbon tetrachloride may
generate free radicals.”’ Simple aromatic compounds such as benzene may disrupt
polyribosomes, whereas some solvents are thought to affect lipid membranes and to pene-
trate tissues such as the brain.”’

In 1979 a syndrome of anomalies (hypertonia, scaphocephaly, mental retardation and
other CNS effects) was suggested in two children in a small American Indian community
where gasoline sniffing and alcohol abuse are common.”® Four other children had similar
abnormalities, however, in these cases it was impossible to verify gasoline sniffing. Also, it
is unclear what was the contribution of the lead in the gasoline or the alcohol abuse in pro-
ducing these abnormalities. It is important to remember that the mothers in many of these
cases showed signs of solvent toxicity indicating heavy exposure. This is not the case in
most occupational exposures during pregnancy. While fetal toxicity is biologically sensible
in cases of intoxicated mothers, the evidence of fetal damage from levels that are not toxic to
the mother is scanty and inconsistent.

7. Proof in an experimental system that the agent acts in an unaltered state.

8. Important information for prevention.

Several lists of criteria for human teratogenicity have included the dose (or concentra-
tion) response relationship.' Although a dose response may be considered essential in estab-
lishing teratogenicity in animals it is extremely uncommon to have sufficient data in human
studies. Another criterion which is comforting to have but not very often fulfilled is biologic
plausibility for the cause. Shepard states that at present there is no biologically plausible ex-
planation for thalidomide embryopathy and that at least one half of all human teratogens do
not fit this criterion.*

B. Spontaneous abortion
Estimates for clinically recognized spontaneous abortions as a proportion of all pregnancies
vary markedly. In ten descriptive studies reviewed by Axelsson,” the proportion of sponta-
neous abortions varied from 9% to 15% in different populations. The variation depended
not only on the characteristics of the population but on the methods used in the study, i.e.,
the selection of the study population, the source of pregnancy data, the definition of sponta-
neous abortion, the occurrence of induced abortions and their inclusion or otherwise in the
data. The weaknesses of the studies using interviews or questionnaires pertain to the possi-
bility of differential recognition and recall (or reporting) of spontaneous abortions and of
differential response. Both exposure and the outcome of pregnancy may influence the will-
ingness of subjects to respond to a study. One advantage of interview data is that it is more
likely to provide information on early spontaneous abortion than medical records. How-
ever, the validity of information on early abortion which may be difficult to distinguish
from a skipped or delayed menstruation has been suspect. Spontaneous abortions which
have come to medical attention are probably better defined than self-reported abortions.

The feasibility of using medical records as a source of data depends on the pattern of
use of medical facilities in the community and the coverage and correctness of the records.
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Of concern is the potential selection bias due to differing patterns of use of medical services.
The primary determinant for seeking medical care is probably gestational age so that earlier
abortions are less likely to be medically recorded than later abortions.” The advantage of
data on medically diagnosed spontaneous abortions, compared to interview data is that the
former are independent of an individuals own definition, recognition and reporting.

In total, 5 papers describing results from organic solvent exposure were identified (Ta-
ble 20.3.4). The summary odds ratio obtained was 1.25 (95% CI: 0.99 - 1.58). The test for
homogeneity yielded a chi square=4.88 (df=4, p=0.300). When studies were analyzed sep-
arately according to study type, the chi-square value for homogeneity of effect for cohort
studies was 4.20 (df=3, p=0.241). Meta-analysis of both cohort and case-control studies
produced similar results, i.e., they do not demonstrate a statistically significant relationship
between organic solvent exposure in pregnancy and spontaneous abortion. The summary
odds ratio for cohort studies was 1.39 (95% CI: 0.95 -2.04) and 1.17 (95% CI: 0.87 - 1.58)
for case control studies. Their combinability seems justified on the basis of the lack of find-
ing heterogeneity among the results.

Table 20.3.4. Results of studies comparing outcomes of fetuses exposed or not
exposed to organic solvents. [Adapted, by permission, from K.l. McMartin, M. Chu, E.
Kopecky, T.R. Einarson and G. Koren, Am. J. Ind. Med., 34, 288 (1998) Copyright 1998
John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc. a division of John
Wiley & Sons, Inc.]

Spontaneous Abortion
Reference Exposure

yes no total

any solvent product yes 89 160 249

Windham et al.”' no 272 575 847
total 361 735 1096

organic solvent yes 10 39 49

Lipscomb et al.* no 87 854 941
total 97 893 990

organic solvents yes 12 8 20

Schenker et al.” no 16 21 37

total 28 29 57

organic solvents yes 35 228 263

Pinney* no 25 166 191
total 60 394 454

organic solvents yes 4 97 101

Eskenazi et al.” no 7 194 201
total 11 291 302

yes 150 532 682
TOTAL no 407 1810 2217
total 557 2342 2899

The overall ORs of 1.25 indicates that maternal inhalational occupational exposure to
organic solvents is associated with a tendency towards a small increased risk for spontane-
ous abortion. The addition of one study of similar effect size would have rendered this trend
statistically significant.



20.3 Pregnancy outcome following solvent exposure 1345

Traditionally, a power analysis would be conducted to determine the number of sub-
jects or in this situation the number of “studies” that need to be added to produce a signifi-
cant result. In order to perform a power analysis effect sizes must be calculated from the
summary statistic. The result from this power analysis indicates that one would have to ob-
tain 2 studies with a medium effect size (0.5) to bring this study’s overall effect size
(d=0.095) to a small effect size of 0.2. Similarly, 5 articles with an effect size of d=0.3 are
needed to bring the study’s overall effect size to 0.2. The largest effect size in the spontane-
ous abortion analysis was d=0.2. None of the acceptable studies achieved such a large effect
size as 0.5. It may be improbable because one would expect that such results would un-
doubtedly have been published. Unfortunately, no statistical test yet exists to precisely de-
termine such a probability and one must therefore exercise judgment.

This meta-analysis addresses the use of organic solvents in pregnancy. Organic sol-
vent is a very broad term that includes many classes of chemicals. There may still exist rates
of abortion higher than the value reported with certain groups of solvents. However, a de-
tailed analysis of classes of solvents is in order to incriminate a particular solvent. Not all of
the studies have examined the same groups of solvents in terms of both extent and range of
solvents as well as frequency and duration of exposure. Hence it would be very difficult to
obtain any clear estimate of risk for a given solvent given the limited number of studies
available.

Conclusion
The meta-analysis examining organic solvent use in pregnancy did not appear to find a posi-
tive association between organic solvent exposure and spontaneous abortions (ORs = 1.25,
confidence interval 0.99 - 1.58). The results from the meta-analysis examining organic sol-
vent use in the first trimester of pregnancy and major malformations indicate that solvents
are associated with an increased risk for major malformations (ORs = 1.64, confidence in-
terval 1.16 - 2.30). Because of the potential implications of this review to a large number of
women of reproductive age occupationally exposed to organic solvents, it is important to
verify this cumulative risk estimate by a prospective study. Similarly, it is prudent to mini-
mize women’s exposure to organic solvents by ensuring appropriate ventilation systems
and protective equipment.

Meta-analysis can be a key element for improving individual research efforts and their
reporting in the literature. This is particularly important with regard to an estimate of dose in
occupational studies as better reporting of the quantification of solvent exposure is needed
in the reproductive toxicology literature.

20.3.4 PREGNANCY OUTCOME FOLLOWING GESTATIONAL EXPOSURE

TO ORGANIC SOLVENTS: A PROSPECTIVE CONTROLLED STUDY
[Adapted, by permission, from S. Khattak, G. K-Moghtader, K. McMartin, M. Barrera, D.
Kennedy and G. Koren, JAMA., 281, 1106 (1999) Copyright 1999, American Medical Asso-
ciation)
The Motherisk Program at the Hospital for Sick Children was the first to prospectively eval-
uate pregnancy and fetal outcome following maternal occupational exposure to organic sol-
vents with malformations being the primary outcome of interest.*’

Methods
The study group consisted of all pregnant women occupationally exposed to organic sol-
vents and counseled between 1987-1996 by the Motherisk Program at the Hospital for Sick
Children. Details concerning the time of exposure to organic solvents were recorded for de-
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termination of temporal relationship between exposure and conception. The details on
chemical exposure were recorded, including occupation, type of protective equipment used,
and other safety features, including ventilation fans. Adverse effects were defined as those
known to be caused by organic solvents (e.g., irritation of the eyes or respiratory system,
breathing difficulty, headache). Temporal relationship to exposure was investigated to sep-
arate these symptoms from those associated with pregnancy. One hundred twenty-five
pregnant women who were exposed occupationally to organic solvents and seen during the
first trimester between 1987and 1996. Each pregnant woman who was exposed to organic
solvents was matched to a pregnant woman who was exposed to a nonteratogenic agent on
age (+/- 4 years), gravidity (+/- 1) and smoking and drinking status.

The primary outcome of interest was major malformations. A major malformation
was defined as any anomaly that has an adverse effect on either the function or the social ac-
ceptability of the child. The expected rate of major malformations is between 1% to 3%.

Results and discussion
Significantly more major malformations occurred among fetuses of women exposed to or-
ganic solvents than controls (13 vs 1; relative risk, 13.0; 95% confidence interval, 1.8-99.5).
Twelve malformations occurred among the 75 women who had symptoms temporally asso-
ciated with their exposure, while none occurred among 43 asymptomatic exposed women
(p<0.001). (One malformation occurred in a woman for whom such information was miss-
ing.) More of these exposed women had previous miscarriage while working with organic
solvents than controls (54/117 [46.2%] vs 24/125 [19.2%]; p<0.001). However, exposed
women who had a previous miscarriage had rates of major malformation that were similar
to exposed women who had no previous miscarriage.

The Motherisk protocol allowed us to record in a systematic manner all exposure data
and other maternal and paternal medical details at the time of exposure during the first tri-
mester of pregnancy and to follow up pregnancy outcomes prospectively in this cohort. The
control group was assessed in an identical manner.

This prospective study confirms the results of our recent meta-analysis.”’ Women oc-
cupationally exposed to organic solvents had a 13 fold risk of major malformations as well
as an increased risk for miscarriages in previous pregnancies while working with organic
solvents. Moreover, women reporting symptoms associated with organic solvents during
early pregnancy had a significantly higher risk of major malformations than those who were
asymptomatic suggesting a dose-response relationship. Other factors, for example, type of
solvent, might have accounted for the presence of symptoms in some women.

Although some human teratogens have been shown to cause a homogeneous pattern of
malformation(s), in other cases no specific syndrome has been described.** No homogenous
pattern of malformations is obvious from the prospective study. However, organic solvents
although traditionally clustered together, are a diverse group of compounds that should not
be expected to cause similar patterns of reproductive toxic effects. Although more prospec-
tive studies will be needed to confirm our results, it is prudent to minimize women’s expo-
sure to organic solvents during pregnancy. This is most important during the first trimester
of pregnancy.
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20.3.5 A PROACTIVE APPROACH FOR THE EVALUATION OF FETAL
SAFETY IN CHEMICAL INDUSTRIES

[Adapted, by permission from K.I. McMartin and G. Koren, Teratology, 60, 130 (1999)

Copyright 1999 John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc. a di-

vision of John Wiley & Sons, Inc.]

Introduction
Women, their families and employers are concerned about potential fetal risks that may be
associated with occupational exposure to chemicals. To be able to assess such risks in a par-
ticular plant, one has to quantify local exposure and contrast it with evidence-based litera-
ture data. There are, however, numerous obstacles that prevent such risk assessment from
being routinely performed. In the reproductive literature there are few studies that actually
quantify exposure levels. In the instance where authors attempt to quantify or stratify expo-
sure, the exposure frequencies and the exposure doses are inconsistent between studies.

For many chemicals one can measure neither airborne nor blood levels. Smelling the
odor of organic solvents is not indicative of a significant exposure as the olfactory nerve can
detect levels lower than several parts per billion, which are not necessarily associated with
toxicity. Odor thresholds for some solvents are far below several parts per million (ppm).
Examples of some odor thresholds™ include carbon disulfide (0.001 ppm vs. TLV-TWA
(skin) [Threshold Limit Value-Time Weighted Average] 10 ppm), acetaldehyde (0.03 ppm
vs. TLV-TWA 25 ppm), and ethyl mercaptan (2x10~° ppm vs. TLV-TWA 0.5 ppm).* In the
workplace, exposure is usually to several chemicals that may change between working days
or even within a single day. The amounts of chemicals absorbed are often unknown, and the
circumstances of exposure may vary from workplace to workplace or even within the same
operation.

Typically, investigations into fetal safety are induced by single or clusters of specific
malformations, or by symptoms in exposed women. We recently reported a proactive con-
sultation process where, for a selected chemical compound to which women working in the
Products and Chemicals Divisions at Imperial Oil Limited (IOL) may be exposed, actual
exposure data were contrasted with literature values and a risk assessment was con
structed.”

Methods
An agent inventory list was used to analyze the component (the name of material or agent),
exposure group, the number of employees within an exposure group, and the routine rating
factor for routine work. Exposure group is defined as a group of employees who have simi-
lar exposures to chemical, physical, and/or biological agents when: 1) holding different jobs
but working continuously in the same area (e.g., process workers), or 2) holding unique
jobs in an area or moving frequently between areas (e.g., maintenance workers). The routine
rating factor for routine work (work which is part of the normal repetitive duty for an expo-
sure group) is defined as follows:

Rating Factor (RF) Definition

0 No reasonable chance for exposure

1-5 Minimal, exposure not expected to exceed 10% of the
occupational exposure limit (OEL)

6-9 Some daily routine exposures may be expected between

10% and 50% of the OEL
10-15 Some daily routine exposures may exceed 50% of the OEL
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The rating factor (RF) can be assessed using industrial hygiene professional judgment
or monitored data. NRRF is the non-routine rating factor for non-routine work defined as
job task or activities which are done seasonally, occasionally or cyclical. The definitions
listed for RRF apply.

For each component a listing was created with respect to individual chemicals, includ-
ing rating factors, for female exposure in the Products and Chemicals Divisions. In addition,
a literature search was performed for each chemical that incorporated female occupational
exposure during pregnancy with human teratogenicity and spontaneous abortion as preg-
nancy outcomes. Teratogenicity and spontanecous abortion were chosen as the outcomes of
interest as they represent the majority of endpoints examined in studies focusing on female
occupational exposure during pregnancy.

Most of the selected female reproductive toxicology studies examined explicitly
stated chemical exposure levels: either as parts per million, stratifying as to number of days
of exposure, or as estimates of the percentage of the threshold limit values. Medline,
Toxline, and Dissertation Abstracts databases were utilized to search for all research papers
published in any language from 1966 to 1996. In total, 559 studies were obtained from the
literature search. Of these, only 21 studies explicitly stated some sort of exposure level for
the various chemicals. These chemical exposure levels in the literature and subsequent
pregnancy outcomes were compared to IOL chemical exposure indices. The following is an
example of one of the many chemical exposures encountered, namely exposure to toluene.
For other compounds, Table 20.3.5 contrasts values in the literature with IOL indices of
chemical exposure.

Table 20.3.5. Examples of IOL compound exposure indices contrasted to literature
values. [Adapted, by permission from K.I. McMartin and G. Koren, Teratology, 60, 130
(1999) Copyright 1999 John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss,
Inc. a division of John Wiley & Sons, Inc.]

Chemical Reference Literature Exposure Levels IOL Exposure Levels
“no reasonable chance for expo-
s . to minimal t ex-
Aniline Posluzhnyl42 “low exposure area” ;Zze(;) tf)n:)l:elz d ‘i’(‘)lz/(:sgl;ﬁlo o
TLV-TWA: 2 ppm
“no reasonable chance for expo-
Benzene Mukhametova and | “within or lower than the maxi- | sure to some daily exposures may
Vozovaya® mum permissible levels” be expected between 10-50%
OEL” TLV-TWA:10 ppm
<once a week “no reasonable chance for expo-
. sure to minimal exposure not ex-
Chlorof Taskinen et al.**
orotorm askimen et a pected to exceed 10% OEL”
>once a week TLV-TWA: 10 ppm
Taskinen et al.** >once a week “no reasonable chance for expo-
Dichloromethane <once a week sure to minimal exposure not ex-
Windham et al.?' | >10 hrs a week pected to exceed 10% OEL”
<10 hrs a week TLV-TWA: 50 ppm
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Chemical Reference Literature Exposure Levels IOL Exposure Levels
“no reasonable chance for expo-
to minimal exposure not ex-
S N 70-100 sure
Styrene HZ??SI?:;G 20-300 P pg pected to exceed 10% OEL”
PP TLV-TWA: 50 ppm, TLV-STEL:
100 ppm
Euler' 298 ppm “no chance for exposure to some
Toluene Syrovadko™® 13-120 ppm daily exposure exceeding 50% of
Ng et al.*’ 50-150 ppm the OEL” TLV-TWA: 50 ppm

IOL: Imperial Oil Limited, OEL: Occupational Exposure Limit

Results and discussion
Six studies were found that quantified toluene concentrations. The countries that reported
these observations included Germany, Russia, Finland and Singapore. In general, IOL tolu-
ene levels are lower than those reported in the literature.

A few case reports of malformations in association with toluene exposure have ap-
peared. Euler'® reported 2 cases of multiple malformations where the anomalies were simi-
lar in children born to women who worked in shoemaking and were exposed to a soling
solution containing toluene and trichloroethylene. The average concentration of toluene in
the air was 298 ppm (1.12 mg/1) and of trichloroethylene 230 ppm (1.22 mg/l). No further
details of these cases were given.

Toutant and Lippmann® reported a single case of adverse pregnancy outcome in a
woman addicted to solvents (primarily toluene). The woman, aged 20 years, had a 14-year
history of daily heavy solvent abuse. On admission to the hospital, she had ataxia, tremors,
mild diffuse sensory deficits, short-term memory loss, blunted affect, and poor intellectual
functioning compatible with severe solvent and/or alcohol abuse. The male child born at
term was microcephalic with a flat nasal bridge, hypoplastic mandible, short palpebral fis-
sures, mildly low-set ears, pronounced sacral dimple, sloping forehead and incoordination
of arm movements with unusual angulation of the left shoulder and elbow. There was a poor
sucking reflex and movements were jerky at 2-4 days of age, although this improved spon-
taneously. The authors of this report point out the similarities between this case and fetal al-
cohol syndrome and suggest that there may be an analogous “fetal solvent syndrome” or
that excessive solvent intake may enhance the toxicity of alcohol.

Syrovadko®® studied the outcome of pregnancy in a substantial number of women ex-
posed to toluene. Toluene exposure averaged 55 ppm (range 13-120 ppm). The factory had
its own maternity section where the women had their deliveries. Records of labor and new-
borns were examined for 133 women in contact with toluene and for 201 controls from the
factory offices. There was no detectable effect on fertility. In the exposed group, records
showed a mean pregnancy rate of 3.2/worker compared with 2.6/worker in the control
group. There were no significant differences between exposed and control groups in the
mortality or adverse effects on the newborn.

In the Finnish study of Holmberg®’ on central nervous system defects in children born
to mothers exposed to organic solvents during pregnancy, 3 of the cases were exposed to to-
luene, or toluene in combination with other solvents. In one case with hydranencephaly and
death 24 days after birth, there was exposure to toluene, xylene, white spirit and methyl
ethyl ketone from rubber products manufacture. The second case had multiple abnormali-
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ties of hydrocephalus, agenesis of the corpus callosum, pulmonary hypoplasia and dia-
phragmatic hernia, and died 2 hours after birth. In the second case, the mother was exposed
to toluene while manufacturing metal products. The third case had lumbar
meningomyelocele and survived. The mother was exposed to toluene and white spirit. Tolu-
ene air concentrations were not stated.

A case-referent study concerning selected exposures during pregnancy among moth-
ers of children born with oral clefts was conducted in Finland.*® The study covered the ini-
tial 3.5 years’ material and was a more detailed extension of earlier retrospective studies
concerning environmental factors in the causation of oral clefts, using cases accumulated
from the Finnish Register of Congenital Malformations. More case mothers (14) than refer-
ent mothers (3) had been exposed to organic solvents during the first trimester of pregnancy.
The mothers were considered “substantially” exposed if their estimated continuous expo-
sure had been at least one-third of the current TLV concentration or if the estimated peak ex-
posure had reached the TLV concentration, e.g., during home painting in confined spaces.
Various solvents included: lacquer petrol, xylene, toluene, acetates, alcohols, denatured al-
cohol, methyl ethyl ketone, dichloromethane, turpentine, styrene, and aromatic solvent
naphtha (C,-C,, aromatics).

Ng et al.*’ examined the risk of spontaneous abortion in workers exposed to toluene.
Rates of spontaneous abortions were determined using a questionnaire administered by per-
sonal interview to 55 married women with 105 pregnancies. The women were employed in
an audio speaker factory and were exposed to high concentrations of toluene (mean 88 ppm,
range 50-150 ppm). These rates of spontaneous abortion were compared with those among
31 women (68 pregnancies) who worked in other departments in the same factory and had
little or no exposure to toluene (0-25 ppm) as well as with a community control group of
women who underwent routine antenatal and postnatal care at public maternal health clin-
ics. Significantly higher rates for spontaneous abortions were noted in the group with higher
exposure to toluene (12.4 per 100 pregnancies) compared with those in the internal control
group (2.9 per 100 pregnancies) and in the external control group (4.5 per 100 pregnancies).
Among the exposed women, significant differences were also noted in the rates of sponta-
neous abortion before employment (2.9 per 100 pregnancies) and after employment in the
factory (12.6 per 100 pregnancies).

Tikkanen et al.'” performed a study to explore for possible associations between occu-
pational factors and cardiovascular malformations. Information on the parents of 160 in-
fants with cardiovascular malformations and 160 control parents were studied. The mother
was considered “substantially” exposed to “organic solvents” if the estimated continuous
exposure was at least one third of the ACGIH threshold limit value concentration or the esti-
mated short term exposure reached the TLV concentration (while painting kitchen walls).
Organic solvents were categorized as 1) “hydrocarbons”, 2) “alcohols” and 3) “miscella-
neous”. Hygiene assessments of exposures were classified as 1) “any exposure intensity” (at
any period in pregnancy and in the first trimester only) and ii) “substantial exposure inten-
sity” (at any period in pregnancy and in the first trimester only).

Of the 320 mothers, 41 case and 40 control mothers reported an exposure to organic
solvents.'® The hygiene assessment indicated some solvent exposure in 27 case and 25 con-
trol mothers. Twenty-one case and 16 control mothers had been exposed in the first trimes-
ter. Of these, substantial exposure to hydrocarbons occurred for 6 case and 2 control
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mothers; one case and one control mother to toluene at work and five cases and one control
mother to lacquer petrol while painting indoors at home for 1 to 2 days.

Lindbohm et al.*’ investigated the association between medically diagnosed spontane-
ous abortions and occupational exposure to organic solvents (case-control design). The
study population was composed of women who were biologically monitored for solvents.
The workers were classified into exposure categories on the basis of work description and
the use of solvents as reported in the questionnaires and on measurements of biological ex-
posure. Three exposure levels were distinguished: high, low, and none. The level of expo-
sure was assessed on the basis of the reported frequency of solvent use and the available
information on typical levels of exposure in that particular job, as based on industrial hy-
giene knowledge.

The feasibility of biological monitoring data for classification of exposure was limited
because the solvent measurements describe only short-term exposure (from 2 hours to a few
days) and only 5% of the workers had been measured during the first trimester of preg-
nancy. Therefore, the exposure classification was based mainly on the work task description
and reported solvent usage. Exposure was defined as “high” if the worker handled the sol-
vents daily or 1-4 days a week and the level of exposure was high according to biological
exposure measurements or industrial hygiene measurements available at the Institute of Oc-
cupational Health. Exposure was defined as “low” if the worker handled solvents 1-4 days a
week and the level of exposure according to the measurements of the Institute was low or if
the worker handled solvents less than once a week. Otherwise, the level of exposure was de-
fined as “none”. After classification, the work tasks and the related exposures were listed by
the level of exposure which was checked by an independent, experienced industrial hygien-
ist. The final population for the analysis was restricted to the matched case-control sets who
confirmed their pregnancy and reported in detail their occupational exposures during early
pregnancy (73 cases and 167 controls).

The odds ratios for tetrachloroethylene and aliphatic hydrocarbons, adjusted for po-
tentially confounding factors, increased with the level of exposure.*’ For toluene the reverse
was the case. Aliphatic hydrocarbons had not been biologically monitored, but industrial
hygiene measurements had been performed by the Institute of Occupational Health in two
printing houses which contributed subjects to this study. In two of four measurements, the
concentrations of white spirit in air exceeded, during the cleaning of the printing machine,
the Finnish Threshold Limit Value (150 ppm). All the printers included in this study re-
ported that their work included cleaning of the machine.

The association of tetrachloroethylene, toluene and aliphatic hydrocarbons with spon-
taneous abortions was also examined by detailed records of occupational task.*” The odds
ratio of spontaneous abortion for aliphatic hydrocarbons was increased among graphic
workers [5.2 (1.3-20.8)] and painters [2.4 (0.5-13.0)] but not among other workers. How-
ever, in the latter group the proportion of highly exposed workers was only 30%, whereas it
was 69% in the two former groups. The odds ratio was increased also among toluene-ex-
posed shoe workers [odds ratio 9.3 (1.0-84.7)] and dry cleaners exposed to
tetrachloroethylene [odds ratio 2.7 (0.7-11.2)].

The results of the study by Lindbohm et al.*’ support the hypothesis of a positive asso-
ciation between spontaneous abortion and exposure to organic solvents during pregnancy
and suggest that exposure, especially to aliphatic hydrocarbons, increases the risk of abor-
tion. The highest risk for aliphatic hydrocarbons was found among graphic workers who
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were employed as offset printing workers or printing trade workers. They used the solvents
for cleaning the printing machines and as diluent for printing ink. In cleaning the machines,
exposure to mixtures of nonaromatic mineral oil distillates with 0-15% aromatic com-
pounds may reach a high level for a short period.*” The workers were also exposed among
other things to toluene, 1,1,1-trichloroethane, thinner, and xylene. Although the data sug-
gest that the findings are due to aliphatic hydrocarbons, combined solvent effects cannot be
excluded because of the multiple exposures to different solvents.*’

The mean measured level of blood toluene among the shoe workers was slightly
higher (0.51 mmol/L, 13 morning samples) than the mean among the other toluene-exposed
workers (0.38 mmol/L, 10 morning samples).*’ The shoe workers also reported use of tolu-
ene more frequently than the other toluene-exposed workers. Industrial hygiene measure-
ments had been performed in three of the five work places of the shoe workers. The
concentration of toluene in air varied from 1 ppm to 33 ppm. Other solvents detected were
acetone and hexane. In two of the three shoe factories from which industrial hygiene mea-
surements were available, relatively high levels of hexane (33-56 ppm) were measured.
Hexane, being an aliphatic compound, may have contributed to the excess of spontaneous
abortions.*’

Comparison with IOL levels
The routine rating factor and non-routine rating factor from the Products and Chemical Di-
visions range from 00 to 11 indicating no reasonable chance for exposure to some daily ex-
posures exceeding 50% of the OEL. The TLV-TWA for toluene is 50 ppm.** The Euler case
reports documented air concentrations of 298 ppm for toluene and 230 ppm for trichloroeth-
ylene.'’ Both of these air concentrations exceed current standards, but no further details of
these cases were given. Syrovadko reported a toluene exposure of 55 ppm (range 13-120
ppm), again, exceeding current standards.*

Holmberg et al.*® and Tikkanen'” considered workers “substantially” exposed if their
estimated continuous exposure had been at least one-third of the current TLV concentration
or if the estimated peak exposure had reached the TLV concentration. Similarly, Ng** de-
scribed high concentrations of toluene (mean 88, range 50-150 ppm) exceeding current
standards. All these exposure levels for toluene exceed the current threshold limit value.
IOL toluene exposure levels are considerably lower than any value reported in the literature.

Lindbohm et al.,** for two of four air measurements, reported concentrations of white
spirit exceeded the Finnish Threshold Limit Value (150 ppm) during the cleaning of the
printing machine. Industrial hygiene measurements were performed in three of the five
work places of the shoe workers. The concentration of toluene in air varied from 1 ppm to 33
ppm. Other solvents detected were acetone and hexane. In two of the three shoe factories
from which industrial hygiene measurements were available, relatively high levels of hex-
ane (33-56 ppm) were noted.

The routine rating factor and non-routine rating factor from the Products and Chemi-
cals Divisions for hexane isomers range from 00 to 05 indicating no reasonable chance for
exposure or minimal exposure not expected to exceed 10% of the occupational exposure
limit (OEL). The routine rating factor and non-routine rating factor from the Products and
Chemicals Divisions for n-hexane range from 00 to 07 indicating no reasonable chance for
exposure or some daily exposures between 10% and 50% of the OEL. The TLV-TWA of
n-hexane is 50 ppm or 176 mg/m*.** The TLV-TWA of other hexane isomers is 500 ppm or
1760 mg/m® and the TLV-STEL is 1000 ppm or 3500 mg/m*.** In comparison with the pre-
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vious hexane levels reported in the literature, IOL hexane exposure levels are substantially
lower.

In mice levels of inhalation exposure to toluene have included 100 to 2,000 ppm at
various times during gestation as well as at various durations of exposure (6-24
hours/day).*" Growth and skeletal retardation were noted at lower levels (133 ppm and 266
ppm, respectively) when such exposures were of a 12-24 hour duration for at least half of
the gestation period.* Human levels of inhaled toluene exposure that would be comparable
would be those obtained by chronic abusers (5,000-12,000 ppm). The only noted malforma-
tions were an increase in the frequency of 14th ribs, which was noted at 1,000 ppm on days
1-17 of gestation for 6 hours/day. As Wilkins-Haug"' notes this has been the highest expo-
sure studied in the mouse model and is comparable to the inhaled toluene exposure which
produces euphoria in humans (500 ppm).

In 1991 we were approached by the medical department of Imperial Oil Limited to de-
velop a proactive approach of risk evaluation of their female workers. The paradigm devel-
oped and used by us could be extrapolated to any other chemical operation. Its advantage is
in its proactive nature, which aims at informing workers and preventing potential fetal risks,
while also preventing unjustified fears which may lead women to quit their jobs or, in ex-
treme cases, even consider termination of otherwise wanted pregnancies.

Upon comparing the occupational literature that presented any quantifiable chemical
exposure dose or estimate of dose for any chemical with the IOL routine rating factors in the
Products and Chemicals Divisions, we could conclude that IOL chemical exposure levels
overall were lower than those reported in the literature. Of utmost importance is the need in
published occupational reports for at least some industrial hygiene documentation, namely
improved reporting of a quantifiable chemical exposure dose (for example, as implemented
and currently utilized by IOL) and ideally a standard and consistent way of reporting this in
the occupational literature.

20.3.6 OVERALL CONCLUSION

The Motherisk program is an information and consultation service for women, their fami-
lies and health professionals on the safety/risk of exposure to drugs, chemicals, radiation
and infection during pregnancy and lactation. Chemical exposure in the workplace is a com-
mon source of concern among our patients and health professionals.

Occupational exposure to organic solvents during pregnancy is associated with an in-
creased risk of major fetal malformations. This risk appears to be increased among women
who report symptoms associated with organic solvent exposure. Although more prospec-
tive studies will be needed to confirm our results, it is prudent to minimize women’s expo-
sure to organic solvents during pregnancy. This is most important during the first trimester
of pregnancy. Moreover, symptomatic exposure appears to confer an unacceptable level of
fetal exposure and should be avoided by appropriate protection and ventilation. Health care
professionals who counsel families of reproductive age should inform their patients that
some types of employment may influence reproductive outcomes.

Of utmost importance is the need in published occupational reports for some industrial
hygiene documentation. Specifically, improved reporting of a quantifiable chemical expo-
sure dose (for example, as implemented and currently utilized by IOL) and ideally a stan-
dard and consistent way of reporting this in the occupational literature pertaining to human
reproductive toxicology.
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20.4 INDUSTRIAL SOLVENTS AND KIDNEY DISEASE

NACHMAN BRAUTBAR
University of Southern California, School of Medicine,
Department of Medicine, Los Angeles, CA, USA

20.4.1 INTRODUCTION

Industrial solvents are used extensively in the industry, as well as modern living. The prin-
ciple class of components are the chlorinated and non-chlorinated hydrocarbons. The vari-
ous types of commonly used hydrocarbons are presented in Figure 20.4.1.

Hydrocarbons
Aliphatic Aromatics
v v v v
Alkanes Alkenes Allynes Cyclic aliphatics
(paraffing) {olefing) Mapthenes)
(C-C) (C=C) (C=Ch {ringed structure)

Figure 20.4.1. General classification of hydrocarbons based on general structure.[Adapted, by permission, from
A.T. Roy, Nephron, 58, 385, 1991.]

Solvents are absorbed into the human body through several routes including 1) inhala-
tion through the lungs, 2) absorption through the skin, 3) ingestion (in rare cases). The main
route of absorption is commonly pulmonary, the lung, and this depends on several factors
including the frequency of breathing, diffusion of solvent vapors across the alveolar mem-
brane, partial pressure of solvent vapor in inspired air and blood, and solubility of the sol-
vent in blood as the result of to air partition coefficient, and blood flow through the lungs.'*?
Once in the circulation, 25% of the cardiac output which is about 1200 cc of blood per min-
ute passes through the kidneys. Therefore it is no surprise that with this amount of blood
passing through the kidney and carrying solvents (from either industrial inhalation, skin ab-
sorption, and on rare occasions ingestion) the effects of solvents on the kidney has become
a practical clinical one.

Since inhaled hydrocarbons are readily absorbed into the blood stream and become
lipophilic and readily pass across the lipid membranes. In addition to reaching the kidney,
the solvents reach the brain (as does the most ancient solvent, alcohol) and enter the blood
brain barrier in high concentration.

Skin absorption is the second most important route for solvent entry into the body and
at times is much more significant than inhalation. The reason is that absorption of organic
solvent vapors by inhalation at the threshold limit value is insignificant and is less than 2%
of the amount absorbed via inhalation under the same exposure conditions.’ In contrast, sol-
vents may be absorbed through the skin in significant amounts even at below the threshold
limit value.® Factors that effect the skin absorption of solvents include the composition of
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the skin, whether the skin is healthy or not (there is increased absorption if the skin has re-
duced cellular membrane), and the lipid solubility of the solvent.

As far as the gastrointestinal tract, commonly this is not a significant route of absorp-
tion. Solvents absorbed via the gastrointestinal tract are removed immediately by the liver
through the first-pass metabolism. If the amount of solvents and quantity of solvents in-
gested is increased significantly and exceeds the capacity of the liver to metabolize the sol-
vents, then the gastrointestinal tract route will become significant.*>¢

The distribution of an organic solvent in the human body depends upon its partial pres-
sure in the arterial blood and the solubility of the solvent in the tissue, as well as the blood
flow rate through the tissue.” Data on tissue distribution of various solvents are limited at
best.

The metabolism of solvents depend on the solvent. Alcohols are metabolized via alco-
hol dehydrogenase, whereas other organic solvents are mainly metabolized by the
cytochrome P-450-dependent enzymes. These enzymes may be found in the liver, kidneys,
lungs, gastrointestinal tract, gonads, adrenal cortex, and other body organ tissues. The me-
tabolism of solvents has been described extensively,*® and the reader is referred to those
writings.

The metabolites of the organic solvents are eliminated via the kidneys through urine
excretion and to some extent, by exhalation of the unchanged original solvent. Commonly
the parent solvent is eliminated by the kidneys and this amounts to less than 1%. The me-
tabolites are the main source of excretion of the metabolized parent solvent.

In the last several decades, there have been several studies in experimental animals,
case reports in humans, case studies in humans, and epidemiological studies in humans on
the effects of solvents on the kidney, both acutely and chronically. The scope of this chapter
is the clinical chronic effects of solvents on the kidney (chronic nephrotoxicology).

20.4.2 EXPERIMENTAL ANIMAL STUDIES

The toxic effects of organic solvents on the kidneys has been studied in several experimen-
tal species, especially mice and rats. Damage to the kidney has been shown in these experi-
mental animals in the form of acute damage to various parts of the nephron, especially the
tubules. This has usually been described as tubular degeneration with regenerative epithe-
lium, deposits of mineral crystals and of intralobular proteins, and interstitial inflamma-
tion.*'®!* Several studies have shown glomerular damage in experimental animal'®!” and
have suggested that long-term solvent exposure alters the immune system and leads to the
glomerulopathy with mesangial IgA deposits.

While the exact mechanism is not known and various mechanisms have been postu-
lated, it is reasonable to accept a mechanistic approach which takes into account genetic, en-
vironmental, susceptibility (such as pre-existing diseases including hypertensive kidney
disease and diabetes), direct tubular toxicity, permeability changes and immunosuppres-
sion.

20.4.3 CASE REPORTS

The earlier documentation of chronic renal disease and hydrocarbon exposure consists of
case reports, and this data was summarized by Churchill et al."® describing Goodpasture’s
syndrome in 15 adults, epimembranous glomerulonephritis in 5 adults, and subacute
proliferative glomerulonephritis in one adult. The hydrocarbon exposures were for solvents
in 12 patients, gasoline in 4, gasoline-based paint in 3, jet fuel, mineral turpentine and un-
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specified in 1 case report. These case reports were previously summarized by us in a previ-
ous publication'’ and are represented in the following table.

Table 20.4.1. Case series report of glomerulonephritis and hydrocarbon exposure.
[Data from reference number 19]

Investigator n Diagnosis Agent

Sperace® 2 Goodpasture’s Gasoline
Heale, et al.”! 1 Goodpasture’s Gasoline
Klavis and Drommer* 1 Goodpasture’s Gasoline-based paint spray

. 5 Goodpasture’s Degreasing and paint

23

Beirne and Brennan 1 RPGN Solvents and jet fuel
D’Apice, et al.* 2 Goodpasture’s Sﬁ:dme mineralturpen-
Kleinknecht, et al.”® 2 anti-GBM nephritis Organic solvent vapors
Daniell, et al.* 1 anti-GBM nephritis Stoddard solvent
Von Scheele, et al.”’ 1 subacute GN Paint solvent
Ehrenreicht, et al.* 4 epimembranous GN Solvents
Cagnoli, et al.” 1 epimembranous GN ?

GBM = Glomerular basement membrane; RPGN = rapidly progressive glomerulonephritis;
GN= glomerulonephritis

While these studies represent case reports, they suggest an association between expo-
sure and the development of chronic glomerular disease.

20.4.4 CASE CONTROL STUDIES

Several case-control studies have examined the role of organic solvent exposure in a popu-
lation of patients with glomerulonephritis. A total of 14 case control studies examining hu-
man exposure to solvents and glomerulonephritis have been conducted and are documented
here in Table 20.4.2.*°

Table 20.4.2. Glomerulonephritis and organic solvents: Case-control studies
summarized. [Data from reference number 30]

Investigator Increased risk factor Investigator Increased risk factor

Lagrue, et al.>'*2 4.9% 5.2% Nuyts, et al.** 1.1*

Bell, et al.? increased Zimmerman, et al.*’ increased

Ravnskov, et al 3 3.9%* Ravnskov?! increased

Ravnskov, et al.¥ 2.8% Finn, et al.*? 3.6%,3.2%

Porro, et al.*® 3.9% Van der Laan® 1.1
aliphatic 15.5,

Yaqoob, et al’’ halogenated 5.3, Harrison, et al.* 8.9%
aromatic-oxygenated 2.0

Yagqoob, et al.*® increased *P<0.05, statistically significant
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The study by Lagure, et al,*'*? showed significantly increased risk of solvent related

glomerulonephritis of 4.9. That this increased risk of glomerulonephritis follows a dose-re-
sponse relationship was shown in the study of the populations examined by Ravnskov, et
al.,*** Bell, et al.,” Porro, et al.,*® Yaqoob, et al.,””** Nuyts, et al.,*” and demonstrates: 1)
temporal relationship between exposure to solvents and the development of kidney disease,
2) a dose-response relationship, strongly showing the causal link between solvent exposure
and glomerulonephritis. The study by Nuyts, et al.,” examined a large population of 272 pa-
tients with chronic renal failure and assessed several occupational exposures, among those
were hydrocarbons. The increased risk of chronic kidney disease in the form of renal failure
in patients exposed to solvents was 5.45. The study of Askergren et al.* looked into kidney
functions in patients exposed to various organic solvents, specifically excretion of red blood
cells in the urine in 101 patients exposed to solvents as compared to 39 non-exposed con-
trols. Those who were exposed to organic solvents significantly excreted more cells than the
ones who were not exposed. These studies showed the role for organic solvent exposure in
the development of damage to the glomerules since excretion of red blood cells represents
damage to the glomerules rather than tubules. That exposure to solvents is associated with
glomerular damage rather than tubular damage fits with the various case reports and
case-control studies and further suggest a plausible causal connection between exposure to
industrial solvents and glomerular damage leading later on to chronic glomerulonephritis.
The study by Bell et al.** studied 50 patients who had organic solvent exposure and bi-
opsy-proven proliferative glomerulonephritis. They have shown that none of these patients
had evidence of any other systemic disease or preexisting infection, and compared those
with 100 control subjects matched for age, sex and social class. This study is important
since exposure assessment was done and showed significantly greater exposure scores in
patients with glomerulonephritis compared to the control subjects. Furthermore, the degree
of exposure was significantly higher in those patients who have more severe
glomerulonephritis than those who have less severe glomerulonephritis, further indicative
of a dose response relationship. This is a study which demonstrates significant statistical as-
sociation, as well as dose response relationship between solvent exposure and kidney dam-
age in the form of glomerular lesion and end-stage glomerulonephritis, ranging from mild to
chronic severe glomerulonephritis. The study by Daniell et al.”® evaluated the risk of devel-
oping glomerular lesion associated with hydrocarbon exposure and showed a does-re-
sponse relationship and variations in disease severity in relation to the exposure intensity.
They showed an increase risk of developing glomerular nephritis, ranging from 2.8 to 8.9
fold increase as compared to the non-exposed population. There was clear temporal rela-
tionship between the exposure, absence of any other causes, a dose-response relationship
which further validated the observations of Bell et al.* and conclude that intense or
long-term exposure (low-level but long-term or short-term and high levels) to commonly
used industrial solvents played a causal role in the development of glomerular damage and
chronic glomerulonephritis.

In a comprehensive study, Yaqoob et al.*® performed a population study which looked
into 3 groups of healthy men working in 3 different areas of a major car manufacturing
plant. They have studied 3 groups, Group 1 included 112 paint sprayers exposed to a
paint-based mixture of hydrocarbons, Group 2 which was composed of 101 transmission
shop workers with exposure to petroleum-based mineral oils, and Group 3 which was com-
prised of 92 automated press operators with minimal background exposure to lubricating
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oils and who acted as internal controls. The 3 groups studied were comparable in age, dura-
tion of employment, duration of hydrocarbon exposure, and other factors. The cumulative
exposure to hydrocarbons was evaluated. The hydrocarbon exposure scores were signifi-
cantly higher in Groups 1 and 2, as compared to Group 3 (which served as an internal con-
trol and epidemiologically is a good working population control group, since this method
takes into account the healthy worker). The principal hydrocarbons used throughout the pe-
riod of time of the study were toluene, xylene, and n-butyl alcohol in paints and various pe-
troleum fractions in the mineral oils. The study evaluated markers of kidney dysfunction in
the subjects chronically exposed to hydrocarbons at the described work site. The authors
concluded that paint exposure in the long-term is associated with renal impairment and mi-
cro-proteinuria without elevation in serum creatinine (which indicates that the kidney func-
tions from a creatinine clearance point of view are still intact, and are less sensitive as a
biological marker of glomerular damage) is a feature of workers chronically exposed to pe-
troleum based mineral oils. The investigators also reported significant urinary excretion of
protein which also indicated early glomerular damage in susceptible individuals. The au-
thors concluded from these studies that chronic hydrocarbon exposure can be associated
with renal impairment. They further concluded that the significance of the early markers of
renal damage can predict progressive deterioration in renal functions. These data indicate
that chronic hydrocarbon exposure may be associated with early and sub-clinical renal dys-
function leading to a chronic glomerulonephritis.

Porro et al.*® performed a case referent study and they looked into a group of 60 pa-
tients with chronic glomerulonephritis established by biopsy, with no evidence of any other
systemic diseases, and was compared to 120 control subjects who were not exposed to sol-
vent vapors. Exposure assessment was based on scores from questionnaires. Exposure was
significantly higher in the case group studies than in the reference control group for both to-
tal and occupational solvent exposure. They further found that the odds ratio of chronic
glomerulonephritis for patient’s occupationally exposed to solvents was 3.9 and using a lo-
gistic regression model and they showed a dose-response effect of occupational exposure to
solvents and glomerulonephritis. Histological studies of the 60 patients with chronic
glomerulonephritis ruled out other systemic disease and demonstrated the whole-spectrum
of glomerular diseases, the most common one is IgA nephropathy. When the sub-group of
patients with IgA nephropathy and their matched controls were separately examined, the
cases appeared to be significantly more exposed than the patients with other non-glomerular
diseases such as kidney stones. Based on their findings, the investigators concluded that
their results are in agreement with the hypothesis that the onset of glomerulonephritis could
be related to a non-acute exposure to solvents even of light intensity.

The work of De Broe et al.*’ looked into occupational renal diseases and solvent expo-
sure. They have concluded that the relation between hydrocarbon exposure and
glomerulonephritis seems to be well-defined from an epidemiological point of view. They
further show, in a case-control study of a group of patients with diabetic nephropathy, that
hydrocarbon exposure was found in 39% of the patients with that particular form of kidney
disease. They find that this was in agreement with the findings of Yaqoob et al.*” who found
higher levels of hydrocarbon exposure in patients with incipient and overt diabetic
nephropathy than in diabetic patients without clinical evidence of nephropathy. These data
indicate a particular sensitivity of patients with diabetic kidney toward the damaging effects
of the hydrocarbons. The findings of these investigators are agreement with the study of
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Goyer,”™ who showed that existing renal diseases, particularly hypertensive and diabetic
nephropathies, are clear risk factors predisposing to abnormal accumulation and excess
blood levels of any nephrotoxic drugs and chemicals, as well as solvents. Indeed this obser-
vation makes a lot of scientific and clinical sense, since it is known that the ability of the kid-
ney to excrete the breakdown metabolites of various materials including industrial solvents
is reduced with any incremental reduction of kidney function, and there would certainly be
more accumulation of these breakdown products, as well as the parental solvents in the kid-
ney tissue, and as such, it makes sense that these individuals with underlying kidney disease
such as hypertensive kidney disease, diabetic kidney disease, or interstitial kidney disease
which may not yet be clinically overt, are at a significantly increased risk of developing
chronic kidney disease as a result of the documented damaging effects of solvents on the
kidney.

20.4.5. EPIDEMIOLOGICAL ASSESSMENT

The epidemiological diagnostic criteria for most cases of end-stage kidney disease is defi-
cient since no etiologic information is available in the majority of the cases. Fewer than 10%
of the end-stage renal disease cases are characterized etiologically.* Clinically, many pa-
tients are classified histologically such as glomerulonephritis, but little effort is made to
look for toxic factors. Indeed, the majority of the clinicians seeing patients with end-stage
kidney disease are not trained to look into occupational, environmental, or toxicological is-
sues and end-stage renal disease. Many patients are listed as having hypertensive end-stage
kidney disease and are presumed therefore to be “idiopathic” in origin, however, these cases
may very well be the result of other industrial and/or environmental factors, among them,
solvent exposure. Many of the problems in the epidemiological analysis is the result of a
great reserve capacity of the kidney that can function relatively adequately despite slowly
progressive damage. End-stage kidney disease is typically not diagnosed until considerable
kidney damage has already occurred at the time when the patient seeks clinical attention.
Furthermore, kidney biopsy and post-mortem examination, almost always find small kid-
neys, inadequate to help in the histopathological assessment, and therefore the etiology is
either missed or is misclassified as “idiopathic” or “unknown”.

Indeed the study by Stengel. et al.”® looked at organic solvent exposure and the risk of
IgA nephropathy. These investigators have shown that the risk of IgA nephropathy is high-
est among the most exposed group to oxygenated solvents. The study by Yaqoob et al.’’
showed an increased risk factor of 15.5 for development of glomerulonephritis in patients
exposed to aliphatic hydrocarbons and a risk factor of 5.3 in patients exposed to halogenated
hydrocarbons. These epidemiological data further supports observations made in the case
reports, case studies and experimental animal studies. The epidemiological studies by
Steenland et al.”! had evaluated the risks and causes of end-stage kidney disease and con-
cluded that regular exposure to industrial solvents played a significant role in the develop-
ment of chronic end-stage kidney disease.

Based on the current literature from experimental animal studies, case reports,
case-control studies, and epidemiological studies, one can conclude that the studies show:

1. Biological plausibility.

2. A temporal relationship between exposure to industrial solvents and the

development of chronic kidney disease (glomerulonephritis).
3. A dose-response relationship.
4. Consistency of association.
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5. Statistical association in the majority of the studies.
These criteria fulfill the Bradford-Hill criteria,” and establish the basic criteria re-
quired for causation.

20.4.6. MECHANISM

Immune-mediated mechanisms play a major role in the pathogenesis of glomerular disease,
in general. In the vast majority of the cases, antigen-antibody reaction and immune com-
plexes form in the kidney, mainly around the glomerular capillary wall and mesangium.
Cellular antigens, both endogenous such as DNA and tumor antigens, as well as exogenous
such as viral antigen hepatitis B and C, drugs, and bacteria have been shown to be causative
factors in human glomerular immune-mediated diseases. The most common pathological
process described in association with solvent exposure and chronic glomerular nephritis has
been that of IgA nephropathy, Good Pasture’s syndrome, and proliferative
glomerulonephritis.

Unlike acute renal failure caused by hydrocarbons, where the renal damage is second-
ary to the nephrotoxins and mainly cause damage of the proximal tubule acute renal failure,
the glomerular chronic renal failure, appears to be immunologically mediated. Among oth-
ers, genetic factors may be involved in the pathogenesis of hydrocarbon induced
nephropathy. It has been suggested that the propensity to develop this autoimmune disease
depends on a combination of a genetic component and predilection, and environmental
component.?* Individuals susceptible to glomerular or tubular injury by hydrocarbons may
develop chronic kidney disease through three possible mechanisms. The first mechanisms
is direct tubular toxicity which is commonly the cause of acute renal failure. While it is true
that the initial injury of acute renal failure is directed toward the tubule of the nephron,
glomerulonephritis may be the result of an autoimmune reaction to the tubulotoxins.**** The
second mechanism mainly involves immunosuppression. Ravnskov,” in a review of the
pathogenesis of hydrocarbon associated glomerulonephritis, suggested that hydrocarbons
are immunosuppressives and this effect is noted in several locations in the immunological
cascade. This includes leukocyte mobility and phagocytosis suppression such as shown in
the benzene effects in mice.> This suppression of the normal immune response by hydro-
carbons may play a role in the pathogenesis of immune-mediated glomerular lesions. The
third mechanism involves alteration in membrane permeability. Good Pasture’s syndrome
is mediated by antibodies reactive with the glomerular basement membrane and alveolar
basement membranes. Antibodies in experimental models can usually bind to alveolar
basement membranes in vitro by indirect immunofluorescence. Experimental studies sug-
gested that hydrocarbons alter the permeability of pulmonary capillaries, thereby allowing
anti-glomerular basement membranes to bind to the alveolar basement membranes.*® This
etiology is further supported by the observation that differential sensitivity to exposures due
to genetic factors since DR3 and DR4 antigens are more frequent in patients with toxic ne-
phritis than in the general population.’”*® The study by Zimmerman et al.*” have shown that
in 6 of 8 patients with Good Pasture’s syndrome had extensive occupational exposure to
solvents ranging from 4 months to 10 years. The results of this study suggested that interac-
tion between the inhaled hydrocarbons and the lung and kidney basement membranes could
induce autoantibodies to these membranes. Goyer*® suggested an autoimmune mechanisms
responsible for glomerular lesions following chronic exposure to solvents. Based on case
studies and case reports, it is proposed that chronic exposure to low levels of solvents in sus-
ceptible individuals induces an initial cell injury sufficient to damage cell membranes and to
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provide the antigen triggering the immune response, accelerating a cascade of a reaction
ending with glomerulonephritis.
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20.5 LYMPHOHEMATOPOIETIC STUDY OF WORKERS EXPOSED TO
BENZENE INCLUDING MULTIPLE MYELOMA, LYMPHOMA AND
CHRONIC LYMPHATIC LEUKEMIA

NACHMAN BRAUTBAR
University of Southern California, School of Medicine,
Department of Medicine, Los Angeles, CA, USA

20.5.1 INTRODUCTION

Benzene, is an aromatic hydrocarbon and historically has been produced during the process
of coal tar distillation and coke production, while today benzene is produced mainly by the
petrochemical industry. Based on the National Institute of Occupational Safety and Health
(NIOSH), in the United States, it has been estimated that in 1976 two million Americans
were exposed occupationally to benzene.! Worldwide production of benzene is approxi-
mately 15 million tons? and the production in the United States is estimated to be increasing
at least 3% annually,’ approaching 6 million tons of benzene produced in the United States
in 1990 and 6.36 million tons produced in 1993.> Benzene has been described as a clear,
colorless, non-corrosive, and flammable liquid with a strong odor.

Benzene is used as an excellent solvent and degreasing agent, and as a basic aromatic
unit in the synthetic process of other chemicals.” Exposure to benzene in the occupational
setting most commonly occurs in the chemical, printing, rubber, paint, and petroleum indus-
try. Among other sources of exposure to benzene, non-occupational exposures in the form
of cigarette smoking and exposure to gasoline and its vapors during fueling motor vehicles.’

20.5.2 ROUTES OF EXPOSURE

The major route of exposure to benzene is inhalation through the lungs of benzene vapors,
however skin absorption of benzene has been shown to be significant depending on the cir-
cumstances of the exposure such as time of contact between the benzene and the skin."

Benzene absorption, as other solvents, through the skin is enhanced if the skin condition is
altered by either disease or loss of skin or cracking of the skin.* The dermal absorption of
benzene deserves much more attention than previously described in various texts of toxicol-
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ogy and occupational medicine, as well as environmental and industrial health. Dermal ab-
sorption of benzene in workers who use either toluene containing benzene or other solvents
containing benzene, is a significant factor in calculating dosimetry and absorption of ben-
zene and can be calculated utilizing standard accepted methodology. A recent study by Dr.
Brenner et al.® described chronic myelogenous leukemia due to skin absorption of benzene
as a contaminant of other solvents. The investigators in that study® concluded that the total
benzene absorbed dose via skin and inhalation was equivalent to an accumulated vapor ex-
posure of 196.4 + 42 ppm-years. Dermal exposure accounted for 97% of the total absorbed
dose of benzene. Inhalation of benzene from occupational, smoking and ambient non-occu-
pational sources accounted for only 3% of the benzene dose. The authors presented the re-
ports of dermal absorption of benzene in the following table.

Table 20.5.1. Summary of benzene dose expressed as equivalent ppm-years.
[Adapted, by permission, from D. Brenner, Eur. J. Oncol., 3(4), 399-405, 1998.]

Case Solvent Dermal O‘ccupati.onal Cigarette ‘Ambie‘nt Total
inhalation smoke inhalation

1997 Toluene, MEK, Acetone 170.4 19.2 0.05* 0.29 189.9

1998 Case 1 | Mineral spirits 41.1 17.8 0.1* 0.23 59.3

1998 Case 2 | Refinery process streams 19.0 4.6 1.4 0.4 196.4

*Second hand cigarette smoke

Therefore, workers who are exposed to solvents containing benzene should be evalu-
ated for skin absorption dosimetry, in addition to other sources such as inhalation, to ad-
dress the range of levels of exposure.

Therefore, dermal absorption of ben-
zene, especially in connection with benzene
as a byproduct in other solvents, is of ex-
treme importance in dosimetry analysis.
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since the scope of this chapter is the hematopoietic effects, the reader is referred to other
3
sources.

20.5.3 HEMATOPOIETIC EFFECTS OF BENZENE

Benzene is a proven human carcinogen. The toxicity of benzene has been known since the
19th Century when aplastic anemia was first reported.*'” Indeed the causal link between
benzene and bone marrow toxicity in the form of hematoxicity and bone marrow suppres-
sion was described already in 1897." In 1928, Delore et al. described leukemia as a result of
benzene exposure.'> In 1932 Lignac' reported lymphoblastoma in association with benzene
exposure. Several studies have reported the association between exposure to benzene and
hematopoietic toxicity and leukemia.'*'* Acute myeloid leukemia has been the most fre-
quent form of leukemia found to be related to benzene exposure. Other forms of leukemia
have been described in association with benzene exposure, such as erythroleukemia,
thrombocytopenia, acute myeloid leukemia, myelodysplastic syndrome, acute
lymphoblastic leukemia, chronic lymphocytic leukemia, and Hodgkin’s and non-Hodg-
kin’s lymphoma. As a result of the high toxicity of benzene the American Petroleum Insti-
tute in their paper on benzene exposure in 1948 have concluded that the only safe level of
exposure to benzene is no exposure at all.'® The language utilized was as follows, “In as
much as the body develops no tolerance to benzene, and as is there is a wide variation in in-
dividual susceptibility, it is generally considered that the only absolutely safe concentration
for benzene is zero.”

The following hematological conditions have been described in association with ben-
zene.'™

1. Acute myelogenous leukemia.
Erythroleukemia.
Aplastic anemia.
Acute monocytic leukemia.
Chronic myelogenous leukemia.
Myelofibrosis and myeloid metaplasia.
Thrombocythemia.
Acute lymphoblastic leukemia.
9. Chronic lymphocytic leukemia.
10. Lymphomas and related disorders.
11. Multiple myeloma
12. Myelodysplastic syndrome.

20.5.4 CARCINOGENIC EFFECTS OF BENZENE

Several well conducted epidemiological scientific studies and data have provided the epide-
miological basis for benzene as a hematopoietic and lymphopoietic cancer. In his paper en-
titled “Benzene Health Effects”, Mehlman described a wide range of the hematotoxicity of
benzene.*' Nilsson et al.* described leukemia, lymphoma and multiple myeloma in seamen
exposed to benzene in tankers. In this study, an increased incidence of lymphatic and
hematopoietic malignancies was described and, while it is true that the cargo vapors from
gasoline and other light petroleum products and chemicals have been studied, benzene ex-
posure during loading, unloading and tank cleaning operations was concluded to be the
likely source of the carcinogenic exposure. Rinsky et al.** described various hematological

malignancies in their study of benzene exposure and showed that the overall standardized

PN R
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mortality ratio for leukemia and multiple myeloma were increased significantly. The inves-
tigators of this study concluded that there is a quantitative association between benzene ex-
posure and development of leukemia. Wong* evaluated a mortality study of chemical
workers occupationally exposed to benzene and found a significantly increased risk for
lymphohematopoietic malignancies. Linet et al.** studied hematopoietic malignancies and
related disorders among benzene exposed workers in China and showed a wide spectrum of
hematopoietic malignancies.

Song-Nian Yin et al.** in a cohort study of cancer among benzene exposed workers in
China, studied workers employed in a variety of occupations and showed a statistically sig-
nificant increased deaths among benzene exposed subjects for leukemia, malignant lym-
phoma, neoplastic diseases of the blood, and other malignancies. The rates were
significantly elevated for the incidence of lymphohematopoietic malignancies risk ratio of
2.6, malignant lymphoma risk ratio of 3.5, and acute leukemia risk ratio 2.6. A significant
excess risk was also found for aplastic anemia and myelodysplastic syndrome. These inves-
tigators concluded that employment in benzene exposure occupations is associated with a
wide spectrum of myelogenous and lymphatic malignant diseases and related disorders of
the hematopoietic lymphatic system.

Hayes et al.”’ in one of the largest epidemiological studies on benzene exposure,
showed a wide spectrum of hematological neoplasms and their related disorders in humans.
The risk for these conditions is elevated at average benzene exposure levels of less than 10
ppm. These investigators further concluded that the pattern of benzene exposure appears to
be important in determining the risk of developing specific diseases. Wong*® studied a co-
hort of 7,676 male chemical workers from seven plants who were occupationally exposed
continuously or intermittently to benzene for at least 6 months, and compared them to a
group of male chemical workers from the same plant who had been employed for at least 6
months during the same period but were never occupationally exposed to benzene and
showed a significantly increased risk of lymphohematopoietic malignancies.

In experimental animals benzene has been shown to be associated, in rats, with can-
cers of zymbal gland, oral cavity, nasal cavities, skin, forestomach, mammary gland,
Harderian gland, preputial glands, ovary, uterus, angiosarcoma of liver, hemolympho-
reticular neoplasia, lung cancers and leukemia.* The ability of benzene metabolites to ef-
fect lymphocytic growth and function in vitro, is shown to correlate with the oxidation ca-
pacity and concentration of the metabolites at the target site. Benzene also effects
macrophages, as well as lymphocytes.*****! Kalf and Smith**** have shown that benzene ex-
posure reduces the ability of marrow stromal cells to support normal stem cell differentia-
tion. From these experimental animal studies, and in vitro studies a wide range of bone
marrow effects of benzene metabolites is shown. It has been concluded that the
hematotoxicity of benzene depends on the breakdown metabolites and can effect the stem
cell at any point in time, for instance myeloid, erythroid, macrophages, lymphocytic stem
cells, and therefore benzene has been named as a pleural potential stem cell toxicant.™

In addition to carcinogenic effects, animal studies have shown the effects of benzene
exposure on the immune system. Reid et al.”® showed a significant decrease in splenic cell
proliferation in mice exposed to benzene for 14 days. Experimental animal studies also re-
ported reduced circulating white blood cells, as well as changes in spleen morphology and
weight in various experimental animal studies.* These experimental animal studies further
support the observation from 1913 by Winternits and Hirschfelder*® that rabbits exposed to
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benzene showed an increased susceptibility to pneumonia and tuberculosis. The experimen-
tal animal data and the epidemiological studies clearly show that 1) benzene is a carcinogen
for the lymphohematopoietic system, 2) benzene has a direct effect on the immune system,
3) benzene has a direct effect on the early development of the blood cells, and 4) benzene is
a pluripotent hematological carcinogen.

20.5.5 RISK ASSESSMENT ESTIMATES

The United States EPA has used several databases in their estimates for benzene exposure
and risk. (Environmental Protection Agency, 5.0 Benzene, 5.1. Chemical and Physical
Properties, EPA, 1988) The data utilized by the EPA to assess the risk included the study by
Rinsky et al. in 1981°7 where the duration of exposure was at least 24 years and exposure
levels are between 10 to 100 ppm (8 hour TWA) with a statistically significant increase inci-
dence of leukemia. The study of Ott et al.”” in 1978 showed levels of anywhere from 2 to 25
ppm (8 hour TWA) with increased incidence of leukemia; and Wong et al.”’ 1983, where the
exposure was at least 6 months, levels were from 1 ppm to 50 ppm, and there was a statisti-
cally significant increase in the incidence of leukemia, lymphatic and hematopoietic can-
cers.

The International Agency for Research on Cancer (IARC) has classified benzene as a
Group 1 carcinogen. ** A Group 1 carcinogen is defined as an agent that is carcinogenic to
humans. This classification is based on sufficient evidence for carcinogenicity in humans.
IARC based this conclusion on the fact that numerous case reports and follow-up studies
have suggested a relationship between exposure to benzene and the occurrence of various
types of leukemia. In addition, IARC considers the evidence for carcinogenicity to animals
to be sufficient. No unit risk was determined by IARC for benzene.

The regulatory agencies in the estimated risk of increased benzene related cancers rely
mainly on the study by Rinsky, 1987, which concluded that the mean annual cumulative ex-
posure level of less than 1 ppm accumulated over 40 years working life-time would not be
associated with increased death from leukemia. This epidemiological study showed an ex-
ponential decrease in the risk of death from leukemia which could be achieved by lowering
occupational exposure to benzene. According to the model derived in this study, a worker
occupationally exposed to benzene at an average exposure level of 10 ppm for 40 years
would have an increased risk of death form leukemia 154.5. If the average exposure was
lowered to 1 ppm, that excess risk would decrease to 1.7. At 0.1 ppm times 40 years cumu-
lative exposure the risk be virtually equivalent to background risk,”® Infante et al.” have
shown a relative risk of 5.6 with an estimated cohort exposure of 10 to 100 ppm over 8.5
years average, and Vigliani® showed a relative risk of 20 estimated cohort exposure to 200
to 500 ppm over 9 years average, and Aksoy showed a relative risk of 25 with an estimated
cohort exposure of 150 to 210 ppm over 8.7 years average.”**° These studies clearly show
that the risk of developing lymphohematopoietic cancers is significant, and that benzene is
carcinogenic from an epidemiological point of view at very low levels of 0.1 ppm.

20.5.6 LEVELS OF EXPOSURE

Regulatory levels of exposure to various chemicals, among them solvents and benzene,
have been a subject for constant pressure from industry manufacturers on one hand, regula-
tory agencies, health care, and patients on the other hand. The most common question asked
is “Is there a safe level of exposure to benzene?” The answer to that question has been given
by the American Petroleum Institute in their paper on benzene, 1948,'¢ and their statement
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Figure 20.5.2. Extrapolations of levels of exposure to benzene. [Adapted, by permission, from R.A. Rinsky, New
England J. Med., 1987.]
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Figure 20.5.3. Extrapolations of levels of exposure to benzene. [Adapted, by permission, from R.A. Rinsky, New
England J. Med., 1987.]

that the only safe level of exposure to benzene is no exposure at all. Rightly so, the paper
based that opinion on the fact that the body develops no tolerance to benzene and there is
wide variation in individual susceptibility and therefore the only absolutely safe concentra-
tion for benzene is zero. This approach has been confirmed from a point of view of epidemi-
ological studies and experimental animal studies showing benzene to cause cancer in
experimental animals, and case reports and epidemiological studies in humans. Based on
epidemiological studies and extrapolation from experimental animal studies, IARC’s posi-
tion is that a linear regression line should be applied for the dose response crossing the zero
point for low level exposure of benzene. The EPA concurred that at low levels of exposure
(since no epidemiological studies are available at low levels of exposure) linear dose re-
sponse is indicated. The modalities of exponential dose response relationship for low levels
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is not applicable here based on the most recent EPA and IARC positions.’”** This linear,
non-threshold model assumes that every increment of dose is accompanied by a commensu-
rate increment in the excess cancer risk. The use of this toxicological model allows extrapo-
lation of risks from relatively high dose levels, where cancer responses can be measured, to
relatively low dose levels, where such risks are too small to be measure directly through epi-
demiological studies.®’ Figures 20.5.2 and 20.5.3 demonstrate the extrapolation from high
levels of exposure to low levels of exposure utilizing the linear modality.

Indeed, in its most recent publication the U.S. EPA, 10/14/98,% further supports that
approach and the panel members who evaluated the data felt that for the leukemogenic ef-
fects of benzene the linear model is consistent with the spirit of the proposed cancer risk as-
sessment guidelines.

20.5.7 CELL TYPES: HEMATOLYMPHOPROLIFERATIVE EFFECTS OF
BENZENE

The hematopoietic cell type toxicity from benzene have been described in animal data, case
reports, case studies, animal data, and epidemiological data. Essentially, Wong in his
OSHA testimony® concludes that for the continuously exposed group the lymphohemato-
poietic cancer risk ratio was 3.2 with a statistical significance of p<0.05, the risk ratio for
non-Hodgkin’s and other lymphopoietic cancer, i.e., all lymphopoietic cancers minus
Hodgkin’s disease, for the continuously exposed group was 3.77. The data demonstrated a
statistical significant dose response relationship between cumulative exposure to benzene
and mortality from all lymphopoietic cancer combined with leukemia. Wong further stated
that it would be appropriate to combine lymphoma and leukemia in some of the analyses.
This approach has also been recommended recently by other investigators®* and therefore
the agency conducting the hearing felt that the analysis based on the revised grouping of
lymphopoietic cancers with Hodgkin’s disease separated out was appropriate.” In the doc-
uments submitted to the OSHA hearing, Wong concluded that a dose response relationship
for all lymphatic and hematopoietic cancers has been demonstrated.

Based on the case reports, case studies, and epidemiological studies, the sub-classifi-
cation to cell types is indicated from a medical point of view to treat various hematopoietic
diseases and cancers with the various appropriate treatments per each type of cell injured,
however the data from the experimental data and clinical analysis of benzene cases clearly
show that benzene causes damage to the stem cell and therefore it is a pluripotent toxin,
causing a wide range of lymphohematopoietic malignancies.

20.5.8 EPIDEMIOLOGICAL STUDIES

Wong,* studied a cohort of 7,676 male chemical workers from seven plants who were occu-
pationally exposed continuously or intermittently to benzene for at least 6 months, and com-
pared them to a group of male chemical workers from the same plant who had been
employed for at least 6 months during the same period but were never occupationally ex-
posed to benzene. When the group with no occupational exposure was used for direct com-
parison, the continuously exposed group experienced a relative risk from lymphohema-
topoietic cancer of 3.2 with a statistical significance of p<0.05. That paper further con-
cluded that the medical problems are replete with reports documenting the transition from
certain lymphomas and multiple myelomas to leukemias. It was concluded that the transi-
tions or progressions from lymphoma to leukemia are further complicated by the historical
changes in nomenclature and in diagnostic overlap between the 2 disorders. It was felt,
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based on the work of others, that the major clone in chronic myelocytic leukemia affected
cells capable of becoming lymphocyte, granulocyte, and erythrocyte differentiations lead-
ing to the conclusion that transformation events occur at an early multipotent stem cell
level.

Nilsson et al.* investigated Swedish seamen, 20-64 years of age, who had been ex-
posed to cargo vapors for at least 1 month on chemical or product tankers, had an increased
risk of lymphatic and hematopoietic malignancies odds ratio of 2.6 with 95% confidence in-
terval, with a significant exposure response relation. The odds ratio was increased for
non-Hodgkin’s lymphoma at 3.3 with 95% confidence interval and was statistically signifi-
cant. Rinsky et al.” studied a cohort of 11,065 white men with at least 1 ppm per day of cu-
mulative exposure to benzene. They have demonstrated that there was a statistical
significant increase in death from all lymphatic and hematopoietic neoplasms, 15 observed
versus 6.6 expected standard mortality ratio which is 227, 95% confidence interval, further
demonstrating that benzene is toxic to all cell types.

Hayes et al.’ studied a cohort of 74,821 benzene exposed and 35,805 unexposed
workers from 1972 until 1987 in 12 cities in China. By and large this is the largest and most
significant cohort of benzene workers studied and published. The investigators found that
1) benzene exposure is associated with a spectrum of hematological neoplasms, 2) workers
with 10 or more years of benzene exposure had a risk ratio of developing non-Hodgkin’s
lymphoma of 4.2 with 95% confidence interval, and the development of this neoplasm was
linked most strongly to exposure that had occurred at least 10 years before the diagnosis,
and 3) the risk for the combination of acute non-lymphocytic leukemia and related
myelodysplastic syndromes was significantly increased among those with more recent ben-
zene exposure. These studies confirm the previous studies proving that the damage from
benzene is to all cell type.

Linet et al.*” studied hematopoietic malignancies and related disorders among benzene
exposed workers in China and showed a wide range of hematopoietic malignancies. Yin et
al.** examined a large cohort of benzene workers and concluded that benzene exposed
workers have a statistically significant excess death due to leukemia, risk ratio of 2.3 with
95% confidence interval; malignant lymphoma, risk ratio of 4.5 with 95% confidence inter-
val; and non-neoplastic diseases of the blood.

In summary, these epidemiological studies published in the peer-reviewed scientific
literature and relied on by scientific and governmental agencies clearly show 1) significant
statistical association between benzene exposure and lymphohematopoietic cancers of all
cell types, 2) an increased risk and/or increased standard mortality rate over a factor of 2 in
patients exposed to benzene with the development of non-Hodgkin’s lymphoma,
leukemias, and other lymphohematopoietic malignancies, and 3) benzene is carcinogenic
with a linear dose response demonstrating no threshold.

20.5.9 SOLVENTS AND BENZENE

Solvents commonly used in the industry have been shown to contain benzene. Elkins, et
al.” found that from time to time analyzed solvents for benzene content showed anywhere
from 1% to 2% benzene. In that paper, which was published in 1956, the authors state that
the TLV value from a regulatory point of view, at that time, was 35 ppm compared with
100 ppm previously. According to their calculations, they found that a benzene content be-
low 3.5% will be necessary, for instance in solvents containing naphtha, hexane, and tolu-
ene, otherwise the permissible level for benzene vapor will be exceeded over 35 ppm, which
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we now know is extremely and significantly higher than the standard allowed today from a
regulatory point of view. At the request of the petrochemical companies, the authors de-
cided to reevaluate the content of benzene in solvents and for this purpose a total of 8 sam-
ples of low boiling petroleum naphtha were obtained. After utilizing methodology which
included, among others, mass spectrometry for benzene content, the authors concluded
that, in general, the benzene content of solvents ranged from 1% to 4% in volume. They
have further shown that in the air of one plant where hexane with a relatively low benzene
content (1.5%) was used as a solvent in a fabric-spreading operation, a benzene vapor con-
centration of 1 ppm was found. Since exposure to benzene is cumulative, if a worker is ex-
posed to hexane containing 1.5% benzene, with both inhalation and skin contact, the
cumulative exposure over a certain period of time increases the risk of developing benzene
related cancers as described by the Rinsky model. The study by Pagnotto,* looked at and
analyzed 32 naphtha solvents. The benzene concentration ranged from 1.5% to 9.3% by
weight. Excessive benzene exposure was found at 3 out of 4 plants during their operations
on a daily basis. On one occasion the concentration of benzene vapor was as high as 125
ppm (extremely high), and the urinary phenol excretion of the workers in these 3 plants
were the highest that these investigators report ranging from 370 to 917 mg per liter of urine.
These study indicate that solvents which contain benzene, even at levels of 1.5% per vol-
ume, can be associated with significant atmospheric exposure to benzene, shown as causing
human exposure with significant excretion of phenol in the urine indicative of heavy ben-
zene exposure. The investigators recommended additional ventilation, and on a follow-up
visit the benzene exposure was found to have been reduced to about 70 ppm with urinary
phenols of less than 70 mg per liter, still significantly elevated and considered a significant
risk. These investigators also looked at blood examinations of 47 men at these plants. Five
employees showed lower hemoglobin. One man showed a low hemoglobin at the age of 28,
having been employed for 3 years in the environment preparing mixes for the saturating ma-
chine. While leukemia was suspected due to bone marrow disease, the patient was treated
with iron and recovered. The authors conclude that excessive benzene exposures is consis-
tently found on saturators using naphtha containing more than 3% benzene. This study fur-
ther shows the importance of assessing benzene concentration is other solvents, from a
dosimetry point of view.

The manuscript entitled A Recommended Standard for Occupational Exposure to Re-
fined Petroleum Solvents from the U.S. Department of Health, Education and Welfare, Pub-
lic Health Service, Center for Disease Control, National Institute for Occupational Safety
and Health, July 1977,%” recommended standards to be applied to occupational exposure of
workers to the following refinery petroleum solvents: petroleum ether, rubber solvent, var-
nish maker’s and painter’s naphtha, mineral spirits, Stoddard solvents, and kerosene are all
included in the term refined petroleum solvents. According to these standards petroleum
ether and rubber solvents which contain 1.5% benzene, varnish maker’s and painter’s
naphtha which contain 1.5% benzene, mineral spirits which contain 13-19% aromatics,
Stoddard solvent which contains 0.1% benzene, 140 Flash Aliphatic Solvent which con-
tains 0.7% benzene, kerosene. NIOSH indicated that some of the refined petroleum solvents
contain aromatic hydrocarbons including, in some cases, benzene. Standards were applied,
among others, to reduce the benzene exposure. Among others, the use of respirators and
skin protective devices were required to protect from the effects of the solvents, as well as
the benzene component.®’ In his testimony in front of the Occupational Safety and Health
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Administration,® Proctor testified that, among others, refining operations are continuously
changing. Many refineries obtain crude of differing characteristics from various producing
areas which sometimes must be processed individually due to crude incompatibility and
produce requirements. This means the operation of a crude fractionation unit is altered fre-
quently; a single crude run may be as short as 2 days. Consequently, the crude tankage,
crude fractionation units, and all downstream processing units frequently contain benzene.
Proctor further stated that it should be clear by now that benzene is a naturally occurring
compound in crude oil and is also found in the catalytic and cracking process, and therefore
will always be a contaminant of these solvents. Benzene levels in gasoline today are running
about 1.1% on the average across the nation but occasionally may reach 4% on individual
samples. Reduction of benzene levels in gasoline is technically possible through employ-
ment of a number of physical processing schemes to the various gasoline component
streams. He further testified that any attempt of physical separation of hydrocarbons, such
as distillation, solvent extraction, or adsorption, the separation is not 100% complete.
Therefore, some residuals of benzene will always be present in the remaining fraction.
Therefore he recommended that benzene should be converted to cyclohexane by hydroge-
nation which would require an expensive catalyst, expensive high pressure reaction vessels,
and consumption of valuable hydrogen. The testimony further indicates that it is believed
that it is almost physically impossible to reduce these streams below 0.1% benzene. The
1978 OSHA® indicate that “The record establishes that there is a wide variation in the ben-
zene content of petroleum solvents used in the rubber, paints, coatings, adhesives, sealants,
and other downstream industries. As reported by Smith, reporting on behalf of MCA,* the
benzene content of petroleum solvents of all types generally range from under 0.1% to 4%.
Data submitted by downstream industries confirms that benzene is present in virtually all
petroleum solvents, at levels which approach and even exceed 3.5% in some cases.” It was
stated that in the rubber industry, solvent benzene content appears to range from 0.1% to
0.7% or slightly higher. Similarly, solvents used by adhesive manufacturers show broad
variations from less than 0.1% to 3.5%.% Representatives of the paint industry report varia-
tions from under 0.1% to as high as 3.7%.% Smith in his testimony emphasized that solvent
benzene content is likely to vary substantially among supplies, among different plants of the
same supplier, and among deliveries from the same plant. Because refinery processes are
not designed to precisely control benzene content, variations will inevitably occur.

These data clearly show that benzene contents in solvents are difficult to control and
vary depending on the sources, processes and therefore solvent exposure must take into ac-
count the level of benzene concentration in these solvents. These data, taken together with
the most recent study of Brenner et al.® show that industrial toluene solvent does contain
benzene and contributed significantly to the exposure via the skin to benzene. One must re-
member the importance of benzene exposure through the use of solvents produced through
the petrochemical refining processes.

20.5.10 GENETIC FINGERPRINT THEORY

Benzene and its metabolites have long been known to cause chromosomal aberrations of
various types of cell cultures of exposed humans. (To be discussed in Chapter 20.6 in this
book entitled as Benzene Exposure and Sister Chromatoid Changes.) While it is true that
genetic changes have been described and frequently effect chromosomes 5 and 7, and oth-
ers, there is no scientific evidence that these are required for the diagnosis of benzene expo-
sure related cancers. Specifically, many cases of patients who have been exposed to
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benzene and have developed hematopoietic malignancies do not have changes in chromo-
somes, therefore the chromosomal changes cannot be used as a “genetic fingerprint”. In-
deed, Trons’ publication in the Journal of Toxicology and Environmental Health™
concluded that the significance of these chromosomal alterations with respect to bone mar-
row damage or leukemogenesis of benzene is unclear. It is not possible today to determine
whether leukemia is caused by benzene based on changes in chromosomes, specifically
chromosomes 5 and 7. Smith from the University of California at Berkley, who is a leading
authority in the biological markers of benzene exposure, opined that the data which suppos-
edly suggest that one must have changes in chromosomes 5 and 7 to assume benzene causa-
tion is unreliable and obsolete.” In summary, while it is true that benzene and related
products have been described with changes in chromosomes, DNA adducts, and cell cycle,
by no means can they not be used as a diagnostic tool to address benzene causation or not.
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20.6 CHROMOSOMAL ABERRATIONS AND SISTER CHROMATOID
EXCHANGES

NACHMAN BRAUTBAR
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Department of Medicine, Los Angeles, CA, USA

Several technologies have developed in the last 10 years to look at chromosomal changes
and DNA changes caused by environmental exposures, as well as a marker of environmen-
tal exposures. The use of chromosomal translocation as a biological marker of exposure in
humans have become an important tool in the research, as well as in some instance a marker
of exposure. Several methodologies have utilized and include structural chromosomal aber-
rations, sister chromatoid exchanges (SCEs) and micronuclear changes. These are markers
of changes in the cellular genetic materials, and represent damage induced by chemicals.
These methodologies are viewed as cytogenetic assays, and by themselves cannot provide a
diagnosis, but they complement other methodologies which include gene mutation analysis,
and DNA changes. Among the important uses of cytogenetics as a biomarker is the rela-
tionship between chromosomal aberrations secondary to chemicals and carcinogeneses.
Since the scope of this chapter is not addressing mechanisms of carcinogeneses, the reader
is referred to other sources.'

Studies in patients with acute non-lymphocytic leukemia whose bone marrow ana-
lyzed for chromosomal changes have shown that 50% of them had changes in chromosomes
5,7, 8 and 21.” Mitelman et al.* have looked at patients with acute non-lymphocytic leuke-
mia and looked at the occupational history. They have studied a group of 56 patients.
Twenty-three out of the 56 patients had a history of exposure to chemical solvents, insecti-
cides and petroleum products. They have further shown that in males with acute
non-lymphocytic leukemia the frequency of exposure to petroleum products was as high as
36%. In their study, Mitelman et al.” found a striking differences between the chromosomal
findings in non-exposed versus exposed groups. In the non-exposed group only 24.2% of
the patients had chromosomal aberrations in their bone marrow cells, while 82.6% of the ex-
posed patients had chromosomal aberrations. The authors concluded, based on these studies
that the difference between the exposed and non-exposed group strongly indicates that the
karyotypic pattern of the leukemic cells were, in fact, influenced by the exposure. The au-
thors further suggested that the prognosis in those patients with normal chromosomes was
significantly better than those with abnormal chromosomes, something which has been sug-
gested by previous investigators.**® Based on their observations and others,”! the authors
suggested that certain chromosomal regions possible being specifically vulnerable to the
chromosome damaging actions of different chemicals which are carcinogens. Indeed, the
changes of chromosomes 5, 7, 8 and 21 in workers exposed to different chemical solvents,
among them also petrol and pesticides, supports this hypophysis. Studies in cultured lym-
phocytes from 73 workers in chemical laboratories and the printing industry were found to
have a significantly increased frequency of chromatoid and sister-chromatoid breaks in
comparison to 49 control subjects.'” The authors suggested that the observed cytogenetic
changes is reasonably assumed to be the result of strong factors in the working environment
which induced chromosome breaks and sister-chromatoid exchange. The considerable vari-
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ation in cytogenic changes between subjects suggested varying degrees of exposure to
mutagenic agents. Brandt et al.”® studied the effects of exposure to organic solvents and
chromosomal aberrations. Ten patients had a history of daily handling of organic solvents
for at least one year preceding the diagnoses of non-Hodgkin's lymphoma. All have been
exposed to a variety of solvents to include aromatic and aliphatic compounds. Forty-four
patients for only a shorter period of time worked with organic solvents, and therefore served
as the control group. There was a statistically significant increase in chromosomal changes
in the exposed group compared to the non-exposed group. The authors suggested based on
their results, that at diagnosis of non-Hodgkin's lymphoma, patients with a history of signif-
icant occupational exposure to organic solvents tends to have a larger number of chromo-
somal aberrations in the lymphoma cells. Furthermore, certain aberrations may be
characteristic for the exposed patients. They have concluded that the over representation of
certain chromosome aberrations in non-Hodgkin's lymphoma patients occupationally ex-
posed to organic solvents supports the concept that these exposure may be relevant for the
subsequent development of non-Hodgkin's lymphoma. Their data are in agreement with the
studies published previously, indicating that workers handling organic solvents and other
petroleum products have an increased frequency of chromosomal aberrations in lympho-
cytes.'>'*!131¢ Indeed, association between exposure to solvents and other chromosomal
changes in the cells have been studied by other investigators, describing chromosomal
changes in acute non-lymphocytic leukemia.>'”'*!? In cultured cells, Koizumi*’ examined
the effects of benzene on DNA syntheses in chromosomes of cultured human lymphocytes.
They have shown an increased incidents of chromatoid gaps and breaks in cultures treated
with benzene, compared to those who were untreated with benzene. They also showed
changes in DNA metabolism in the form of inhibition of syntheses in those samples which
were treated with benzene. This observation was confirmed by other investigators®' who
have shown an increased chromosomal aberrations in cultured human leukocytes exposed
to benzene. From the in vitro to the in vivo experimental animals, it was shown that treated
rats with benzene, were found to have increased chromosomal changes taken from the bone
marrow as compared to the non-treated animals.? It was of interest that the degree of chro-
mosomal changes that were induced by benzene, were similar to that induced by toluene®
(probably secondary to the benzene in toluene). Experimental rabbits treated with benzene
also showed a significant amount of bone marrow chromosomal changes persisting up to 60
days after the end dosing with benzene.*

A patient who has developed aplastic anemia after exposure to benzene, was shown to
have significant chromatoid fragments.” A cytogenic study which was carried out later,”
on a patient who developed leukemia after 22 years of continuous exposure to a high con-
centration of benzene, showed that later in the process there were changes in 47 chromo-
somes in the bone marrow. Sellyei et al.?”” studied patients who developed pancytopenia
after having been exposed for 18 months to benzene. Significant chromosomal changes
were detected even 7 years after remission from the anemia and the presentation of leuke-
mia. In line with these changes, Forni et al.*® have studied 25 subjects with a history of
hematopoietic abnormalities and benzene exposure, and compared these to 25 matched con-
trols. They have shown that 18 years after clinical and hematological symptoms chromo-
somal aberrations were increased as compared to the control group. In 1965, Tough et al.”
have studied chromosomes of workers exposed to benzene for periods varying from 1 to 18
years. They have also shown a small but significant increase in chromosomal changes com-
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pared to a control group. These same investigators looked at workers exposed to benzene
levels from 25 to 120 ppm, and found that they had significant chromosomal aberrations as
compared to the normal population (which has a general background exposure to benzene
levels). The study of Forni etal."* showed significant chromosomal aberrations in those pa-
tients who were exposed mainly to benzene, and not to those who were exposed to toluene
only. Hartwich et al.** looked at 9 healthy refinery workers who were exposed to low levels
of benzene, and also found significantly increased chromosomal changes compared to the
control group. The National Research Council Advisory Center and Toxicology Study?'
concluded that close correlation between occupational exposure to benzene and persistence
of chromosomal aberrations can be discussed only when there is an association between
benzene induced hematopoietic disease and chromosomal aberrations, however, the ab-
sence of chromosomal changes, cannot be a determinant in the temporal relationship be-
tween exposure to benzene and hematopoietic diseases.’’ While some studies suggested that
the chromosomal changes require heavy exposure to benzene, the study by Picciano,
1979, looked at chromosomal changes in 52 workers exposed to a mean benzene concen-
tration of less than 10 ppm compared to non-exposed controls. There was a statistical signif-
icant increase in chromosomal aberrations in exposure as low as less than 10 ppm.
Furthermore, these same investigators™ reported a dose response increase in the aberrations
when the exposed workers were divided into smaller groups by the exposure levels (less
than 1 ppm, 1-2.5 ppm, and 2.5-10 ppm). Drivers of petrol tankers and crew members of
gasoline tankers, ships and petrol station attendants were studied for chromosomal
changes.” The degree of exposure to benzene of the three groups was estimated to be at a
mean of 0.4 ppm, and the crew members were estimated to be at 6.56 ppm while engaging in
handling of gasoline. The frequency of chromosomal and chromatoid aberrations in the
petrol tanker drivers was significantly greater than in those of petrol attendants and the crew
members. The effects of long-term benzene exposure from the incidents of chromosomal
changes were studied in 16 female workers who were exposed to a maximum of 40 ppm
benzene between 1-20 years.** The cytogenetic study was conducted 6 months after ben-
zene was eliminated from the work environment, and they have found no significant in-
crease in chromosomal changes. Clare et al.*® looked at chromosomal changes in the
peripheral lymphocytes of workers after a single, one exposure to benzene. Exposure levels
were described as high after a spillage of a large amount of benzene during the loading of a
ship. Three months after the incident, chromosomal analysis showed no significant abnor-
malities. The authors concluded that there was no evidence of lasting chromosomal damage
in the peripheral blood lymphocytes of these exposed workers. Golomb et al.'® reviewed the
literature and reported the results in regards to exposure to benzene and chromosomal
changes. They have stated that they studied exposure data on 74 patients with acute leuke-
mia. They describe that 75% of the exposed patients had an abnormal karyotype, whereas
only 43% of the patients characterized as non-exposed had an abnormal karyotype. While it
is true that these findings are in agreement with previous studies'® they still could not ex-
plain the 43% of the patients who were not exposed, and still had abnormal chromosomal
changes. This is a very important observation, since some investigators in the field claimed
that the “absence of chromosomal changes” in benzene exposed individuals negates the
clinical causative diagnosis of benzene induced hematopoietic disease. Essentially, all of
the studies show that benzene can cause chromosomal changes, but does not cause it in all
the patients, and the absence of chromosomal changes cannot and does not rule out the ex-




1378 Nachman Brautbar

posure to benzene as a causative factor. In this same paper, Golomb et al.'® looked at the
chromosomal changes of patients treated with chemotherapeutic agents for other malignan-
cies. Essentially, they looked at a secondary leukemia developing as a result of alkylating
agents. For some reason, they have proposed that losses of part or all of chromosomes num-
bers 5 and 7 are the specific change resulting from mutageneses, leukemogeneses associ-
ated with various chemicals including insecticides, petroleum products and alkylating
agents.

While this interpretation is compatible with the various animal studies, as well as ob-
servations in patients, there is certainly a lack of scientific connection between the benzene
exposed chromosomal changes, and the chromosomal changes reported in patients treating
with alkylating agents.

Smith, in a recent paper*® suggested that oxidation of benzene to multiple metabolites
plays a role in producing benzene induced toxicity of DNA damage in bone marrow, and
adds further weight to the hypophysis that multiple metabolites are involved in benzene tox-
icity. They also described DNA changes which have been shown to be cause-point muta-
tion. The investigators measured mutation frequency in 24 workers heavily exposed to
benzene, and 23 matched controls. They found that benzene caused a highly significant in-
crease in one variant of mutation, suggesting that benzene produces gene duplicating muta-
tions, but no gene inactivating ones. They suggested that the most-likely consequence of
aberrant recombination caused by benzene metabolites is the production of stable chromo-
somal translocation. Indeed, there are several chromosomal abnormalities shown in leuke-
mic cells. This includes Philadelphia chromosome which results from reciprocal
translocation between chromosome 9 and 22, and has been associated with chronic myeloid
leukemia, and reciprocal translocation between chromosomes 8 and 21. From these studies
it is concluded that benzene is a genotoxic carcinogen, but that other genetic phenomena
may mediate benzene induced hematopoietic toxicity. Based on the available data up to
date, it is proposed’® that benzene is a carcinogen that does not produce cancer through sim-
ple gene mutations, but rather through a separate class of carcinogens (metabolites of ben-
zene) that act by a similar mechanism.

In summary, the studies in experimental animals, in vitro, and patients show that ben-
zene and a wide range of organic solvents are associated with changes in chromosomes and
DNA adducts. While these changes may be helpful in epidemiological studies, the absence
or presence of genetic changes or DNA adducts, cannot be used in a specific case to rule out
or establish causation. The biomarkers described in this chapter in the form of genetic
biomarkers, can be helpful in identifying individual susceptibility, and in some cases under-
standing of the mechanism of the disease process. They have a significant number of limita-
tions, and these include measurements, errors and confounding factors.
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20.7 HEPATOTOXICITY
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20.7.1 INTRODUCTION

Solvents which are inhaled or gain access to the blood circulation via skin absorption or at
times ingestion largely are metabolized by the liver. The liver has a complex mechanism
composed of the cytochrome P450 enzyme, and other enzymes related to conjugation path-
ways such as glutathione conjugation. This is represented schematically in Figure 20.7.1

It is therefore no surprise that in the occupational setting as well as non-occupational
setting, liver damage anywhere from transient to subacute to chronic, and at times terminal
liver damage has been described.

The circumstances of exposure to hepatotoxic agents are divided to:
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Figure 20.7.1. The phases of detoxification. [Adapted, by permission, from DS Jones, Institute for Functional
Medicine, Inc., 1999]
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1. Occupational: Either through a routine daily inhalation or skin absorption of sol-
vents which have been shown to be toxic to the liver (accidental exposure).

2. Domestic during either accidental or intentional suicidal exposure, ingestion in
foods or as a toxic contaminant of food, exposure to toxic agents such as in the form of glue
sniffing.

3. Environmental, most commonly exposure through contaminated water with sol-
vents (drinking water contamination) or through atmospheric pollution such as release to
the environment from plants utilizing solvents.

Historically the first cases attributing chloroform to liver toxicity were described in
1887, 1889 and 1904.** The role of carbon tetrachloride and liver injury has been origi-
nally described in 1967 and 1973.% In general, the understanding of hepatotoxicity is ex-
tremely complex, and the reader is referred to the outstanding text by Hyman J.
Zimmerman.” A typical example of how metabolism and toxicity of a water takes place is
the aromatic chemical such as benzene attached to bromine. The effect on the liver has been
originally studied by Mitchell in 1975® who have shown that a change in the rate of the me-
tabolism of this compound is required to create its toxic products. While bromobenzene and
carbon tetrachloride share a similar place of metabolism in the liver, the toxicity of
bromobenzene and carbon tetrachloride are different, since the bromobenzene toxicity is re-
lated to the metabolic capacity of the liver, while that of carbon tetrachloride is not.

Several factors contribute to the handling of the solvents by the liver and affect the fi-
nal toxicity, including species differences. For instance, rats are vulnerable to a wide variety
of toxic agents such as carbon tetrachloride and bromobenzene due to the ability of the liver
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to convert these agents to their respective toxic metabolites.*” Among other mechanisms re-
sponsible for the species differences are liver blood flow, protein binding, and the points of
binding intracellularly. Genetic factors in humans are of extreme importance. Genetic fac-
tors are most-likely responsible for the various levels of adverse effects of alcohol in differ-
ent individuals due to induced activity of detoxification enzymes in the liver in some and
lack of those or reduced activity in others. Another important factor is age. The effect of age
on the susceptibility has been shown in experimental animals. For instance, the neonatal rats
are less susceptible to carbon tetrachloride and bromobenzene toxicity as compared to adult
animals.’ In humans, liver necrosis after the administration of Halothane was rare in chil-
dren, but more common in more elderly patients. Factors such as sex and endocrine status
have also influence and different toxic effects of solvents in this case. Nutritional status is a
major factor in the effects of solvents on the liver. For instance, protein malnutrition leads to
reduced activity of cytochrome P450. Increasing the percentage of fat in the liver has been
shown to increase the susceptibility of toxicity to such agents as carbon tetrachloride. Sev-
eral studies have looked into the histopathological injury of some solvents and solvent-like
agents and the liver, and are shown in Table 20.7.1.

Table 20.7.1. Partial list of agents that produce hepatic necrosis in experimental
animals. [Adapted, by permission, from HJ Zimmerman, Hepatotoxicity, 1978]

Site of necrosis
Centrizonal | Midzonal | Peripheral Zone | Massive Steatosis

Bromobenzene + (+)
Bromotrichloromethane + +
CcCl, + +
Chlorobenzenes + (1)?

Chloroform + +
Dichloropropane + +
Dinitrobenzene + &) +
Dinitrotoluene + (+) +
Ethylene dichloride + +
Methylene chloride +) (+) ()
Naphthalene + +

The specific mechanism of hepatotoxicity of many solvents are unknown, however,
the knowledge have been gathered from experimental studies now available for the reader
for review, 113

Due to the lack of specific information for many solvents, I have decided to discuss in
this chapter some of the most typical ones which have been used in the past heavily, or are
used currently.
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Table 20.7.2. Some occupational solvents that produce acute and chronic liver
disease

Carbon tetrachloride Halothane Ethyl alcohol

Chloroform Trichlorodiphenyl A mixture of solvents such as
Trichloroethylene Trichloroethene toluene and xylene
Tetrachloroethylene Trinitrotoluene Dichloromethane
Dinitrobenzene

Tables 20.7.3 and 20.7.4 describe two major phases in the liver metabolism and detox-
ification of drugs, foreign agents and solvents.

Carbon tetrachloride was found to cause liver injury in man and in experimental ani-
mals.'* Carbon tetrachloride is a known and potent liver toxicant, and therefore has been
studied extensively in experimental animals. Recknagel® and Reynolds' have shown that
single doses will lead to areas of necrosis in the liver within a few minutes. This has been
shown to be associated with changes in liver enzymes which are known to indicate liver
damages.'™!" Prolonged exposure to carbon tetrachloride has been shown to lead to liver cir-
rhosis and to liver cancers. In order to become toxic the carbon tetrachloride has to undergo
metabolic changes in the liver.*'® The lesions described initially in animals have been
shown in humans poisoned with carbon tetrachloride.'*'” It has also been shown that alco-
hol enhances the susceptibility to carbon chloride toxicity.'® Several factors play a role in
the susceptibility to toxicity by carbon tetrachloride, among them are sex, age, diet, underly-
ing preexisting liver dysfunction and alcoholism. Over the years in both clinical and experi-
mental studies and observations, it has been shown that carbon tetrachloride induced liver
damage is divided to fatty metamorphosis, and independently liver necrosis. Fat starts to ac-
cumulate in experimental animals as early as one hour after administration of a high dose of
carbon tetrachloride. Liver necrosis occurs as early as 6 to 12 hours, and a maximum of 24
to 36 hours.

The concept of steatosis (fat accumulation in the liver) is a common one for looking at
the effect of solvents (those which are known to be toxic to the liver). The fat accumulation
is the result of abnormal transport of lipids and as a result, accumulation of lipids in the
liver. Therefore clinically industrial exposure to hepatotoxic solvents is associated with
liver steatosis, among others.

Necrosis, which is the second most common effect of liver damage of solvents toxic to
the liver, is the result of destruction of the cell architecture as well as biochemical pathways.
It has been shown in many experimental studies that the toxicity of carbon tetrachloride
(and some of the other solvents which are toxic to the liver and other organs, such as ben-
zene and the hematopoietic system) requires several reactions, in order to produce the toxic
metabolites which are causing the damage to the liver. Most studies point to the responsibil-
ity of cytochrome P450 system.’ The metabolite responsible for the liver damaging effect of
carbon tetrachloride is a C Chloride I1I which is formed from carbon tetrachloride.*'’ There
is however also information that non-metabolized carbon tetrachloride contributes to the in-
jury, especially that of the cell membrane,”*?' something which is logical since solvents are
a mechanistic injury to various tissues is through the effects on the cell membrane which is
either dissolved or damaged by the solvent. A consolidation of the data available and views
on the pathogenesis of carbon tetrachloride liver damage has been eloquently described by
Zimmerman.’
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Table 20.7.3. Phase | reactions. [Adapted, by permission, from HJ Zimmerman,

Hepatotoxicity, 1978]

1. OXIDATIONS

A. MFO-dependent

Aromatic hydroxylations

Aliphatic hydroxylations

Primary alcohol

Secondary alcohol

Tertiary alcohol

NHCOCH, NHCOCH,
0
OH
o

RCH,CH;CH; — RCH;CH,;CH,0H
o
RCH;CH,CH; — RCH,CH—CHj
OH

. .

di—ca, 2 ¢
RCH;CH—CHj3; — R—CH,—C—CH;
OH

"
I—T
Epoxidation H
Br Er
Arene oxide formation _'GS"
R H

Oxidative dealkylation

N—dealkylation
O—dealkylation
S—dealkylation
N—Oxidation
Primary amine

Secondary amine

Tertiary amine

S—oxidation

Deamination

Desulfuration

Dechlorination
B. Amine oxidase
C. Dehydrogenation

Alcohols and aldehydes

R—NH—CHj; — [R—NH—CH,;0H] — RNH; + HCHO
R~—0—CH; — [R—0—CH,0H] — ROH + HCHO
R—8—CHj; — [R—S—CH;0H] — RSH + HCHO

RNH; — RNHOH

R R
N —_—
N R!>N0!{
R! R!
|
RN — Ri=0

R 2

SN N

OH o}

| L
RCH—CHj; — R—Cl‘f—CH;‘ — R—C—CH + NH;

NH; NH2
RSH -~ ROH
CClg — [CCI3] — CHCI;
RCH;—NH; — RCHO + NH;

CH;CH;O0H — CH3;CHO — CH;3;COOH — CO; -+ H,0

1. REDUCTION REACTIONS

Azo reductions
HNitro reductions
Carbonyl reductions

RN=NR’— RNH—NHR! — RNH; + R’'NH,
RNO; — RNO — RNHOH — RNH,
RC—R’— RCH—R’

o OH

i, HYDROLYSIS REACTIONS

Esters
Amides

RCOOR! — RCOOH + RIOH
RCONHj3 — RCOOH -+ NH;
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Table 20.7.4. Phase Il (conjugation) reactions. [Adapted by permission, from HJ
Zimmerman, Hepatotoxicity, 1978]

Endogenous | Transferring enzyme and | Type of xenobiotics & metabolites

Type of conjugation
P Jugatl substance location conjugated

Phenols; alcohols; carboxylic acids;

UDP-glucuronic | UDPG-transferase . . .
primary amines; hydroxylamines;

Glucuronidation

id i .
aa (microsomes) sulfonamides, etc.
Epoxide) hyd:
Dihydrodiol formation | Water (Epoxide) hydrase Epoxides and arene oxides
(cytosol)
GSH conjugation GSH GSH-S-transferase Epoxides; arene oxidgs; halides; nitro
(cytosol) groups; hydroxylamines, etc.

Acyl CoA-glycine

Glyci jugati Glyci
yeine conjugation yeme transferase (mitochondria)

CoA derivatives of carboxylic acids

Sulfate conjugation PAP-sulfate Sulfotransferase (cytosol) | Phenols; alcohols; aromatic amines

S-adenosyl-
methionine

Catechols; phenols; amines;

Methylation . .
Y histamine

Transmethylase (cytosol)

The carcinogenic effect of carbon tetrachloride will not be discussed in this chapter,
and the reader is referred to other texts.”

20.7.2 INDIVIDUAL VARIABILITY AND HEPATOTOXICITY OF SOLVENTS

The issue of individual variability based on various factors as described above is important,
especially in medical monitoring and risk assessment in occupationally exposed patients.
The fact that workers in industrial environments are not the same and are subject for differ-
ences such as body build, underlying kidney function differences (genetic or acquired), ex-
posure to other solvents or other liver toxicants may effect the results. A recent study®
evaluated a population response to solvent exposure. These investigators have shown that
body fat is the most important body compartment for fat soluble solvents. Body fluids and
physical work load effect the blood flow, alveoli ventilation and therefore will effect the
amount of solvent inhaled as well as absorbed through the blood and delivered to the liver.
They have developed the physiological model which takes into account variability in the
form of exposure, physical overload, body build, liver function and renal function. Other
factors which have been taken into account are solubility in blood and tissue. Investigators
suggested that such a model should be useful in improving our understanding of the com-
plex and multifactorial system and to generate a hypothesis, and to improve our assessment
of occupational exposure. This has significance from a clinical toxicology point of view. A
patient who has an increased body fat will be at a higher risk of solvent toxicity. If this same
patient also has a habit of heavy alcohol consumption the risk for solvent liver toxicity is
significantly increased. Epidemiological studies are commonly not designed to evaluate the
individual hepatotoxicity of solvents and therefore the issue of cause and effect must be
viewed taking into account individual variability, other risk factors, and medical common
sense, following the well established criteria by practitioners of medicine.

Chloroform is another haloalkane which has been typically used as an example to un-
derstand and study the toxic effects on the liver. Studies in experimental animals in 1866
have shown that the chloroform causes liver toxicity. In 1923 Meyer et al."* have shown that
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toxicity of chloroform to the liver in humans. Chloroform was used years ago as an anes-
thetic, and has been used successfully, however, due to its’ toxicity the use of it has been
abandoned. Acute exposure and toxicity has been associated with liver necrosis, liver
steatosis, and chronic exposure has been associated with liver cirrhosis. The mechanism of
injury most-likely is the result of metabolic changes of chloroform by the liver. Different ef-
fects and level of toxicity between carbon tetrachloride and chloroform is most-likely the
result from the solubility in lipid and water, and the mechanisms by which these two agents
are metabolized and then cause liver toxicity. Table 20.7.5 summarizes liver damage de-
scribed in the literature as a result of halogenated aliphatic hydrocarbons.

Table 20.7.5. Lesions produced by halogenated aliphatic hydrocarbons. [Adapted, by
permission, from HJ Zimmerman, Hepatotoxicity, 1978]

Steatosis and c?ntrlzonal Steatosis only Slight steatosis or no injury
necrosis

CCl, CH,CIBr CH,CI
Cl, CH,Cl, CH;Br
CCLBr CHCI=CHCI (cis) CH,I
CHCl, CCl,=CCl, CClL,F,
CHI, CH,CH,CHCICH, CHCI=CHCI (trans)
CHBr; CH,CH,C1
CHCIL,CHCI, CH,CH,I
CH,CICH,C1 CH,CH,Br
CH,BrCH,Br CH,CH,CH,CH,C1
CH,CCl,
CHCLCCl,
CHCI=CCl,
CH,CHCICH,
CH,;CHCICH,C1

20.7.3 NON-HALOGENATED SOLVENTS

While the halogenated hydrocarbons discussed here include carbon tetrachloride, chloro-
form, 1,1,1-trichloroethene, trichloroethylene are significantly hepatotoxic, the literature
on the toxicity of the non-halogenated hydrocarbons is a combination of positive and nega-
tive studies. Several studies looking into the hepatotoxicity of both aliphatic solvents such
as kerosene, hexane and aromatics such as xylene, toluene and styrene have reported mixed
results. Xylene is an aromatic hydrocarbon which is used heavily in the industry, as well as
medical technology as a solvent.

Xylene commonly has been reported with impurities in varying amounts which in-
clude ethyl benzene, prime ethyl benzene, phenol, benzene and toluene.” To evaluate the
effects of xylene in experimental animals, Toftgard et al.” studied rats who were exposed
for three days by inhalation to xylene and to a mix of xylene isomers. Hepatic cytochrome
P450 concentration increased as well as C reductase activity, and NADPH cytochrome C
reductase activity. Furthermore, xylene and its isomers were able to modify the metabolism
of other potentially toxic substances. In addition to these biochemical changes, the investi-
gators found that xylene increased liver body weight, most-likely secondary to proliferation
of the endoplastic reticulum. These studies show that at these levels xylene induced
cytochrome P450 activity and NADPH cytochrome C reductase activity, but was not asso-
ciated with significant pathological abnormalities. On the other hand, these same investiga-
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tors, concluded that the capacity of xylene and xylene isomers to induce hepatic cytochrome
P450 suggests the possibility of synergistic toxic effects from simultaneous exposure to
xylene and substances metabolically activated by these cytochromes P450. Therefore, ex-
posure to a mixture of solvents which also include xylene will increase the toxicity and
xylene is a synergistic liver toxicant. For instance, the formation of 2-hexanoyl a metabolic
precursor of 2,5-hexanedione, which is the main metabolite found in urine of workers ex-
posed to n-hexane, is increased following xylene treatment.”’

20.7.4 SOLVENT MIXTURES

Various solvent mixtures have been reported as hepatotoxic, Fishbien et a reported ab-
normal liver functions in chemical workers exposed to a mixture of solvents. It was sug-
gested that bile acids as indicators of hepatic function will be utilized as markers of injury.
Franco et al.** examined a group of workers exposed to organic solvents, and used the crite-
ria addressing exposure to solvent mixtures for over two years, daily ethanol consumption
less than 50 grams, no history of hepatic disease, no drug intake in the previous three
months. Workers were exposed to between 6 and 9 solvents, mostly toluene, xylene, ace-
tone, methyl acetate, and butanol ethyl acetate. The mean levels of liver enzyme activities in
the exposed and the control group were similar. The mean serum bile acid contents was sta-
tistically and significantly increased in the exposed group compared to the controlled group.
The authors concluded that the observation of higher serum bile acid levels in the group of
workers currently exposed to organic solvents might be explained by a change in hepatocyte
function, and that the commonly followed parameters of liver enzymes may be insensitive
to these preliminary initial changes in liver function. Conventional liver function tests seem
to be rather insensitive to early detect liver damage from solvents exposure. Early detection
is crucial, but is probably missed since the standard liver functions tests are not sensitive
enough to detect early liver damage from solvents. What that means is that by the time the
patient is seen by the doctor with liver fibrosis or necrosis and solvent toxicity, it is already
in advanced stages. Joung-Dar-Chen et al.’! evaluated the effects of solvents exposure on
liver functions, specifically looking at gamma glutamyl transferase activity. They have
studied the effects of xylene and toluene. The median air concentration was evaluated in the
exposed workers who used mixed solvents in the process of spray booth car painting. These
investigators showed that gamma glutamyl transferase activities increased independently
with both an increased consumption of alcohol and exposure to a mixture of solvents. They
have concluded that an increase in GGT activity may be a form of enzyme induction rather
than a marker for cellular damage. Kurpper et al.’” examined the effect of mixed organic sol-
vents on liver enzymes activity in car painters, and found that at the exposure level of that
study (at that time was 1/2 the level recommended by the regulatory agencies) the liver en-
zyme activities of car painters were not effected by exposure to mixed solvents. The contin-
uation of the previous study by Franco et al.” examined serum bile acid concentrations as a
marker of liver functions in a group of workers exposed to organic solvents. They have
shown a significantly increased concentration of serum bile acids with normal liver en-
zymes, and concluded that this indicated a very sensitive and early marker of liver function
abnormality in patients exposed to mixed solvents, and might be explained as an early sign
of liver dysfunction. While it was not possible to state which solvent caused what type of ab-
normality, the authors concluded that conventional liver function tests seem to be rather in-
sensitive for early liver disease detection, and normal measurement does not rule out the
existence of subclinical disease, and therefore, an elevation of serum bile acid indicates

12829
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early potential hepatotoxicity from mixed organic solvents. From a clinical point of view
this study suggests that exposure to mixture of solvents in an industrial setting may cause
liver damage which is subclinical and initially undetected, unless liver enzymes and bile ac-
ids are measured. It seems likely that this initial stage of liver damage in patients exposed to
solvent mixtures is commonly missed.

20.7.5 TRICHLOROETHYLENE

The liver is a target organ toxicity for trichloroethylene in experimental animals. Data in hu-
mans are limited.** Case reports describe trichloroethylene induced hepatitis and liver ne-
crosis.*® Guzelian et al. described both hepatic necrosis and fatty metamorphasis.*® As early
as 1962, the hepatotoxicity of trichloroethylene has been studied in humans. Trichloroethyl-
ene has been found to cause liver damage after both acute and chronic exposures.?’%3%404!
Several studies reported a history of pathological changes including individual or focal ne-
crosis after treatment of experimental animals with trichloroethylene.** In addition to these
histopathological changes Berman also found a dose response relationship to the
histopathological changes. Since trichloroethylene is commonly present as a contaminant in
ground water (from degreasing, paint thinning and plastic metal processes) Barton has eval-
uated risks assessment of trichloroethylene and liver toxicity,” and showed that exposure
was associated with continuous response in the form of liver toxicity. There was a connec-
tion between increased liver weight over body weight and liver toxicity, this effect also ap-
pears to be a sensitive indicator of liver toxicity. The authors concluded that
trichloroethylene is toxic to the liver, based on their analysis of their findings, and that the
use of liver enzymes by themselves may miss the early signs of toxicity to the liver by tri-
chloroethylene. From these studies on trichloroethylene, and the studies on solvent mix-
tures described above, it seems reasonable to conclude that the early subclinical stages of
solvent hepatotoxicity are commonly missed. When patients present to the doctor they will
already be in more advanced stages such as liver steatosis and/or chronic hepatitis, and at
times liver fibrosis.

The toxicity of trichloroethylene is dependent upon metabolism and induction of
cytochrome P450. Trichloroethylene is metabolized through chloral hydrate to compounds
including trichloroacetic acid and dichloroacetic acid which alter intercellular communica-
tion, induce peroxisome proliferation and may promote tumor production.* Significant
variability in trichloroethylene metabolism in 23 human haptic microsomal samples was re-
ported by Lipscomb et al.** It was also demonstrated that the trichloroethylene metabolism
is dependent on enzymatic activities of the cytochrome system, and they conclude that their
data indicates that humans are not uniform in their capacity for CPY dependent metabolism
of trichloroethylene and increased activity may increase susceptibility to trichloroethylene
induced toxicity in humans. These observations are compatible with the variability reaction
which is depending on nutritional factors, enzyme induction factors, hormonal factors and
interaction with other environmental chemicals, prescription medications and general
health conditions, and explains the variable reports as far as trichloroethylene and level of
liver toxicity in the various individuals studied.

In a predisposed individual (for example, a patient who is on medications or alcohol) it
is highly likely that exposure to trichloroethylene will be a substantial factor in the genesis
of a wide variety of liver diseases.
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20.7.6 TETRACHLOROETHYLENE

Tetrachloroethylene is synthetic chemical used for dry cleaning fabrics, and has also been
named as perchloroethylene and tetrachloroethene. The liver is the target organ in humans,
mainly in reports of accidental exposure to a high concentration. Meckler et.al.** has shown
liver damage in a woman exposed occupationally to tetrachloroethylene fumes documented
by a liver biopsy. Other investigators also have shown elevation of liver enzymes, jaundice
and enlarged liver.***” Experimental animal studies also have shown liver damage by inha-
lation of tetrachloroethylene.*#**°*! Liver necrosis occurred in experimental mice exposed
to 100 and 200 ppm of tetrachloroethylene for 103 weeks.*> Experimental animals exposed
orally to tetrachloroethylene have been shown to develop liver changes similar to those pro-
duced by inhalation studies, and mice are more sensitive than rats to tetrachloroethylene in-
duced liver toxicity. Humans exposed by oral routes to tetrachloroethylene except for
heavy doses commonly have not shown significant changes other than obstructive jaundice
and enlarged liver reported in an infant exposed to tetrachloroethylene via breast milk.* Is-
sues of carcinogenicity will not be addressed in this chapter, and the interested reader is re-
ferred to the toxicological profile for tetrachloroethylene.® It is highly likely that
tetrachlorethylene is a hepatotoxic agent in high doses, and probably in low doses in suscep-
tible individuals with either other environmental exposures, prescription medications, alco-
holism, nutritional and/or genetic factors, and preexisting disease of the liver.

20.7.7 TOLUENE

Industrial use of toluene is wide, commonly in paint, paint thinners, fingernail polish, lac-
quers, adhesives, rubbers and in the printing letter industry. Toluene is extensively metabo-
lized by the liver; however, the liver does not appear to be a primary target for toluene
toxicity. A study of printing factory workers who were exposed to toluene at a concentration
of less than 200 ppm, showed minimal changes of liver enzymes.” The cohorts included
289 men, of which 8 showed elevated liver enzymes, and 6 of them had enlarged livers.
Seven of those patients had liver biopsies which showed some centrally lobular and
periportal fat accumulation, and Kupffer cell hyperplasia. The study by Svensson et al.*®

has looked at 47 rotogravure workers occupationally exposed to toluene at a concentration
of 80 ppm for 3-39 years, and showed a significant elevation of liver enzymes, finding of
chemical hepatitis. Seiji et al.”” has examined a group of 157 female shoemakers who were
exposed to toluene at levels of 7-324 ppm from 2-14 months, and showed no significant ele-
vation of commonly measured liver functions. Another study that looked at 47 Swedish
paint industry workers who were exposed for more than a 10 year period of time to organic
solvents which included xylene, toluene, isobutanol, n-butanol, mineral spirits, methyl ace-
tates, dichloromethane, methyl ethyl ketone and isopropanol did not show any changes in
liver enzymes.” However, this study cannot be relied upon as a specific study, since the co-
hort size was small, and there were multiple exposures to multiple solvents, and therefore,
the study had only limited power to detect the effects of toluene on the liver of exposed
workers. Experimental animals exposed to toluene at concentrations of 533 to 800 ppm for
7 days showed increased liver weights, but no significant morphological changes by mi-
croscopy. Electron microscopical examination revealed ultrastructural changes which were
compatible with changes in the cytochrome P-450 concentrations. Others have shown no
effect on liver size or liver functions.****®"%> Overall the data seems to suggest that toluene
may cause liver damage in certain industries, and especially in synergism with other sol-
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vents. It is highly likely that, in predisposed individuals, toluene can cause liver damage
from chemical hepatitis to necrosis and fibrosis.

20.7.8 DICHLOROMETHANE

Dichloromethane also called dichloromethane, is a colorless liquid that has a mild sweet
odor. Itis used widely in the industry as a solvent and a paint stripper. Itis commonly found
in spray painting operations, automotive degreasing, in cleaners and in household products.
Stewart et al.* showed no changes in liver enzymes in patients exposed for a period of 6
weeks to levels of dichloromethane via inhalation from 50-500 ppm. On the other hand, Ott
et al.* has shown an elevation in bilirubin in workers exposed to dichloromethane up to 475
ppm. In experimental animals dichloromethane exposure has been associated with fatty
changes of the liver and elevated liver enzymes. Norpoth et al.** have shown hepatic
microsomal enzyme elevation at 500 ppm of dichloromethane exposure for 10 days, and
others have shown significant fatty changes of the liver upon exposure of mice and rats for
100 days to 75-100 ppm of trichloroethylene.***"* When exposure to dichloromethane con-
tinues for 2 years there was increased evidence of pathological changes and fatty liver
changes.®”’®"" The overall weight of the data supports a hepatotoxic effect of dichloro-
methane on the liver.

20.7.9 STODDARD SOLVENT

Stoddard solvent is a widely used organic solvent synthetically made, and comes from the
refining of crude oil. It is a petroleum mixture made from distilled alkanes, cycloalkanes
(naphthenes), and aromatic compounds. In addition, it goes by other names such as Varsol
1, Texsolve S and others. It is commonly used as a paint thinner, as solvents in some types of
photocopier toners, printing ink, adhesives, dry cleaning and as a general cleaner and de-
greaser. Twelve men exposed to 610 mg per cubic meter of vaporized Stoddard solvents for
a period of 6 hours revealed no changes in serum glucose, triglycerides, cholesterol or
urate.”” Dossing et al.” described painters who were exposed to non-specified levels of
Stoddard solvents and other chemicals for chronic periods, and elevated levels of serum
alanine aminotransferase, but other functions were normal and normal liver biopsies. Flodin
et al.” has studied a group of patients exposed to a variety of solvents, including Stoddard
solvents and showed normal liver function tests, but an elevated gamma glutamyl
transferase. Hane et al.” has shown that a group of painters exposed to Stoddard solvents
had no significant abnormality of liver enzymes. Studies in experimental animals showed
minimal fatty changes of the liver, Jenkins et al.”® as did the studies by Carpenter and Phil-
lips.””’®” The data from experimental animals and humans suggests a potential hepatotoxic
effect of Stoddard solvents, but additional studies and a case by case evaluation is required.

20.7.10 1,1,1-TRICHLOROETHANE

1,1,1,-Trichloroethane is a colorless solvent which is manmade. It is produced by industry
and is used in commercial products. It is used as a solvent, and is heavily used in glue and
paint, as well as a degreaser and metal parts manufacturing. It is also used in some house-
hold products such as spot cleaners, glues and aerosol sprays. It is commonly found in soil
and water as a contaminant. Brief single exposures to very high levels of
1,1,1-trichloroethane and a moderate high concentration have been shown to cause eleva-
tion of urobilinogen in patients.*® This type of finding indicates reduced bile excretion and
some intrinsic liver damage. Stewart et al.®' showed in patients accidentally exposed to a
high concentration of 1,1,1-trichloroethane increased levels of urinary urobilinogen for ap-
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proximately 4 days following the exposure. While looking at enzyme levels in the blood af-
ter exposure to 1,1,1-trichloroethane, there was no evidence of elevated serum enzyme
levels. 888 Case studies of people exposed to a high concentration of
1,1,1-trichloroethane did not show elevated liver enzymes.*"*® Histopathological examina-
tion of the liver of patients who died following inhalation of a high concentration of
1,1,1-trichloroethane showed minimal changes, mainly those of mild fatty changes of the
liver %% Kramer et al.*® studied humans at low levels of exposure and found minor changes
in liver enzymes. Experimental animal studies showed mild histopathological changes and
effects on liver enzymes.** Truffert et al.”' showed that intermittent duration and intermit-
tent exposure to a low concentration of 1,1,1-trichloroethane produced a 67% increase in
the synthesis of DNA of the livers of exposed rats, and concluded that the DNA synthesis
measurements may be a more sensitive indicator of liver damage than just measurements of
liver enzymes. McNutt et al.” showed histological damage following exposure to
1,1,1-trichloroethane with hepatocyte necrosis. The most commonly reported effects of
1,1,1-trichloroethane on the liver in experimental animals is increased fat accumula
tion.”***> The function of duration of exposure played an important role in experimental
rats, and was seen in those who were exposed for 7 hours, but was not seen in those exposed
for 2 hours in high levels. Savolainen et al.”® showed that exposure to a moderate concentra-
tion in experimental animals caused decreased microsomal cytochrome P450 enzyme activ-
ity. Overall, the animal studies and human studies suggest an effect of 1,1,1-trichloroethane
on the liver, but the severity appears to be related to the dose and duration of the exposure.

20.7.11 SUMMARY

In summary, from the available data, it is clear that exposure to solvents and hepatotoxicity
must be evaluated in context of the individual variability, exposure to mixture of solvents,
and synergistic toxicity.
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The toxic effects of organic solvent compounds on the liver are dependent on the intensity
and duration of exposure, route of exposure, the intrinsic toxicity of the specific compound,
as well as individual susceptibility factors.' There are a number of pathologic manifesta-
tions of solvent induced hepatotoxicity, including inflammation, fat accumulation in the
liver (steatosis), hepatocellular necrosis and carcinogenesis. Functional disturbances in
liver physiology have also been associated with solvent exposure.

The purpose of this chapter is to review the known hepatotoxicity of commonly used
industrial solvents.” A brief review of normal anatomic and physiologic function of the
liver will be provided as a background for understanding histopathologic and biochemical
changes associated with solvent toxicity. The final segment includes a discussion of sol-
vents known to cause liver injury with a review of the available medical evidence sugges-
tive of human hepatotoxicity of solvents at present day exposure levels. Solvent induced
hepatotoxicity is almost exclusively encountered in an occupational setting and thus this re-
view will focus on evidence culled from that setting.

20.8.1 NORMAL ANATOMIC AND PHYSIOLOGIC FUNCTION OF THE LIVER

The liver is the largest internal organ and is involved in many physiologic processes includ-
ing nutrient homeostasis, synthesis and excretion of bile, lipid metabolism and lipoprotein
and protein synthesis.” Most importantly for purposes of this chapter, the liver is the site of
the biotransformation of a wide variety of endogenous and exogenous toxins.* The ability of
the liver to biotransform various chemicals is due to the multiple different enzyme systems
contained within the hepatocytes.™ One such enzyme system is the cytochrome p 450 en-
zyme system. It consists of a large group of enzymes which biotransform many different
substances by either oxidation or reduction to facilitate excretion from the body. Spe-
cifically different members of the cytochrome p 450 family catalyze reactions involving ar-
omatic and aliphatic hydroxylation, epoxidation, dehalogenation, dealkylation, N-, S-
oxidation as well as O-, N-, S- dealkylation reactions.*

The diverse metabolic activities of the liver make it susceptible to solvent induced in-
jury, particularly from reactive intermediates which damage cellular macromolecules. The
microscopic anatomy of the liver provides an explanation for this susceptibility. The basic
unit of the liver is the hepatic lobule which consists of a central vein surrounded radially by
sinusoids of liver cells (hepatocytes). Portal triads consisting of a hepatic artery, a hepatic
vein and a bile canniliculus are located at the periphery. Liver cells closest to the vascular
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supply or the portal triad, zone one, are more resistant to oxidative stress, while hepatocytes
near the central vein, zone three or centrizonal region, are most susceptible to solvent in-
duced injury.

20.8.1.1 Factors Influencing Solvent Hepatotoxicity

Bioavailability: The physical and chemical properties of a solvent and its toxicokinetics de-
termine its availability to hepatic tissues. The primary route of absorption of most solvents
which cause hepatotoxicity into human biological systems is via the lung. Therefore, the
greater the volatility of the solvent, the greater its concentration in the air, and subsequently
the larger the potential dose.* While accidental or intentional ingestion of solvents is re-
ported in the medical literature, it is an uncommon route of exposure in the occupational set-
ting. Dermal absorption should be considered a significant route of exposure for most
solvent compounds based on their lipid solubility. The degree of exposure can often be
modified by the use of personal protective equipment such as gloves or a respirator and en-
gineered exposure controls such as building ventilation.

The lipid solubility of solvents also favors their deposition of into lipid rich organ sys-
tems such as the liver. The toxicity of a particular solvent may be enhanced by its long resi-
dence time in the liver.®

Genetic and environmental factors: While some solvents are directly hepatotoxic, fre-
quently biotransformation of solvents by hepatic mixed function oxygenases, such as the
cytochrome p-450 system, result in toxic intermediates.” A variety of genetic and environ-
mental factors inhibit or induce the activity of these hepatic enzyme systems, effecting the
biotransformation and resulting toxicity. Genetic factors thought to determine the activity
or even the presence of an enzyme within an organism center around human polymorphisms
or variations in the genetic code.” As the activities of the liver enzymes are changed so will
the rate of formation of the metabolite thus increasing or decreasing the toxicity of the for-
eign substance.’ Environmental factors which determine the activity of liver enzyme sys-
tems include co-exposure to other drugs and toxins or characteristics of the individual
particularly disease states which induce or inhibit the activity of liver biotransformation en-
zymes."*”? Individual characteristics such as age, nutritional status, pregnancy or disease
states such as diabetes or obesity may also change the activity of cytochrome p-450 en-
zymes.”’ The assessment of an individual’s susceptibility to exposure should attempt to ac-
count for these variables in determining risk.

20.8.1.2 Microscopic, Biochemical and Clinical Findings Associated with
Liver Injury due to Solvents

Hepatotoxic manifestations associated with acute solvent exposure are dose dependent.
Acute cytotoxic injury of a solvent directly or by its metabolites causes an alteration in the
normal physiologic function leading to ballooning fatty change and ultimately cellular ne-
crosis. If the dose is minimal and doesn’t exceed the ‘regenerative capacity’ of the liver, in-
flammatory changes generally resolve within two weeks to several months. Metabolic
derangement results in the accumulation of fats in the liver, termed steatosis."® A less com-
mon form of acute cytotoxic injury is related to cholestatic injury with disruption of normal
biliary flow."" Severe long term exposures can lead to fibrosis or scarring and cirrhosis
which distort the hepatic architecture and lead to altered liver function.
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Current research focuses on the effect of low doses of solvents on the liver, with con-
cern that low grade prolonged solvent exposure could lead to chronic injury and eventual
impairment.>"?

Tests used to evaluate and screen for liver injury can be divided into three general cate-
gories: serum biomarkers of disease, tests of hepatic clearance, and anatomic evaluation."
The hepatic enzymes most commonly screened for related to hepatocellular necrosis and in-
flammatory changes are aspartate aminotransferase (AST), and alanine aminotransferase
(ALT). Elevation of these enzymes in the setting of significant exposure is indicative of
hepatotoxic injury, though alternative causes such as alcohol and viral hepatitis should be
excluded. Importantly, serum hepatic transaminase levels indicate hepatocellular necrosis
or inflammation, but may not indicate more subtle metabolic alterations in hepatic function.
Measures of other hepatic enzymes, gamma glutamyl transpeptidase (GGT), alkaline
phosphatase (Alk Phos), total and direct bilirubins may also be suggestive of solvent in-
duced hepatotoxicity. Specifically if hepatic excretion of bile, is diminished, the resulting
intrahepatic cholestasis is associated with elevations in GGT, Alk Phos and serum bile ac-
ids. Significant elevations of bilirubins leads to the clinical observation of jaundice or yel-
lowing of the skin. However, pathologic obstruction of the biliary tract is not a common
finding in solvent induced hepatotoxicity.’

Clearance tests of liver function assess a number of physiologic activities including
hepatic uptake, hepatic metabolism, and hepatic excretion. Typical clearance tests of liver
function include indocyanine green (ICG), antipyrine clearance test and "*C aminopyrine
breath test. These tests give an estimation of the ability of the liver to extract and detoxify
exogenous toxins (xenobiotics). Measuring the excretion of endogenously produced serum
bile acids is an additional measure of hepatic clearance and has been used as a sensitive
measure of early solvent hepatotoxicity.'>"

Anatomic evaluation of solvent hepatotoxicity centers on physical examination of the
liver, radiologic study and liver biopsy. Physical exam is nonspecific as to the cause and
characterization of the disease. Radiologic studies such as ultrasound can identify
hepatobiliary disease and liver parenchymal disease, namely steatosis and fibrosis.
Steatosis and fibrosis are noted on ultrasound by a change in the echogenicity of the liver.
While liver biopsy is the ‘gold standard’ for anatomic evaluation of the liver, the
invasiveness of the test, the morbidity and discomfort of the procedure, and its cost make it
prohibitive for routine screening. It is usually reserved for definitive diagnostic and prog-
nostic purposes. Algorithmic strategies for screening for liver injury and evaluation of ab-
normal results have been reported in several references.''"'>1>1¢

20.8.2 HEPATOTOXICITY ASSOCIATED WITH SPECIFIC SOLVENTS

The following section presents specific classes of organic solvents strongly associated with
hepatotoxicity in human populations or animal studies. While there is more limited evi-
dence of hepatotoxicity related to inhalational and dermal exposure to aliphatic hydrocar-
bons, ketones, alcohols, aldehydes, esters and ethers, potential hepatotoxicity related to
these agents must be assessed on an individual basis with regard to concentration, duration,
and bioavailability of exposure.>'! Variations in individual susceptibility must also be con-
sidered with regard to concurrent use of alcohol, mixed solvent exposure, underlying liver
diseases (e.g., viral hepatitis, hemochromatosis, hypertriglyceridemia and diabetes) as well
as demographic differences in hepatic metabolism.'" Given these limitations, the organic
solvents of primary concern with regard to hepatotoxicity are the haloalkanes, haloalkenes,
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dimethylformamide, and nitroparaffins.>'' Other agents such as styrene have been associ-
ated with hepatotoxicity in some studies.'”'® Potential interactive effects of solvent mix-
tures should always be considered in the assessment of hepatotoxicity, even if composed of
solvents not commonly associated with hepatotoxicity.

20.8.2.1 Haloalkanes and haloalkenes

Some of the most extensively studied and most concerning hepatoxins are the haloalkane
solvents. Major haloalkanes encountered industrially, with documented animal and human
hepatotoxicity, are carbon tetrachloride, chloroform, 1,1,2,2-tetrachlorethane, methyl chlo-
roform and 1,1,2-trichloroethane, tetrachloroethylene, and trichloroethylene.>*'” The rela-
tive hepatotoxicity of each is correlated inversely with the carbon chain length, and carbon
halogen bond energy and correlated directly with the number of halogens on the molecule
and the atomic number of the halogen.>*’ Some of these solvents have been eliminated from
common industrial use due to their deleterious environmental and human effects, though
they may still be encountered in specific processes and regions (e.g., developing countries).
Carbon tetrachloride is the most extensively studied and serves as a model for
hepatotoxicity for other haloalkanes.*"*

20.8.2.2 Carbon tetrachloride

Carbon tetrachloride hepatotoxicity has been reported since the early twentieth century.”

The toxicological literature is extensive with regard to carbon tetrachloride hepatotoxicity
in animals. *'** Human toxicological information derives primarily from accidental or in-
tentional ingestion in humans or by inhalational exposure in groups of workers.”! The in-
dustrial use of carbon tetrachloride has declined precipitously, due to the recognized health
effects and regulatory policy.”! Historically, it was used as a solvent in the manufacture of
industrial chemicals, in the dry cleaning industry and even as an antiparasitic medication.’
Presently the main means of exposure is in research laboratory settings, or as low level envi-
ronmental contaminant.”! Because it is so volatile, the main mode of carbon tetrachloride
exposure in occupational setting is via inhalation, although exposure by the dermal route
also occurs.

Animal and human susceptibility to carbon tetrachloride hepatotoxicity is dependent
on many different factors. There is substantial interspecies variation in carbon tetrachloride
induced hepatotoxicity in animals due to differences in metabolic pathways among spe-
cies.”’ Based on animal models, hepatotoxicity in humans is most likely mediated from the
trichloromethyl radical formed from the metabolism of carbon tetrachloride by hepatic
cytochrome p 450 2E1.%* Animal studies suggest differential hepatotoxicity based upon the
animal’s age and gender, with greater toxicity demonstrated in adult rats compared to new-
borns,”?¢ and males compared with females.’ Cytochrome p-450 enzyme systems are pres-
ent in the human fetus suggesting a potential for in utero liver toxicity.”” Human gender
differences in the metabolism of carbon tetrachloride have not been demonstrated despite
potential sex steroid influences on the cytochrome p-450 system.?®

The hepatotoxic effects of carbon tetrachloride are more severe in the setting of alco-
hol consumption.”'***® Animal studies demonstrate that the temporal relationship between
ethanol ingestion and carbon tetrachloride exposure determines the severity of toxicity.'*
Maximal hepatotoxicity is derived from ethanol ingested eighteen hours preceding expo-
sure to carbon tetrachloride,**** whereas exposure to ethanol three hours prior to carbon tet-
rachloride exposure leads to minimal hepatotoxicity.** The mechanism for this interaction is
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the induction of cytochrome p-450 enzymes leading to greater formation of toxic interme-
diates.* In contrast, exposure to ethanol immediately preceding carbon tetrachloride expo-
sure leads to competitive inhibition of carbon tetrachloride metabolism.** Several other
alcohols (e.g., isopropanol,*** t-butyl alcohol*®) and ketones®” potentiate the effect of car-
bon tetrachloride hepatotoxicity. Exposures to other haloalkanes®® or haloalkenes® potenti-
ate carbon tetrachloride hepatotoxicity while carbon disulfide exposure is ‘protective’ of
carbon tetrachloride hepatototoxicity.* Dietary factors, medications, chronic diseases and
persistent halogenated environmental contaminants such as PCB’s and DDT have been
shown to modulate or exacerbate the hepatotoxicity of carbon tetrachloride.>*'

Cellular disruption leading to hepatocellular necrosis results from damage to cellular
macromolecules by trichloromethyl radicals.** Cellular disruption involves alteration of
calcium homeostasis,*' impaired oxidative phosphorylation,* and trichloromethyl radical
binding to cellular proteins, nucleic acids, and induction of lipid peroxidation.®*!
Histologically there is preferential necrosis of zone three hepatocytes in the liver acinus so
called centrizonal necrosis as well as zone three steatosis.

As with other halogenated hydrocarbons, carbon tetrachloride is an intrinsic
hepatotoxin with adverse effects occurring at predictable exposure levels. The American
Conference of Governmental and Industrial Hygienists (ACGIH) Threshold Limit Value
(TLV), for carbon tetrachloride, based upon animal and human exposure data where limited
adverse health effects are observed, is 5 ppm over an 8 hour time weighted average and a 40
hour work week for carbon tetrachloride.”” In human population studies, elevations in
hepatic transaminase levels occur at carbon tetrachloride concentrations averaging 200
ppm, with small but significant elevations of ALT, AST, Alk Phos and GGT occurring at
exposure levels below the TLV.*

Carbon tetrachloride also affects many other organ systems, specifically the central
nervous system, the gastrointestinal tract, the liver and the kidney.® Hepatic manifesta-
tions of carbon tetrachloride include serum AST and ALT elevations as early as three hours
following exposure. Clinical evidence of hepatic disease occurs approximately twenty four
hours following exposure, and is manifest in half the cases as jaundice accompanied by
hepatic enlargement. In severe poisonings, progressive hepatic injury leads to coma and
death within a week of exposure. Fortunately, non lethal exposures are often associated with
significant clinical recovery in two to three weeks. Treatment is limited to supportive care,
in a hospital setting. Chronic exposures to carbon tetrachloride have been associated with
hepatic fibrosis and cirrhosis in animals and documented as well in several case reports in
humans.*-*

20.8.2.3 Chloroform

Medical and industrial use of chloroform has also declined significantly.’! Today, industrial
use is limited to the manufacture of refrigerants and fluoropolymers.’' Chloroform metabo-
lism involves the same cytochrome p-450 2E1 as carbon tetrachloride but with oxidation of
chloroform to trichloromethanol with spontaneous formation of phosgene via the elimina-
tion of hydrochloric acid.’ In turn, phosgene reacts with hepatic lipids and microsomal pro-
teins and depletes cellular glutathione, a cellular antioxidant.”' Factors potentiating
chloroform hepatotoxicity include ethanol and other alcohols,”*** hypoxia,* ketones,*
fasting state,*’” concomitant chronic medical disease and chronic medication use, or those
with repeated exposures to chloroform.’ The pattern of human liver injury associated from
chloroform poisoning is centrilobular necrosis and steatosis.”
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The ACGIH has set a TLV of 10 ppm over an 8 hour time weighted average and a 40
hour work week for chloroform. Because chloroform is a potential carcinogen, the lowest
possible exposure is recommended. Occupational hepatotoxicity below the ACGIH TLV
has been demonstrated, with evidence of adverse effects between 2 and 10 ppm.*"

Clinical manifestations of chloroform toxicity involve multi-organ system effects in-
cluding damage to the central nervous system, the kidney and lung as well as the liver.*’
Fulminant toxic hepatitis appears within one to three days following exposure, with death at
approximately one week in severe poisonings.”’ In nonfatal cases, hepatic inflammatory
changes,with hepatomegaly and transaminitis can occur within hours.*’ Ingestion or signifi-
cant inhalational exposure should be managed in a closely monitored hospital setting.

20.8.2.4 Dichloromethane

Dichloromethane is commonly used as a degreaser and a paint stripper. It is metabolized in
the liver by the cytochrome p-450 pathway to produce carbon monoxide.® An independent
pathway of metabolism occurs via conjugation with glutathione.®” Animal experimentation
has demonstrated hepatotoxicity at near lethal concentrations of dichloromethane.®"** Di-
chloromethane potentiates carbon tetrachloride hepatotoxicity in rat livers.*® Short term ex-
posure to both ethanol and dichloromethane demonstrate an antagonistic relationship, while
chronic exposure potentiates hepatotoxicity.”

Cases of human hepatotoxicity to dichloromethane have been reported.®** Workers in
an acetate fiber production plant, exposed to 140 to 475 ppm of dichloromethane, with con-
comitant exposures to acetone and methanol, were observed to have elevated bilirubin and
ALT levels relative to workers exposed to acetone alone.** Bilirubin elevations were de-
pendent on the level of dichloromethane exposure.® Other studies have shown no signifi-
cant effects in the range of 5 to 330 ppm of dichloromethane.®® Chronic exposure (greater
than 10 years) to dichloromethane levels greater than 475 ppm was not associated with sig-
nificant elevations in liver function tests.* There is minimal evidence of human
hepatotoxicity of dichloromethane less than the ACGIH TLV of 50 ppm over an 8 hour
time weighted average.*

20.8.2.5 Trichloroethanes

There are two isomers of trichloroethane, namely methyl chloroform and
1,1,2-trichloroethane. Animal hepatotoxicity to 1,1,2-trichloroethane is documented in the
literature®” with potentiation of toxicity in association with acetone,” isopropyl alcohol®
and ethanol.” Hepatotoxicity, with steatosis, necrosis, elevated serum enzymes, and in-
creased liver weight have been observed in animal models exposed to 1000 ppm of methyl
chloroform.”" Human studies consist of case reports documenting hepatotoxicity, with ele-
vated serum transaminases and fatty liver disease related to 1,1,1-trichloroethane expo-
sure.”” Epidemiologic evidence suggests little hepatotoxicity related to this agent at expo-
sure levels <350 ppm.’*"

20.8.2.6 1,1,2,2-Tetrachloroethane

Though rarely used in current practice, this solvent was an important cause of
hepatotoxicity in the past. Its hepatotoxic potential was first identified during its use in the
first World War.> Animal hepatotoxicity with fatty degeneration of the liver has been docu-
mented in multiple species.”® Human inhalational exposures manifest in liver enlargement,
jaundice, steatosis with subsequent liver failure in severe poisonings.””® Subacute exposure
periods of weeks to months is generally required for hepatic injury.”” Liver regeneration oc-
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curs after nonfatal exposures.’”” The mechanism of hepatotoxicity has not been elucidated in
humans but the reactive metabolites 1,1-dichloroacetyl chloride with binding to hepatic
macromolecules may play a role.”® Metabolism of 1,1,2,2-tetrachloroethane is potentiated
by fasting and ethanol in rats.”*® There is little documentation of any precise inhalational
exposure levels necessary to cause hepatotoxicity.

20.8.2.7 Tetrachloroethylene and trichloroethylene

This widely used dry cleaning agent and degreasing agent is associated with hepatotoxic ef-
fects.** Cases of human hepatotoxicity to tetrachloroethylene at exposure levels greater
than 100 ppm have been reported in the literature.** Humans exposed to
tetrachloroethylene at dosages up to 150 ppm for durations of one to five 8 hour shifts had
no difference in hepatic enzyme levels from baseline levels.* Studies of workers chroni-
cally exposed to concentrations of tetrachloroethylene less than 50 ppm showed no differ-
ence in liver enzyme levels, relative to groups of workers who did not have the exposure.*
However, dry cleaning workers chronically exposed to low levels of tetrachloroethylene at
less than 25 ppm had evidence of an alteration in hepatic echogenicity relative to non-ex-
posed workers.™ This is suggestive evidence that steatosis may occur at levels below the
ACGIH TLV, without associated alterations in serum hepatic enzymes. The long term ef-
fects of exposures have not been well characterized.

Wide spread use of trichloroethylene occurs in the dry cleaning industry and industri-
ally as a degreasing agent. Historical use as an anesthetic generally suggests little acute
hepatotoxicity.***” Longer term exposures in an occupational setting are associated with el-
evations in serum transaminases, with variable findings in epidemiologic studies.***° Expo-
sures below the ACGIH TLV of 50 ppm in workers using trichloroethylene as a cleaning
agent found elevated levels of serum bile acids.*®' Hepatotoxicity is potentiated by alco-
hol,” isopropanol and acetone.”” The long term effects of subclinical exposures are not
known.

20.8.2.8 Other halogenated hydrocarbons

Vinyl chloride, a gas at normal temperature and pressure, has solvent properties at high
pressures; its industrial use as a monomer in the manufacture of polyvinylchloride and
hepatotoxicity with chronic exposure make it an important public health risk. Vinyl chlo-
ride is associated with angiosarcoma,”** a rare highly malignant hepatic tumor, hepatic fi-
brosis,® hepatocellular injury® and hepatoportal sclerosis, a form of noncirrhotic portal
hypertension.”®”” Appearance of angiosarcoma and hepatoportal sclerosis occurred in
workers after decade long exposures.”*”® Measures to limit both occupational and environ-
mental exposures have been instituted to decrease potential hepatic outcomes, with effec-
tive screening programs using indocyanine green clearance tests.®

Haloalkanes other than the chloroalkanes, especially those with structural homology
to known hepatotoxic chloroalkanes, should be considered potentially hepatotoxic despite
little industrial use as solvents.>*® Case reports of bromoethane and hydrochlorofluo-
rocarbon poisonings with hepatotoxicity have been reported in the literature.” '

20.8.2.9 Styrene and aromatic hydrocarbons
Styrene is not only used as a monomer in the production of polystyrene but also as a reactive
solvent in the manufacture of unsaturated polyester resins.'” The hepatic metabolism of

styrene involves the formation of the reactive intermediate styrene 7,8-oxide.'™ In rat mod-
els, styrene 7,8-oxide binds to hepatic macromolecules and lipids causing hepatocellular in-
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jury.'®'% Epidemiologic investigations of workers exposed to high concentrations (greater
than 50 ppm) of styrene have shown elevations in GGT, AST, ALT,""”'* and serum biliru-
bin levels.'® At the ACGIH TLV of 50 ppm or less, evidence of transaminase and GGT
elevations''"''? are lacking but elevated levels of serum bilirubins'"® and bile acids'''’ have
been demonstrated. There is no evidence of alterations in hepatic echogenicity at exposure
levels less than 50 ppm.'®

Toluene, benzene and xylenes are generally considered to have limited
hepatotoxicity.*'"*'"® Exposure to xylene is reported to cause mild steatosis.’ Exposure to a
mixture of solvents, inclusive of xylene and toluene have been reported to produce elevated
serum bile acids."

20.8.2.10 N-substituted amides

Two important N-substituted amides are dimethylformamide and dimethylacetamide.
Dimethylformamide is used in the fabrication of synthetic textiles such as rayon. Its
hepatotoxicity has been well demonstrated in occupational settings.'”'*' Evidence of dose
dependent alcohol intolerance and subjective gastrointestinal symptoms (abdominal pain,
anorexia and nausea) have been described.'* Objective clinical and biochemical signs in-
clude elevations of transaminases, AST and ALT, hepatomegaly and abnormal liver biopsy
findings demonstrating hepatocellular necrosis and steatosis.**'* Workers with acute tox-
icity related to DMF have more severe symptoms and higher transaminase levels than work-
ers with toxicity related to chronic exposures.'** Of significance, symptoms may occur
under the ACGIH TLV of 10 ppm. Dermal absorption is a main exposure pathway in addi-
tion to inhalation.'"*'!

Dimethylacetamide is used as a solvent in the manufacture of plastics and as a paint re-
mover. Occupational poisoning and hepatotoxicity to extreme concentrations of
dimethylacetamide (DMA) are reported in the medical literature.'” Decreases in hepatic
clearance measures and alterations in hepatic transaminases with hepatomegaly have been
reported at lower doses.'* Like dimethylformamide, DMA is readily absorbed through the
skin. Chronic exposures in workers exposed to low air concentrations of DMA of less than
3 ppm and with biological monitoring assessments to measure dosages by dermal absorp-
tion demonstrated little evidence of hepatotoxicity by clinical chemistries.'”’

20.8.2.11 Nitroparaffins

The well known hepatotoxicity of nitroaromatic compounds such as trinitrotoluene lends
suspicion to the hepatotoxicity of the nitroparaffins.''* Nitromethane and nitroethane pro-
duce steatosis in animal models, but there is limited evidence of hepatotoxicity of these
agents in humans.'"* Evidence for the hepatoxicity of 2-nitropropane has been raised by
case reports and case series of occupational fatalities in settings of severe exposure.'?*'?’ In
these cases the lack of appropriate industrial hygienic measures such as adequate ventila-
tion, and personal protective equipment contributed to the severity of the exposures.'** Au-
topsies of the fatal cases revealed hepatocellular necrosis and fatty infiltration of the liver.'*
No significant evidence of hepatotoxicity has been demonstrated below the ACGIH TLV of
10 ppm."*! Medical surveillance of workers exposed to less than 25 ppm of 2-nitropropane
have not shown alterations in liver chemistries."*
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20.8.2.12 Other solvents and mixed solvents

Suggestive evidence for hepatotoxicity of many compounds exist in the literature.’ Two sol-
vents with some suspicion for hepatotoxic potential in humans are tetrahydrofuran and
1,4-dioxane, both solvents used in industry."**'** Cases of tetrahydrofuran induced
hepatotoxicity have been reported in the literature.'** Tetrohydrofuran's inhibition of the
cytochrome p-450 enzyme system lends biologic credibility to it being a hepatotoxin.'**
1,4-dioxane is reported to be hepatotoxic but epidemiologic evidence in human populations
for this is limited.'*

Rarely do solvents exist in isolation and thus evaluation of hepatotoxicity must con-
sider the effects of mixtures of solvents."** Alterations in the hepatotoxic potential of a
chemical may exist, especially when the biotransforming enzymes are modulated or ef-
fected by various components of the mixture. Usual mechanisms for the potentiation of tox-
icity by alcohols, ketones may be altered when solvents are mixed. In such settings
hepatotoxicity may occur below recommended levels."’

Much remains unknown regarding the hepatotoxic effects of compounds. For this rea-
son, vigilance regarding the potential adverse hepatic effects of chemicals is appropriate.
Maintaining active surveillance for solvent induced hepatotoxicity is important in protect-
ing workers’ health, and will further our knowledge of the hepatotoxic effects of solvents.
With emerging knowledge, occupational and environmental standards can be refined to fur-
ther protect the health of workers and the public.
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20.9 TOXICITY OF ENVIRONMENTAL SOLVENT EXPOSURE FOR
BRAIN, LUNG AND HEART

KAYE H. KILBURN
School of Medicine, University of Southern California
Los Angeles, CA, USA

This chapter considers the neurobehavioral effects of environmental exposures to organic
solvents. Much information applicable to environmental or community exposures usually at
home came from animal experiments, brief human exposures in chambers and prolonged
workplace exposures. The mode of entry of solvent chemicals into the body is almost al-
ways by inhalation not by contact or ingestion." While inhalational exposures to single
chemicals occur in the community mixtures are usual making measurements more com-
plex. Effects from animal experiments, and human exposures in chambers, and workplace
exposures are usually consistent and help predict environmental effects. The major catego-
ries of environmental exposures to solvents are from petroleum refining to consumer use in-
doors, Table 20.9.1. Sometimes adverse human effects are from surprisingly small
environmental doses, an order of magnitude or two lower than those needed for workplace
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effects. One possible explanation is greater sensitivity of measurements but many of the
methods were adapted from studies of workers.”

Table 20.9.1. Sources of environmental exposure to solvents

Processes

Chemicals Media

Example

Losses during refining and
chemical production

MTBE air

Seymour, IN, Santa Maria, CA

Losses from use in industry

water surface,

TCE + toluene | ground water, air,

Phoenix, AZ, Motorola, Printers,
Baton Rouge, LA, Abuse-glue

drapes, adhesives

water sniffers
Leaks and spills during transporta- | toluene, air Avila Beach, CA, Livington
tion (pipeline, truck, rail, ship) xylene, PAH Parish, LA
Combustion:
a. Fires as incidents, hvdrocarbon Wilmington, CA,
b. Incineration of fuel air pollution Zrtiz:)lces © air San Bernardino, CA, Los Angeles,
p Houston, TX, Mexico City
c. Incineration of garbage Oak Ridge, TN, Walker, LA
Contaminated sites TCE water, ground water | 800 national hazardous acid pits
tgassing i f forest prod-
Outgassing indoors of forest pro . Indoor air incidents, Sick building
ucts-like particle board, carpets, | TCA air

syndrome

+ - other chlorinated solvents; TCA - trichloroethane; MTBE - methyl ter butyl ether, additive in gasoline; PAH -
polyaromatic hydrocarbons, example benzo(a)pyrene

Table 20.9.2. Differences in environmental and occupational toxicology

Occupational

Environmental

Subjects

health

age, years
selection positive

healthy

18-60

selected for employment
attenuated by losses of sick

chronic illness
0-100
unselected
sick collect

Duration
in a week 40 hours 168 hours
total years lifetime
raw materials leaks and spills (gasoline)
Source processes outgassing of consumer goods
fuel combustion
Chemical exposure one or few many

Monitoring exposure

area or personal

rarely possible

Environmental transformation
of agents

unusual

frequent
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Differences between exposure at work and in the community are important, Table
20.9.2. Most worker groups were younger and healthier, met job-entry criteria, have more
reserve function so are less likely to manifest damage. Workers have had selective attrition
of affected or less fit people to accentuate the difference.® In contrast community people are
unselected and include more susceptible groups: infants, children, the aged and the unwell.!
Some differences in exposure are obvious, work exposure is rarely longer than 40 of the
weeks 168 hours. This time away allows work acquired body burdens of chemicals (and
their effects) to diminish or disappear while workers are at home. In contrast, home expo-
sures may be continuous or nearly so.* At work the time that elapsed between exposure and
effect is short, making measurement of the dose of a toxic agent easy. Itis less obvious what
should be measured in community exposures.

Good detective work is needed to specify the chemicals to search for and measure in
air, water or soil. Community effects may take years to be recognized as a problem. Oppor-
tunities for pertinent environmental measurements were overlooked and have disappeared
with time, often simply evaporated. Thus measurement of relevant doses are seldom possi-
ble and dose-response curves can rarely be constructed. The logical surrogates for dose such
as distance and direction from a chemical source and duration are rarely satisfactory.' Thus
plausible estimates of dose are needed to focus the association of measured effects and the
chemicals that are probably responsible.

The realistic starting place is people’s symptoms-complaints that indicate perception
of irritation from chemicals.’ These serve as sentinels to alert one to a problem but cannot be
interpreted as impairment or damage without measurements of brain functions. The inabil-
ity to characterize exposure should not postpone or prevent adequate investigation for ad-
verse human health effects. It is intuitive and ethical to suggest that absent of adverse human
effects should be the only reason for stopping inquiry. People’s complaints and upset moods
(anxiety, depression, anger, confusion and fatigue) frequently reflect or parallel impair-
ment. The question then becomes how to measure effects on the brain to decide whether it is
damaged and if so how much, Table 20.9.3.

Table 20.9.3. Useful tests of evaluation of brain damage from solvents

Tests Part of brain measured

retina, optic nerve and cortex integrative radiation to

Simple reaction time & visual two choice reaction time
motor cortex

inputs: ascending proprioceptive tracts, vestibular di-
Sway-balance vision 8th cranial nerve, cerebellum, vision, visual in-
tegrative and motor tracts

sensory upper division trigeminal nerves (V), pons, fa-

Blink reflex latency cial nerves (VIT)

center macular area of retina, with optic cones, optic

Color confusion index X ..
nerve, optic occipital cortex

Visual fields retina-optic nerve-optic cortex occipital lobe
Hearing auditory division of 8th cranial nerve
Verbal recall memory limbic system of temporal lobe, smell brain

Problem solving culture fair & digit symbol cerebral cortex: optic-occipital and parietal lobe cortex
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Tests Part of brain measured
Vocabulary long-term memory, frontal lobes
Information, picture completion & similarities long-term memory, frontal lobes
Pegboard performance optic cortex to motor cortex
Trail making A & B (eye-hand coordination)
Fingertip number writing parietal lobe, sensory area of pre-Rolandic fissure
Profile of mood states limbic system for emotional memory

The effects of ethyl alcohol are familiar to most people so I will start with this best
studied of mind altering solvents. Measurements of alcoholic patients in the mid-twentieth
century at New York’s Bellevue Hospital helped David Wechsler formulate his adult intel-
ligence scale, 11 tests that measure attention, problem solving, concept juggling and mem-
ory including vocabulary.’ Many other tests were devised to estimate intelligence, how the
mind works as defined by AR Luria and others.® Ward Halstead assembled and created
function tests to measure the effects of traumatic damage to the brain by wartime missiles
and by neurosurgery, prefrontal lobotomy.” Application of these tests, by Reitan,® helped
differentiate the organic brain disorders from schizophrenia and other mental illnesses.
Thus the starting place for testing became brain diseases recognized by the neurologist us-
ing simple bedside qualitative tests. The tests were not used to detect impairment before it
was clinically recognized. The first steps were Benjamin Franklin’s recollections of his own
brain poisoning by lead while he was a printer and Lewis Carroll’s mad hatter, from mer-
cury used in felting beaver hair. The next steps were taken in Nordic countries in the
1960’s.’

Carbon disulfide was the first solvent studied and had adverse effects observed by
Delpech in 1863. Neuropsychiatric abnormalities were described 13 years later by
Eulenberg in workers in the rubber and viscose rayon industries.> A Finnish psychologist,
Helen Hanninen tested 100 carbon disulfide exposed workers in 1970, 50 were poisoned, 50
exposed and compared them to 50 unexposed.'” She found intelligence, tasks of attention,
motor skill vigilance and memory were impaired in clinically poisoned and exposed men
compared to unexposed. Digit symbol substitution from the Wechsler’s scale’ showed the
most effect of exposure. Additional studies of spray painters in the 1970’s and compared to
computer augmented tomography (CT) scans of the brain and function tests. Symptomatic
painters after 20 years or more of exposure had brain atrophy associated with impair
ment,'

The key to progress in this field was sensitive tests to measure brain function, Table
20.9.3. Fortunately, the Finnish, Danish and Swedish occupational-environmental health
centers units included cooperative neurologists, neurophysiologists and psychologists who
did not defend disciplines to limit activities. The obvious reality that the nervous system
regulates and controls many essential functions helped select measurements to assess vi-
sion, hearing, vibration, odor perception, balance, reaction time including automatic re-
sponses that are measured as blink reflex latency,'>'® heart rate variation'” and peripheral
nerve conduction and Hoffmann’s (H) reflex.'® Tests must be sensitive and reliable, easily
understood and economical of time, taking 3 to 4 hours with rest periods.
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Sensitivity’s main dimensions are time and mapping. For example, balance is mea-
sured using the classic Romberg stance (1850) standing feet together with eyes ahead open
and then closed and using a force (displacement) platform or even simpler the position of
the head from a sound emitter secured to a headband and recorded by two microphones to
inscribe the distance swayed and the speed, in centimeters per second.'” From three perfor-
mances for 20 seconds with the eyes closed alternating with the eyes open the minimal
speed of sway is selected. The inscribed path, the map, may provide more information but
how to interpret this is unclear.

Eye-hand choice reaction time is tested as the speed to cancel by tapping a keypad, a 4
inch letter that appears on the screen of a laptop computer.® Twenty trials repeated twice
and the median time of last 7 trials in each run is recorded. Simple, same letter, reaction time
takes 1/4 of a second, 250 ms while choice between 2 letters takes twice as long, 500 ms.
Many tests are faster in women, most deteriorate with aging after 25 years and for people
with more years of educational attainment scores are higher.”'

Vision is measured by mapping for color perception which is a central retinal cone
function. This consists of placing 15 pale colors in a spectral array, the Lanthony
desaturated hue test. Retinal rod function which is light perception was mapped for the cen-
tral 30° of each visual field at 80 points using an automated perimeter recording to a laptop
computer.” This standardized and speeded up the fields that had been done by the tangent
screen and a skilled operator for 100 years.

It was logical to consider the 12 nerves of the head, cranial nerves as the scaffold for
organizing tests and for reviewing brain functions that are adversely affected by chemicals.
Smell (Nerve I, olfactory), is tested by recognition of familiar odors and of threshold con-
centration for detecting them. Smell disorders include loss and disturbed perception. Nerve
I1, the optic was described above. Nerves 111, IV and VI move the eyes and rarely show ef-
fects of chemicals. An exception is the optokinetic effects of styrene. In contrast the faces
sensory nerve, the trigeminal, number V and motor nerve, the facial, number VII are
needed to blink and are tested by blink reflex latency which is measured
electromyographically in milliseconds (10 to 15 ms) after stimulation by a tap, that is me-
chanical or an electrical impulse. Blink is slowed by exposures to chlorinated solvents like
trichloroethylene (TCE), by chlorine and by arsenic. Nerve VIII has hearing and vestibular
(balance) divisions which are tested by audiometry and by sway speed for balance. Nerve
IX, the glossopharyngeal innervates the throat and is needed for the gag reflex and
baroreceptor. Nerve X, the vagus X is evaluated by recording variations of heart rate with
breathing. Nerves XI, spinal accessory is tested as strength of neck muscles and XII
tongue’s hypoglossal nerve by speech.

Using these tests implies comparing scores observed to a standard, an expected value.
Ideally that would be to the same subject which is rarely possible, although it works for be-
fore and after exposures of workers. The next best comparisons are to suitable unexposed
normal subjects who can be called controls.! We developed over several years a national
sample of unexposed people, tested their performance and calculated expected values using
prediction equations with coefficients for age, sex, education and other factors such as
height and weight that affected some tests. Thus individual observed values for each subject
are compared to predicted values (observed/predicted x100) equal percent predicted. Fre-
quently, we needed to be sure that comparison groups of apparently unexposed control peo-
ple were normal because adverse effects are widespread. Next from the standard deviations
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of the mean, each tests confidence intervals were developed that included 95% of values,
excluded as abnormal approximately 5% of unexposed subjects on each test that defined ab-
normal precisely. For these tests they were values outside the mean plus 1.5 x standard devi-
ations (sd) that defined normal. The next concern what was the best summary for each
subject. The number of abnormalities was best adjusting balance and vision above other
tests and given grip strength, blink reflex and color discrimination 0.5 for right and left sides
of the body.

The attributes of plausible association leading to attribution of effect include temporal
order, strength of association, exposure intensity and duration, specificity, consistency of
findings and coherence and plausibility." As noted earlier the fact of exposure or suspected
exposure may be the only certainty about exposure so its plausibility is important based on
chemical properties, experiments and studies of workers. Consistency with results of occu-
pational exposures and animal experiments is helpful. Koch’s 4 postulates developed to
judge causation of infectious agents (1, organism present in every case; 2, grown in pure
culture; 3, produces the disease when inoculated and 4, recovery and growth in pure culture)
are usually inapplicable. This reality is discomforting to some interpreters of the new obser-
vations.

The next section reviews the neurobehavioral affects of solvents found in the environ-
ment in the order of importance.>* We begin with trichloroethylene (TCE) and related short
chain chlorinated agents.”” Next are ring compounds toluene including related xylene and
styrene with comments on creosols or phenols. The chlorinated ring compounds follow:
dichlorophenol and polychlorinated biphenyls and their highly neurotoxic derivatives, the
dibenzofurans. Other straight chain solvents leading off with n-hexane move through white
solvent (paint thinner) and solvent mixtures.

Before studies of effects of TCE on many brain functions came the measurement of
blink reflex latency in 22 people exposed at home to solvents rich in TCE at Woburn, MA.
They showed significant delay of blink but no other functions were measured.'® In France
about this time workers exposed to TCE had similar delays of blink.** Earlier experimental
exposure of 12 subjects to TCE at 1,000 parts per million (ppm) for 2 hours in a chamber
had produced rapid flickering eye movements when following figures on a rotating drum
(optokinetic nystagmus), a lowered fusion limit.” Thus TCE induced dysfunction of several
cranial nerves VI (with III, IV) and V and VII. Nystagmus normalized after a washout and
recovery time. Blink is the easier and quicker measurement.'

A community within Tucson, AZ of over 10,000 people who depended on well-water
for drinking and bathing had developed many complaints and had excesses of birth defects
and cancers that associated with TCE in their water. The source was metal cleaning that in-
cluded stripping off protective plastic coatings, from demothballing aircraft stored on the
desert with TCE. This had dumped vast quantities of TCE on the porous, desert floor that
drained into the shallow Santa Cruz River aquifer. Testing of 544 people from this water ex-
posure zone showed increased blink reflex latency, impaired balance, slowed simple and
choice reaction times, reduced recall, poor color discrimination, and impaired problem
solving in making designs with blocks, digit symbol substitution and Culture Fair (consist-
ing of 4 subtests: selection of designs for serial order, for difference, for pattern completion
and refining defined relationships).”>?¢ Also peg placement in a slotted board and trail mak-
ing A (connecting 25 numbers in ascending sequence and B connecting numbers alternating
with letters).”’” TCE concentrations at the well heads and distribution pipes to homes were
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measured to calculate with duration of exposure, lifetime peak levels, lifetime averages, and
cumulative exposure. Possible relationships of neurobehavioral test scores to these surro-
gates for dose were searched by regression analysis. No relationships were found for these
dose surrogates which was disappointing.

TCE dominated the mixture of chlorinated aliphatic solvents in air and water of north-
east Phoenix around two Motorola microchip manufacturing plants that began production
in 1957. Neighbor’s complaints of adverse health effects started amelioration effects in
1983. An underwater TCE solvent plume spread west and south of the plants in the Salt
River aquifer. Test wells showed concentrations of TCE from 50 ppm to 1.4%. Also air dis-
persal was important for direct exposure as TCE escaped into the air from the plant. It
drained into dry wells, sewers and into a canal running northwest through the neighborhood.
In 1993, 236 exposed adults were compared to 161 unexposed ones from a town 80 km
northwest across the mountains at a higher elevation. The exposed group showed delayed
blink reflex, faster sway speed, slowed reaction time, impaired color discrimination and re-
duced cognitive function and perceptual motor speed and reduced recall. Airway obstruc-
tion was shown by pulmonary function testing. Adverse mood state scores and frequencies
of 32 symptoms were also increased.***

Remedial efforts directed at dumping and ground water had not reduced the effect sug-
gesting either these were ineffective or impairment was permanent and had developed after
1983. Additional groups of subjects on plume but not in the lawsuit were not different from
clients so there was no client bias. Phoenix residents off the plume had only abnormal slow-
ing of blink interpreted as due to TCE and abnormal airway obstruction compared to the un-
exposed population of Wickenburg, AZ. Airway obstruction was attributed to Phoenix wide
air pollution. Proximity within 1.6 km seemed to increase impairment.

In 1998 retesting of 26 people from original groups showed improvement with faster
blink reflexes but worse airway obstruction that had persisted (ref. 4 and unpublished). The
improvement to normal in blink paralleled that seen in chlorine exposed people 3 years after
exposure and first evaluations that were abnormal.* The perceptual motor tests, trail making
A and B and peg placement were improved, as were cognitive function measured as Culture
Fair and verbal recall. We deduced that diminished TCE releases from Motorola after 1993
allowed recovery of cranial nerves V and VII so blink latency decreased, accompanied by
some improvement in vigilance and tracking for the better scores. A possible reversal of ef-
fect is so important that these observations should be verified in other groups.

Workers welding and grinding on jet engines in a repair shop were an unusual way to
focus attention on the Gerber-Wellington aquifer in Oklahoma.?® Our attention was tempo-
rarily on metals in alloys but when testing of 154 workers showed impaired balance, slowed
choice reaction times and impaired color discrimination compared to 112 unexposed sub-
jects, the priority became effects on the brain. These worker’s cognitive function, percep-
tual motor and recall were all abnormal using the same tests as in Phoenix. We probed for
their exposures after observing these effects and found that these workers had used TCE,
trichloroethane, methanol and Freon FC-113 in metal cleaning. The 112 control subjects
had not worked with solvents or TCE, but many people, both workers and control groups,
lived on and drew well water from the Gerber-Wellington aquifer that is contaminated with
TCE. Mapping the blink reflex latencies in the control group showed the people with nor-
mal blink lived outside the aquifer. The aquifer was TCE contaminated (national priority
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list 1990) Thus here we had an example of a probable environmental exposure to TCE with
a superimposed occupational one.*

TCE leakage had produced these same effects in Joplin, MO neighbors of a company
manufacturing ball bearings and cleaning with this solvent. The companies decision to
clean and reuse TCE rather than dump it ameliorated the effects.! In San Gabriel and San
Fernando Valleys in California similar observations confirm adverse effects from TCE con-
tamination of groundwater and air. Clearly the observations were replicated and each time
TCE was associated with reasonable timing and proximity. More than half of the federal
superfund sites in the US are contaminated with TCE suggesting 800 potential replica
tions.”” Experience with several patients have shown me that the effects of dichloroethylene
and of 1,1,1-trichloroethane are indistinguishable from those of TCE.

Toluene is the most toxic and best studied of the aromatic ring compound solvents.
Both acute and chronic effects were observed by 1961 from inhaling “huffing” toluene***'
or lacquer thinner,*” especially in children sniffing airplane glue.* Chronic impairment was
shown shoemakers* and rotogravure printing workers* using neurobehavioral testing. To-
luene exposed experimental animals, mainly rats and mice showed enhanced motor activ-
ity, abnormal movements, altered sleep patterns and electroencephalograph (EEG) changes
from an integrative brain loop, the hippocampus. Occupational exposures produced mem-
ory disturbances, poorer performance on block design assembly, embedded figures, visual
memory and eye-hand coordination. CT scans showed some generalized brain swelling**
that correlated with impaired psychological functions.”> Women working in electronic as-
sembly had environmental air levels of toluene of 88 ppm compared to 13 ppm for controls
and comparable differences in blood levels. These workers were less apt at placing pegs in a
grooved board, at trail making, digit symbol, visual retention and reproduction and verbal
memory.* They were tested during the day after being away from exposure for at least 16
hours.

Protracted sniffing of solvents alone or in glue has produced intention tremor and
titubating gait® consistent with cerebellar degeneration which continued after 5 years with
ataxia, EEG slowing and cerebral atrophy.*! Polyneuropathy was observed in 2 glue sniffers
in Japan whose exposures were to n-hexane and toluene.”” Many such descriptions? out-
weigh one epidemiological study that found no differences in performance when comparing
12 glue sniffing boys, ages 11 to 15, mean 13.8 years and 21 controls, ages 11 to 15, mean
12.6 years. Four non-standard tests and the Benton visual retention and design reproduction
test were used but the exposed group was 1.2 years older and should have outperformed
younger controls whose skills were less developed.™

Some published data are difficult to interpret. For example, 26 men were exposed in
tanks and holds of two merchant vessels being painted (solvents) and sprayed with mala-
thion 20% and pyrethrin 1.5%, with piperonyl butoxide in toluene. They showed losses of
concentration, unawareness of danger and unconsciousness at toluene levels estimated as
10,000 to 12,000 ppm and up to 30,000 ppm below waist level.* Additive effects of the
neurotoxic insecticides were not discussed.

Effects of toluene in 52 men and paint solvents in 44 men were contrasted with unex-
posed men. Painters had impaired reading scores, trails B, visual search, block design,
grooved pegboard, simple reaction time and verbal memory.*’ Toluene exposed men had
only abnormal reading scores reduced significantly, although scores on all tests were lower.
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Levels of toluene were less than 200 ppm for 4 years prior to this study, although above 500
ppm earlier.

The axiom that environmental exposures are “never” to pure chemicals is matched by
another that the mixtures are frequently so complex as to defy description. The few obser-
vations suggest that effects seen from mixtures may be due to one or two specific neurotoxic
agents. Judgment must be exercised to curb bias and accept the most plausible attribution as
the above studies illustrate.

Studies of a population exposed in Louisiana to toluene rich solvents and other chemi-
cals distilled from a site for 17 years were contrasted to unexposed people living 55 km to
the east.* The Combustion site accepted 9 million gallons of used motor oil in 1975-1976
and 3 to 4 million gallons from 177 to 1983. Tons of liquid chemical waste from over 100
chemical factories was consigned to this site including toluene, xylene, styrene and ben-
zene, many chlorinated aliphatics solvents like TCE and chlorinated aromatics including
PCBs and dibenzofurans. Lead, cadmium, mercury and other metals were present in sam-
ples of sludge in ponds after the site closed in 1983 but they were rich in toluene, benzene
and other aromatics. Modeling based on toluene and benzene and using standard Environ-
mental Protection Agency assumptions and a windrose showed symmetrical spread east-
ward. Excesses of leukemia in school children, cancers and neurobehavioral symptoms in
the about 5,000 neighbors of the site led to neurobehavioral testing for impairment in 131
adult subjects within 2 km of the site and 66 adult controls from voter registration rolls of a
town 50 km east. The exposed group matched controls for age but were 1.4 years less edu-
cated.

There were adverse effects from exposures while living within 2 km from the site for 4
to 17 years.*' that were shown by slowed simple and choice reaction times and abnormal
sway speeds. Cognitive function in Culture Fair and block design was decreased and peg-
board and trail making A and B were diminished, as was recall of stories. Profile of mood
states (POMS) scores were 2.5 fold increased with low vigor and high depression, tension,
confusion, anger and fatigue. Thirty of 32 symptoms inquiring about chest complaints, irri-
tation, nausea and appetite associated, balance, mood, sleep, memory and limbic brain were
significantly more frequent in exposed people and the other two were rare in both groups.
When differences were adjusted for age, color discrimination and similarities became ab-
normal were added and trail making A became normal.

The second study was designed to answer how large an area-population was affected,
was direction important and were abnormalities related to the duration of exposure.* I ex-
amined 408 subjects selected to fill 3 distances outward to 1.6, 3.2 and 4.8 km in 8 compass
octants, thus 24 sectors. The same tests were given by the same staff and results replicated
the earlier study. Regression analysis of each test against distance showed no significant co-
efficient and comparison of inner and other sectors found no differences, thus there was no
evidence of a diminished effect from distance. There were no effects of direction. A possi-
ble lessening of effect for durations of exposure of less the 3 years was seen only for peg
placement and trail making B scores. Distance, direction and duration as surrogates for ex-
posure did not influence impairment as measured.

We concluded that the periphery of effect was beyond 4.8 km meaning a health impact
area larger than 75 km®. There was no gradient of effect from the distilling plant outward
suggesting airborne spread and mixing had produced even dosing from a large “cloud”.’
Peoples migration inside the exposure zone did not influence effects. Bias of examiners
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was unlikely. Was the control group suitable? Their average measurements and the distri-
bution were like three other groups in different parts of the country. The possibility of con-
founding exposures was considered from two sites that were beyond 4.8 km and to the
south. Unfortunately, the resources were unavailable to extend testing beyond 4.8 km to
find the rim of Combustion’s effect on people and detect effects of other nearby sites.

Xylene is a solvent for paints, lacquers and adhesives and is a component of gasoline.
In human volunteers in exposure chambers xylene at 70 ppm for 2 hours had no effect on re-
action time or recall memory but levels of 100 to 400 ppm for 2 hours impaired body bal-
ance, memory span, critical flicker fusion and cause eye irritation.*> Alcohol and
1,1,1-trichloroethane had adverse effects on balance that show synergism with xylene.*’ and
increased the latencies for visual and auditory evoked potentials.*” Occupational studies
have focused on psychiatric symptoms in photogravure workers who also showed head-
ache, nausea, vomiting and dizziness.*® Only one study showed impairment for recall mem-
ory attributed to xylene but workers were also exposed to formaldehyde.*

Xylene toxicity has received less study than that of toluene, but appears considerable
less which supports attributed the neurotoxicity to toluene of mixtures of xylene, benzene
and toluene with straight chain hydrocarbons such as gasoline.

Styrene’s major use is in reinforced fiberglass plastics in constructing boats and bath-
tubs and showers and in styrene-butadiene rubber.” Small amounts are used in polystyrene
foam cups and packing materials. Styrene inhalation increased locomotion activity in rats
and grip strength at the highest 700 to 1,400 ppm concentrations.? Studies of workers
showed hearing loss (increased high frequency hearing thresholds at 16 kHz).*® Color dis-
crimination is also reduced.’’ Other observers found abnormal hearing and by
posturography-larger sway areas and poor rotary visual suppression-inhibition or
vestibulatory nystagmus.* In 25 studies of workers” some showed slowing of reaction time,
poor performance on block design, short-term memory, EEG abnormalities and neuropa-
thy.

These relatively mild effects made me predict less than the severe impairment than ob-
served in 4 women from a factory making styrene-fiberglass shower-bathtubs. Two sprayed
styrene and the other 2 who had developed skin and airway symptoms on initial exposure
did lay-up and assembly. Five weeks after her first exposure one woman became light-
headed and dizzy, felt hot and her vision blacked out. On testing reaction times were slow,
sway speed was increased. Problem solving was impaired as was verbal recall and POMS
scores were elevated. She left work stopping exposure. Ten days later, on a trip to the moun-
tains 4,000 feet above sea level she collapsed and became unconscious. Retesting showed
constricted visual fields and worse performance of the above tests. Testing on the second
woman who had developed asthma showed multiple blind spots in her visual fields, dimin-
ished problem solving ability, grip strength, excessive fingertip writing errors and failure to
recall stories after 30 minutes. A third woman also had asthma and severe airway obstruc-
tion showed abnormal balance with eyes open and closed, diminished hearing, bilaterally
constricted visual fields and decreased vibration sense.

The fourth woman had a skin rash and red welts that had kept her away from direct
contact with epoxy and styrene. She had abnormal color discrimination, decreased vibration
sensation, a blind spot in the retina of the left eye and decreased recall of stories. She was the
least impaired although her POMS score and symptom frequencies were increased.
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Air sampling was not permitted, concentrations of styrene are unknown and contribu-
tions of other chemicals to this exposure cannot be excluded. However, exposures to form-
aldehyde and phenol are unlikely as these workers did not “lay-up” fiberglass resin.
Inhalation of sprayed styrene is the most attribution for the neurobehavioral impairments.
The impairment exceeded that found in a review of boat building and other studies but tests
were more sensitive and the styrene levels may have been higher. We encourage more
neurobehavioral evaluations of styrene spraying workers using such sensitive tests.

Polychlorinated biphenyls (PCBs), the ultimate (poly)chlorinated solvents are 2
membered ring compounds that when heated to 270° produce dibenzofurans (DBFs) that
are 1,000 or more times as neurotoxic.” Initial evaluations were of a few PCB exposed indi-
viduals and 14 firemen exposed to DBFs who showed severe impairment measured after a
medical schools power plant transformers cooked and exploded. Most of the firemen could
not pass the physical, balance and truck driving requirements to return to duty and were re-
tired on disability.*>*

A community study explores effects of environmental exposures. PCBs were used as
pump lubricants in natural gas pipelines running north from Texas and Louisiana from 1950
to the middle 1970’s. One pumping station was at Lobelville, TN and at least 16 other US
communities had them.! Ninety-eight adult village dwellers were compared to 58 unex-
posed subjects from 80 km east or 35 km north. The exposed people were the most abnormal
group I have studied. They had abnormal simple and choice reaction times, balance, hear-
ing, grip strength and the visual function of color discrimination, contract sensitivity and
visual field performance. The cognitive functions of Culture Fair, digit symbol were abnor-
mal as were vocabulary, information, picture completion and similarities. Story recall was
diminished and peg placement and trail making A and B and fingertip number writing errors
were decreased. Other possible associations were ruled out and there were no other causes
of impairment. This exposure had caused the most severe neurobehavioral impairment for
these people that I have observed. It exceeded that from distilling chemical waste rich in to-
luene, from TCE and from other solvents.

n-hexane by inhalational or through the skin causes peripheral nerves to die-back.
Glue sniffing exposure frequently combines n-hexane and toluene. Twenty-five percent of
workers using glue in shoes and leather goods with n-hexane, 40 to 99.5% had symptomatic
polyneuropathy, slowed nerve conduction and neurological signs.”® Abnormal findings in-
creased with age and durations of exposure and were accompanied by lower limb weakness
and pain, abnormal sensations (parenthesis) in the hands and muscles spasm. In another
shoe plant exposure group upper extremity nerve conduction was slowed, frequently after 5
years of exposure.*® Sensormotor distal neuropathy characterized 98 of 654 workers in the
Italian shoe industry, 47 had decreased motor conduction velocity with headache, insomnia,
nausea and vomiting irritability and epigastric pain.”” Most workers improved when re-
moved from exposure.* In Japan beginning in 1964 several studies found polyneuropathy
in polyethylene laminating printers®® and makers of sandals and slippers.” A major metabo-
lite of n-hexane and of methyl butyl ketone is 2,5-hexanedione that is more neurotoxic than
these precursors causing swelling of nerve axons and accumulations of neurofilaments in
mid-portions of peripheral nerves.”” Methyl ethyl ketone studied in workers lengthened
choice reaction time and motor nerve conduction and decreased vibration sensation signs of
neuropathy. These effects were also seen in glue sniffers.
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The focus on polyneuropathy in 14 studies? has usurped studies of central nervous sys-
tem (CNS) functions except for one showing increased latencies of visual and auditory
evoked potentials.®' Neurophysiological and psychological assessments®® show narcotic ef-
fects that match those in animals.? Until restricted from foods n-hexane was used to extract
oil from soybean meal and exposed US workers. They had headache, dysesthesia, insomnia,
somnolence and memory loss but testing for appraise brain damage was not done.

Gasoline is a mixture of aliphatic straight and branched chains and aromatic hydrocar-
bons with toxicity attributable to toluene, xylene and perhaps hexane and additives includ-
ing methyl ter butyl ether and tri-orthocresyl phosphate.®

Effects of the lungs of inhaled solvents simplify to the consideration of agents affect-
ing airway cells that include n-hexane and PCBs. Both cause proliferation and transforma-
tion of distal airway lining cells to produce mucus and obstruct airways®* and cause
inflammatory cells to pour into the lungs distal alveolar spaces interfering with for gas ex-
change.

Cardiac effects of solvents are of three types A, alterations in rhythm B,
cardiomyopathy and C, hypertension directly and via renal changes as in interstitial nephri-
tis, glomerulonephritis and Goodpasture’s syndrome.®’

Alterations in heart thythm have been attributed to anesthesia with TCE and were seri-
ous, especially when administered in soda lime CO, absorbing anesthesia machines to stop
the use of TCE for anesthesia in the 1960’s.* Rhythm disturbances have also been observed
in some groups of workers exposed to TCE. Knowing this we did electrocardiograms
(ECG’s) on the Tucson TCE exposed population and found no arrhythmias. A loss of respi-
ratory variation in heart rate has been associated with exposure to organic solvents, includ-
ing carbon disulfide, acrylamide and alcohol but not toluene and with diabetes mellitus and
syndromes of autonomic nervous system dysfunction.'”** Later freons, volatile chloro-
fluorocarbons were associated with arrhythmias and withdrawn from use to propel thera-
peutic aerosols used for asthma.”” Cardiomyopathy, heart muscle dysfunction and
enlargement have been associated with alcohol ingestion. Two epidemics were ascribed to
cobalt used to color beer.” But in the most common cardiac muscle disorder from alcohol,
cobalt is not incriminated.

Hypertension has been associated with solvent exposure in workers, an association
that needs further study. Associations with hypertension were absent in the authors studies
of TCE, toluene rich waste and PCBs discussed earlier.

Workers who used methylene chloride in making acetate film had sleepiness and fa-
tigue and decreased digit symbol substitution scores and lengthened reaction time.” Use of
methylene chloride in closed spaces has been fatal with brain edema, elevated blood levels
of carboxyhemoglobin and caused temporary right hemispheric paralysis and/or uncon-
sciousness.” Chronic exposure has been associated with dementia, headache, dizziness and
disturbed gait.™

Chloromethane exposures from foam production caused tremor and decreased atten-
tion and ability to do arithmetic.” Environmental exposures from leaks in refrigerating
systems” caused deaths, convulsions, myoclonus and personality changes. One fishing boat
exposure of 15 men left profound neurological residuals, fatigue, depression and alcohol in-
tolerance.? The effects resemble those of methyl bromide poisoning.

Methanol has profound and specific toxic effects on the optic nerve and vision causing
central blind spots and ingestion of methanol for the intoxicating effects of ethanol has
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caused blindness.” Its metabolism to formic acid suggests the possibility that of other cen-
tral nervous system effects.

White spirit is a mixture of straight and branched chain paraffins, naphthalenes and
alkyl aromatic hydrocarbons is used widely as a paint solvent. Ten studies of painters,
mostly in Nordic countries, have shown increased neurobehavioral symptoms and several
showed decreased performance on psychological tests.'""* Longitudinal studies showed an
almost doubled risk for neuropsychiatric disability pension in painters compared to con-
struction workers. Several such studies support the concept of neuropsychiatric impairment
and disability linked to the painting trade in many countries.”’® Several women in my con-
sulting practice had profound neurobehavioral impairment after entering their homes dur-
ing spray painting including unconsciousness which suggest there may be a considerable
problem from environmental exposures.

Many industrial painters exposures are to solvent mixtures. Those painting airplanes
where dust and hence fume exposure is limited by strict cleanliness, which means good air
hygiene for the workers, have little trouble compared to symptoms, impairment, disability
and brain atrophy with dementia in car and refrigerator painters. These groups supplied the
clear evidence of solvent effects in workers in Nordic countries that established how to as-
sess human subject’s neurobehavioral status and detect impairment that were discussed
early in this chapter. Many cross sectional studies showed adverse effects, excessive neuro-
psychiatric symptoms and several longitudinal studies show greatly increased likelihood of
receiving a pension for neuropsychiatric disability.>”**®

Chemical companies fight the concept that chemicals damage human subjects. They
are more combative and better defended than are bacteria and other infectious agents. In the
past 25 years companies learned from asbestos litigation, the bankruptcy of Johns Manville
Company and the banning of asbestos to contest observations and their scientific basis and
frequently hire scientists to support their position of null effects-not harm and sponsor envi-
ronmental meeting and advertise their concern and sense of responsibility. They avoid or
shift responsibility for damage to the victim or community and the social security system.
The necessary banning of PCBs and chlordane enforced their strategy of “controversy”
even about incontrovertible facts. Perhaps, they count on having the 50 years that tobacco
companies enjoyed before having to accept responsibility for adverse effects of tobacco
smoking.
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