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Exposure lnteractions in 
Occupational/Environmental Toxicology 

B. K. Nelson 

Division of Biomedical and Behavioral Science, Centers for Disease Control and Prevention, National Institute for 
Occupational Safety and Health C-24, 4676 Columbia Parkway, Cincinnati, Ohio 45226 

This article highlights the importance of evaluating the whole person 
when health professionals diagnose potential toxicity fiom occupa- 
tional and/or environmental exposure. Health professionals must 
consider interactions of combined exposures to toxic agents resulting 
fiom the personal lifestyle of an individual, along with various drugs 
which the person may be taking. In addition, health professionals 
must evaluate potential family or home exposures fiom use of chem- 
icals in the home, as well as fiom chemicals that may enter the home 
by way of workplace-contaminated clothing or other items brought 
home fiom work. Toxic exposures to chemical and physical agents 
and other m o m g  factors (e.g., dimal variations due to shift work 
or stress) to which individuals may be exposed occupationally or 
environmentally must also be considered. Readers are reminded that 
many modifying factors may impinge on occupational and environ- 
mental toxicity. NELSON, B.K.: EXFOXIRE INTERACTDNS IN O~CUPATONA~/EN~~- 
RONMENTAL TOXKOKXY. Appl. &CUP. ENVIRON. HYG. 12(5):356-361; 1997. 
F~JBLISHED 1997 BY AIH. 

nteractions of various workplace and environmental chem- I icals and physical conditions, ingestion of alcohol, and other 
factors have produced unexpected, and often undesirable, ef- 
fects. For example, "degreasers' flush" has been described in 
people exposed to trichloroethylene at work who would stop 
to have a beer on the way home from work.(') Some individ- 
uals developed unsightly red blotches on their faces. During 
one of Stewart's experimental studies of breath decay curves of 
trichloroethylene, he noted one subject who developed the 
blotches. Upon closer scrutiny, this individual was found to 
have violated the experimental protocol and consumed beer- 
thus prompting a study to investigate degreasers' flush.(') Sim- 
ilar effects were seen in workers exposed to dimethylform- 
amide who consumed beer.(2) A third example of exposure to 
an environmental agent may also have involved alcohol in a 
man who developed dermatitis after he took up The 
condition persisted over the summer months but waned during 
the winter months. Upon investigation, the physicians who 
treated this man found that ThiramB was used as a fungicide on 
the golf course. It was later shown that ethanol consumption 
exacerbates the effects of Thiram, but whether or not the case 
subject's effects .were altered by ethanol consumption is not 
clear. 

These examples highlight the potential for interactions in 
occupational and environmental medicine. Attesting to the 
worldwide interest in combined exposures/chemical mixtures 
are a number of recent workshops and symposia, as well as 

regulatory  discussion^.(^-^^) This article is not intended to 
review all of the published reports of interactions in occupa- 
tional or environmental exposures, as several review-type pa- 
pers or books are available for general toxi~ology,( '~~ '~)  carci- 
n~genesis,('~-'~) developmental tox i~ology, ( '~~ '~)  experimental 
human neurobehavioral t o x i ~ o l o g y , ( ' ~ ~ ~ ~ )  and statistical ap- 
proaches and risk  calculation^.(^'-^^) Rather, the purpose of 
this article is to stimulate health professionals' thinking con- 
cerning the wide variety of factors that may impinge on 
exposed individuals to affect their health. Instead of focusing 
on a few trees in the forest, readers are encouraged to view the 
forest-to evaluate the whole-person exposures rather than 
isolated toxic agents. Although combined agent interactions 
have not been studied as much in occupational/environmental 
medicine as in clinical medicine, drug interactions are fre- 
quently encountered in clinical medi~ine . ( '~ .~~)  Hence, this 
article cites a few examples of interactions of a drug with other 
factors which affect the drug's efficacy or toxicity. In these cases 
the cited example is a drug, but a similar effect could be seen 
with a chemical exposure. Just as patients may self-administer 
various kinds of drugs (e.g., over-the-counter drugs or other 
prescription drugs) and interactive effects can be undesir- 
able,(30) individuals may encounter various exposures with 
unexpected and undesirable effects. 

Interactions may be antagonistic, additive, or synergistic, 
although prediction of the type of interactive effect is impos- 
~ i b l e . ( ' ~ , ' ~ , ~ ' - ~ ~ )  Furthermore, different types of interactions 
may be seen at various points along the dose-effect curves, 
including biphasic or other  response^.(^^,^^) For example, a 
certain threshold of either agent may be necessary before an 
interaction would occur (e.g., caffeine is not a strong devel- 
opmental toxicant, but may exert strong interactive effects in 
developmental t o x i ~ o l o g y . ( ' ~ ~ ~ ~ ~ ~ ~ )  The order of, and time 
interval between, administration of the two agents can mark- 
edly affect the type and extent of interaction seen.(33) Quali- 
tatively, interactions can be either pharmacokinetic (altering 
the absorption, biotransformation, distribution, or disposition 
of chemicals) or pharmacodynamic (altering the association of 
agents with receptors) .(30,32,38) 

Interactions should not be confused with issues of allergy or 
sensitive populations, in which an individual's response to a 
toxic agent is extraordinary.(39) Various factors affect an indi- 
vidual's reaction to a toxic agent, including idiosyncratic re- 
actions (abnormal response due to the genetic makeup of the 
individual), age factors, unexpected reactions due to the sex of 
the individual, size (unusually small or large individuals), and 
general health status (e.g., a compromised immune system). 

Although putative adverse interactions among several drugs 
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FIGURE 1 .  Effects of age on metabolism (hypothetical curves). Some 
drugs or chemicals are metabolized at a higher rate in children than 
adults. Others are metabolized more poorly in children than adults. 
Most drugs and chemicals are probably metabolized more poorly in 
aged indlviduals than in middle-aged individuals. 

are commonly recognized, the likelihood of unexpected tox- 
icity due to concurrent exposures to occupational and envi- 
ronmental hazards may be less understood. The effect of oc- 
cupational/environmental exposures of individuals can be 
adversely influenced by personal lifestyle (e.g., general health 
conditions, age, drug-taking behavior, exposures through hob- 
bies, etc.), along with family and home influences (e.g., diet, 
secondhand smoke, other exposures in the home) and modi- 
fying factors in the occupational or more general environment 
(e.g., temperature, shift work, stress). Interactions among all of 
these influences must be considered when evaluating health 
problems in occupational and environmental settings. 

Personal/Lifestyle Influences 
Various personal and lifestyle influences, such as general health 
conditions (e.g., coexisting diseases, immune status, obesity), 
age, sex, and drug-taking behavior (prescription and social) can 
all affect the toxicity of an occupational exposure.(40) For 
example, the age of exposed individuals affects the toxicity of 
some drugs and  chemical^.(^^-^^) Figure 1 presents hypothet- 
ical curves representing various chemicals that have metabolic 
profiles similar, or very different, at several ages. As illustrated, 
some enzymes may reach adult levels very early in life; others 
may take longer to achieve those levels. Some enzymes may 
peak much higher in children and then drop off to adult levels. 
Whatever the developmental profile, the alterations in metab- 
olism in aging individuals are becoming more and more of a 
concern with the aging of the human p o p ~ l a t i o n . ( ~ ' * ~ ~ , ~ ~ )  
There are several examples of drugs and chemicals known to 
be metabolized differently in adults and children. For example, 
acetaminophen is less toxic to children than it is to adults.(47) In 
contrast, children are more susceptible to the effects of lead.(48) 
Young experimental animals are more susceptible to the tox- 
icity of n-propyl and vinyl chloride(50) than are 
adults. The evidence from vinyl chloride is exemplary: Expo- 
sure of newborn Sprague-Dawley rats to 6000 or 10,000 ppm 
vinyl chloride for 4 hours per day for 5 days, with the rats then 
held for 2 years, induced a high incidence of liver angiosar- 
coma and hepatocellular carcinoma; in contrast, almost no 

carcinogenic effect was observed in 11-week-old rats exposed 
under the same regimen to vinyl chloride.(51) Even personal 
habits such as hand-washing have been documented to affect 
contamination with toxic agents.(52) 

Drugs that alter chemical toxicity are also well recognized, 
and may affect biomarkers of occupational/environmental ex- 
pos~re.(~') For example, ethyl alcohol interacts with various 
industrial  chemical^.(^^-^*) Caffeine alters the developmental 
toxicity of numerous drugs and  chemical^,('^*^^*^^) even inter- 
acting to produce teratogenicity in a strain of mice which is 
ordinarily resistant to acetazolamide terat~genicity.(~~) The 
markedly increased incidence of tumors in those who smoke 
and are exposed to asbestos is well known.@') Interactions of 
smoking (or chewing) tobacco with lead exposure were noted 
early in this century.@') Disulfiram enhances the toxicity of 
ethylene d i b r ~ m i d e . ( ~ ~ - ~ ~ )  

Family/Home Influences 
Various factors in the family and home environment may 
influence the toxicity of occupational exposures, including 
diet, second-hand smoke, other contaminants in the home 
(such as paints and varnishes), and stress. For example, both the 
composition of the diet and the relative timing of meals can 
increase, delay, or decrease the rate of absorption of various 
drugs and chemicals from the stomach.(65) The levels of certain 
nutrients can exacerbate the toxicity of oxygen radicals, as well 
as other chemicals.(66) 

The National Institute for Occupational Safety and Health 
has recently summarized numerous cases of family or home 
contamination by chemicals inadvertently brought home from 
the workplace.(67) Other contaminants may be present in the 
home because of the environment in which the home is 
located. For example, perchloroethylene may be found in 
homes or apartments located near dry-cleaning establishments, 
with concentrations even exceeding those permitted in the 
~orkplace!(~*-~') Blood lead levels may be higher in children 
living in industrialized areas than in those living in more rural 
environments.(71) 

Occupational/Environmental Influences 

Chemical-Chemical Interactions 

Repeated exposure to the same (or a structurally similar chem- 
ical) can affect the toxicity of certain chemicals, probably 
through the induction or repression of metabolizing enzymes. 
The ability of various ketones to enhance the toxicity of one 
another is well k n ~ w n . ( ~ ~ , ~ ' )  Ketones can interact with some 
 pesticide^('^,^^) (e.g., the LD,, of carbon tetrachloride in rats 
pretreated with 10 ppm dietary clordecone decreased from 2.8 
ml/kg to only 0.042 r ~ d / k g ( ~ ~ ) )  and halogenated hydrocar- 
b o n ~ . ( ~ ~ - ~ * )  Various alcohols can potentiate the toxicity of 
some  ketone^.(^^^*') (Interestingly, in the homologous series of 
eight alcohols investigated, about one half increased only the 
hepatotoxicity of the ketones, while the other half increased 
hepatotoxicity as well as lethality.(79) Many cases of cancer are 
thought to result from interactions of several chemicals.(14) 

Chemical-Physical Agent lnteractions 

Perhaps less well known than chemical- chemical interactions 
are concurrent exposures to chemical and physical agents. 
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Physical agents such as noise, heat, and vibration can affect 
chemical hazards. For example, interactive effects of simulta- 
neous occupational exposure to solvents and noise on hearing 
have been reported.(") This subject will be discussed more 
completely below. 

In addition to the common physical hazards of fluctuating 
temperatures, vibration, and noise, there is another physical 
agent that can be found in nearly every work setting: nonion- 
izing electromagnetic radiation. One  type of nonionizing ra- 
diation, radiofrequency (RF) radiation (3 kHz to 300 MHz), is 
used in a number of industries, including communications, 
electronics, medicine, and manufacturing. Moreover, many 
workers in these industries, such as those working with mi- 
croelectronics, plastic sealers, and electrosurgical units, are 
exposed to R F  radiation in conjunction with the chemicals 
they use. For many years the risks of exposure to R F  radiation 
were presumed to be small because R F  radiation has insuffi- 
cient energy to ionize molecules or atoms (as opposed to its 
higher-energy counterpart, ionizing radiation). Even exposure 
to R F  radiation levels high enough to heat body tissue was 
thought to result in only short-term health effects, although 
developmental toxicity has recently been described for hyper- 
thermic levels of R F  radiation.('*-'') 

Previous animal research has also indicated that hypothermia 
or hyperthermia induced by changes in environmental tem- 
perature can increase the toxic effects of some chemicals and 
 drug^.(^^*^^) Therefore, a study was conducted to determine if 
R F  radiation would increase the adverse developmental out- 
comes of the industrial solvent, 2-methoxyethanol (2ME). 
This glycol ether is found in various industries (especially in 
some degreasing solvents and in paints and varnishes). I t  pro- 
duces developmental toxicity in every species of experimental 
animals tested to date (including nonhuman primates), and 
possibly in humans.(") The incidence of congenital malforma- 
tions was studied in rats that were exposed to R F  radiation 
alone, 2ME alone, and the two combined on gestation day 
13.c") R F  radiation caused malformations in 30 percent of the 
rat fetuses, and 2ME produced malformations in 14 percent of 
the fetuses. Yet, combined exposure to R F  radiation and 2ME 
induced external malformations in 76 percent of the fetuses. In 
addition to the synergism observed in the incidence of mal- 
formations (see Figure 2), the malformations were more severe 
in the combined exposure group than in either single-agent 
exposure group. Subsequent studies using several doses of 2ME 
and R F  radiation confirmed these findings.(y0-y3) 

Chemical-Environmental Interactions 

Environmental conditions such as circadian cycles, seasonal 
changes, temperature, humidity, noise, and stress can all affect 
chemical toxicity. For example, the toxicity of certain chem- 
icals, as well as the therapeutic efficacy of some drugs, is 
affected by the time of day and season of year of administra- 
t i ~ n . ( " ~ - ' ~ )  Obviously, such circadian patterns have clear im- 
plications for shift workers.("*") 

The effect of environmental temperature on the toxicity of 
methylmercury in rats is presented in Figure 3 (data from 
Yamaguchi et al.('"")). Young male Wistar JCL rats were 
acclimated to room temperature (22OC) for 15 days. Groups of 
23 control and 23 experimental rats were then placed in rooms 
maintained at 1l0, 2 2 O ,  or 33OC (60 2 5 percent relative 

FIGURE 2. Example of a graph illustrating the interactive effects of 
2ME and RF radiation in rats.(x") The graph depicts the percentage of 
fetuses with forepaw malformations after exposure on  gestation day 
13. 

humidity). Experimental rats in each group were injected 
subcutaneously with 5 nig/kg methylmercury every third day 
for up to 60 days. Every 15 days, five randomly selected 
control and experimental rats were sacrificed and blood, kid- 
ney, and brain samples were collected for determination of 

Combined Toxicity of 
Temperature and Methylmercury 

FIGURE 3. Graph illustrating the toxicity of combined hypothemiia 
and hyperthermia on methylmercury toxicity in rats.(""') The left 
panel reveals the highest mortalities under hyperthemiic conditions, 
intermediate mortalities under hypothemiic conditions, and n o  mor- 
talities at  room temperature. The right panel shows the most rapid 
onset of neurotoxicity under hyperthennic conditions and the slowest 
onset under hypothetmic conditions. 
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total mercury and methylmercury. Regular observations were 
made for hind leg crossing as a measure of neurotoxicity, and 
for mortalities. Generally, the hyperthermic exposed group 
had higher levels of total mercury and methylmercury, exhib- 
ited the most rapid onset of neurotoxicity, and had the highest 
toxicity (all died by day 45). The hypothermic exposed rats had 
lower brain levels, simdar blood levels, and higher kidney 
levels of both total mercury and methylmercury. The  onset of 
neurotoxicity was slower than in controls, but there were 
more mortalities than in contro1s.(lo0) 

Several studies suggest that combined exposure to noise and 
solvents enhances hearing loss in h ~ m a n s . ( ’ ~ ’ - ’ ~ ~ )  For example, 
investigators conducted interviews and hearing tests on ap- 
proximately 200 workers in the printing and paint manufac- 
turing industries. The  subjects included 50 control workers, 50 
workers exposed to noise, 39 workers exposed to organic 
solvents, and 51 workers exposed to noise and toluene. The  
investigators concluded that concurrent occupational exposure 
to excessive levels of toluene and noise increased the proba- 
bility of developing a hearing loss. The  effect of combined 
exposure also suggested a synergistic interaction between noise 
and toluene on hearing loss, with the level of hearing loss 
much greater in the workers exposed to both hazards than 
would be expected by adding the effects of each agent.(’’) 

The effects of inhaled methanol on pituitary and testicular 
hormones of rats were found to depend on whether or  not the 
rats were acclimated to the chambers prior to exposure.(’04) 
The  authors suggested that the rats acclimated to the exposure 
chambers were less stressed than those not acclimated to the 
chambers. Restraint stress (30 minutes) increased mortalities 
induced by cocaine in mice fiom 17 to 58 percent.(lo5) 

Summary 
As described in this article, various kinds of interactions must 
be evaluated by occupational/environmental health profes- 
sionals as they diagnose potential toxicity. Health professionals 
must consider the total person, including interactions of toxic 
agents with personal lifestyles of the individuals, along with 
various drugs which the person may be taking. They must also 
evaluate potential family or  home exposures, as well as toxic 
exposures to chemical and physical agents and other modifying 
factors to which people may be exposed occupationally or 
environmentally. Many diseases may well be the result of 
complex interactions among a wide variety of exposures and 
modfying conditions. 
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