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ABSTRACT: Lipophilic toxins have been introduced into the
environment both as functional compounds, such as pesticides,
and as industrial waste from incineration or the manufacture of
electrical transformer components. Among these substances are
compounds that are carcinogenic and that affect the endocrine
system. Accidental high exposures of humans to some lipophilic
toxins have produced overt disease symptoms including chlor-
acne and altered liver function. These toxic materials have been
the recent focus of international effort to reduce or eliminate
classes of halogenated hydrocarbons from the environment. Ev-
idence of the widespread distribution of lipophilic toxins in the
biosphere has been obtained by analyses of human tissues and
human milk. The principal route of entry of lipophilic toxins
into humans is through the food chain, and most of them are
stored in adipose tissue. A common route of excretion is in bile,
but there is also evidence of nonbiliary excretion into the intes-
tine. Enterohepatic circulation of many of these compounds
slows their removal from the body. Substances that interrupt the
enterohepatic circulation of compounds that enter the intestine
by the biliary and nonbiliary routes increase the rate of their re-
moval from the body and reduce their storage half-lives. Reduc-
tion in body fat, along with these dietary substances that inter-
rupt enterohepatic circulation, further enhances the excretion
rate. Areas for further research include optimizing regimens for
body burden reductions, understanding the nature of nonbiliary
excretion, and following the effects of tissue redistribution dur-
ing loss of body fat.

Paper no. L8918 in Lipids 36, 1289-1305 (December 2001).

BACKGROUND

Many lipophilic xenobiotic compounds enter the body and are
deposited in adipose depots and other tissues. Several classes
of these chemicals that are known to contribute to the risk of
cancer and death enter the environment intentionally as pesti-
cides or unintentionally as industrial by-products. Accidental
exposure to high levels of some lipophilic toxins results in
chronic disease affecting the liver and skin. An enormous
amount of research has focused on the toxicity, carcinogenic-
ity, developmental effects, endocrine effects, and other meta-
bolic alterations by these compounds. For most of these com-
pounds, a “no-effect” level has not been established. These
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substances have been detected in the tissues of essentially all
humans and animals and may contribute to the risk of disease
or altered development. The chemical stability of many of
these xenobiotics has resulted in environmental accumulation
and increasing concentrations in people and animals through
dietary and respiratory intakes.

The presence of lipophilic toxins in the environment has
received a high level international attention, scientific study,
and governmental action. The awareness of the ubiquitous na-
ture of toxic lipophiles has resulted in efforts to minimize
their introduction into the environment. There also have been
sporadic efforts to intervene at the level of the individual to
reduce toxicity.

This paper reviews these interventions to help determine
their potential utility as a complementary or alternative ap-
proach to environmental efforts to manage lipophilic toxins.
The sections that follow first give a brief overview of the
types of materials and the current environmental concerns. In
addition, brief views of the absorption, tissue distribution,
metabolism, and excretion of some representative compounds
are presented to give a picture of the paths that lipophiles fol-
low as they enter, move within, and ultimately leave an or-
ganism. Although the behavior of the compounds varies
among classes and individual molecular species, it is possible
to make some generalizations that help establish a basis for
consideration of methods of intervention.

Recent Efforts to Change the Environment

The United Nations (U.N.) sponsored a study of the presence
and sources of lipophililic toxins in the environment and con-
cluded that global production of 12 of these materials should
be reduced or eliminated. The study led to a multinational
treaty imposing reductions in the use and production of these
persistent organic pollutants (POP). In May 2001, representa-
tives of 127 countries including the United States agreed to
this treaty. The treaty specifies the control of eight pesticides
[aldrin, chlordane, DDT (dichlorodiphenyl-trichloroethane),
dieldrin, endrin, heptachlor, mirex, and toxaphene], two in-
dustrial chemicals [polychlorinated biphenyls (PCBs), once
used in electrical transformers; and hexachlorobenzene, for-
merly used in the manufacture of synthetic rubber and also as
a fungicide], and two by-products of combustion and indus-
trial processes (dioxins and furans). Structures illustrating the
12 POP that are the subject of the treaty are given in Figure 1.
All of these substances are characterized by carbon-chlorine
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FIG. 1. Persistent organic pollutants included in the United Nations treaty.

bonds with stabilities that result in very long half-lives in the
environment. Because of their stability and lipophilic charac-
ter, these materials ascend the food chain from plants to de-
position in fat depots and other tissues of higher organisms.

The principal focus for the international management of
these materials in the environment has thus become that of
elimination and reduction at the sources rather than interven-
tion in individuals or populations with high levels of the ma-
terials. This approach does not affect the levels of toxic
lipophiles that have already been deposited in the environ-
ment. An additional strategy is to find ways to hasten elimi-
nation of these substances from the body; to that end, studies
have addressed the metabolism and excretion of many of
these substances.

This interventional approach is key. The environment and
the tissues of virtually all people in all countries already have
a considerable burden of these persistent compounds, and it
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would be desirable to intervene to favorably alter their
metabolic course. Finding the best ways to reduce body
burdens of these materials is important since there is no con-
sensus about the concentrations in tissues that might result
in long-term detrimental health effects. For many of these
compounds, a no-effect concentration has not been deter-
mined, and the possibility remains that any tissue concentra-
tion could increase the risk of disease. In addition to dealing
with low-level, long-term exposure, there is a need for
optimal treatment of the effects of acute exposure, such
as that resulting from accidental ingestion or environmental
accidents.

We review here interventions that could affect the absorp-
tion, distribution, metabolism, and/or excretion of lipophilic
xenobiotic substances. These substances include the chlori-
nated compounds (POP) cited in the U.N. treaty as well as
other lipophilic substances of known or putative toxicity.
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Lipophilic Toxins in the Environment

Numerous studies have determined the presence of various
lipophilic materials in the environment and in humans. Since
it is beyond the scope of this review to consider studies of
lipophilic toxins in the environment, several studies are cited
to illustrate the widespread distribution.

One of the most important and most studied substances that
provide evidence for the widespread distribution of lipophilic
toxins is human milk. A review by Jensen (1) documented the
levels of organochlorine compounds including DDT and other
contaminants in milk in samples from many countries. Levels
in human milk are markedly higher than those in dairy milk as
would be predicted from the human position at the top of the
food chain. Substances other than DDT also appear in human
milk. Hofvander et al. (2) reported measurable levels of DDT,
DDE (the principal metabolite of DDT), PCBs, dieldrin, and
hexachlorobenzene in human milk in Sweden. The primary
concern about these toxins in human milk is their potential ef-
fect on children’s health and development (3,4).

PCBs were used extensively as coolants and lubricants in
electric transformers prior to 1977. Although their use was
banned that year in the United States, they remain in the en-
vironment because of their resistance to chemical decomposi-
tion. Evidence for slow disappearance from the body was re-
ported by Wolff and coworkers (5), who longitudinally fol-
lowed PCB concentrations in capacitor manufacturing
workers after PCB use at their manufacturing facility was dis-
continued. The levels of organochlorine pesticides and PCBs
in butter from 23 countries were studied by Kalantzi and
coworkers (6). They found a wide range of concentrations,
with levels of DDT and its metabolites being highest in coun-
tries where this pesticide is still in use. Current levels of PCBs
in chicken and pork in Belgium were found to be remarkably
high—12% of samples contained more than 50 ng of PCBs/g
of fat (7). These levels were unrelated to the contamination
of animal feed cited below and were attributed to recycling of
fat into animal feed.

The ubiquitous nature of POP is also seen in the very
high levels of organochlorines from autopsy samples from
Greenland Inuits who consumed high levels of sea mammal
fat containing these substances (8). This finding is consistent
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with an environmental path that begins with an industrial
source and ends with humans at the top of the food chain.
Another view of the food chain was provided by a study of
Kelly and Gobas (9). Organic pollutants in Arctic terrestial
animals were traced from lichen to caribou and finally
to wolf. They reported evidence for the biomagnification
of hexachlorocyclohexane and tetrachlorobenzene via this
food chain.

Environmental accidents have occurred that have contam-
inated geographical areas or groups of people. Polybromi-
nated biphenyl (PBB) fire retardants were accidentally intro-
duced into cattle feed that resulted in the contamination of
Michigan dairy products and essentially all of the population
of Michigan (10). Animal feed was contaminated by PCBs,
dioxins, and furans in Belgium in 1999 (11). These exposures
resulted in continuing surveillance programs to assess the ef-
fects of the toxins on health. In Japan in 1968, cooking oil
contaminated with dioxins produced symptoms of chloracne,
malaise, and joint pain that were designated as Yusho disease
(12). A similar example was the tragic contamination of cook-
ing oil with PCBs in Taiwan in 1979 (13).

Polynuclear aromatic compounds (polycyclic aromatic
compounds) are another class of lipophilic toxins/carcino-
gens. Substances such as benzo(ot)pyrene are produced in fos-
sil fuel emissions and are carcinogenic in animals and humans
(14,15). Compounds in this class are also found in meats
cooked over coals or open flames. Two examples of this class
of lipophilic toxins, benzo(o)pyrene and 7,12-dimethylan-
thracene are shown in Figure 2.

Phthalate esters are plasticizers that are present in numer-
ous plastic/polymeric products around the globe. Phthalate
esters are hepatocarcinogens in rats, presumably acting
through peroxisome proliferation (16). The relevance of this
effect to cancer in humans remains uncertain (17,18). Given
the ubiquitous nature of this class of lipophilic compounds,
the potential risks of phthalates remain a subject of concern
and study (19). A commonly used phthalate ester plasticizer
is presented in Figure 2.

These examples represent numerous studies of the wide-
spread distribution of lipophilic toxins. They point out not
only the global nature of the problem but also the extent of
penetration into the biosphere.

~
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FIG. 2. Examples of polycyclic aromatic hydrocarbons and a commonly used phthalate ester plasticizer.
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Toxicity and Carcinogenicity

The results of studies sponsored by the United Nations and
the subsequent treaty based on these studies are evidence of
consensus about the risk to health of POP in the environment.
Chlorinated hydrocarbon pesticides, PBBs, and the class of
polycyclic aromatic hydrocarbons are included in the list of
substances “reasonably anticipated to be human carcinogens”
in the U.S. Department of Health and Human Services 9th Re-
port on Carcinogens (20). That report upgraded dioxins to the
category of “known human carcinogens.” Some examples of
the many studies that have addressed the toxicity and carcino-
genicity of lipophilic compounds are given below.

Among the first reports was that of Fitzhugh and Nelson
(21), who studied the oral toxicity of DDT in rats. Mukerjee
(22) reviewed the effects of dioxins, which are among the
most toxic of the lipophiles, and noted the chloracne, changes
in liver function, and associations of increased risk of cancer.
Hexachlorobenzene promotes hepatocarcinogenesis in rats
(23). Polycyclic aromatic hydrocarbons have been studied ex-
tensively and have been shown to cause DNA damage (see,
e.g., 24) and to be associated with increased cancer risk (see,
e.g., 14,25,26). Estrogenic effects of organochlorine com-
pounds have been suggested to increase the risk of breast can-
cer, although recent studies have not supported this hypothe-
sis (27). There are indications that other endocrine effects of
these compounds may adversely affect health (28).

Absorption, Distribution, Metabolism, and Excretion
Absorption

Oral ingestion is generally the principal route of entry for
lipophiles that ascend the food chain. Absorption by inhala-
tion or through the skin is therefore of less importance when

REVIEW

considering methods for intervening in the absorption
process.

Studies of oral absorption of toxic lipophiles have utilized
techniques and mechanisms associated with the absorption of
dietary triacylglycerols, fat-soluble vitamins, and cholesterol.
Dietary lipids enter the small intestine, are emulsified to small
droplets in the presence of detergent bile salts, are hydrolyzed
into more polar products (fatty acid and 2-monoacylglycerol)
by pancreatic lipase, and are incorporated into mixed micelles
with bile salts. Dietary fat increases the absorption of some
lipophilic compounds through the formation of these mixed
micelles that can effectively solubilize such compounds as
cholesterol and vitamin E. Micelles transport not only the
lipid digestion products but also lipophilic solutes to the en-
terocyte. In the enterocyte triacylglycerols are synthesized
and incorporated into lipid-based particles that are stabilized
with protein (chylomicrons). These chylomicrons are trans-
ported in lymph, which can be studied in thoracic duct-can-
nulated animals. Chylomicrons carry most lipophilic com-
pounds that are absorbed from the intestine. They enter the
blood circulation and are partially degraded to remnant parti-
cles by the action of lipoprotein lipase. Some of the compo-
nents of the chylomicrons and their remnants are delivered to
peripheral tissues prior to their uptake by the liver.

The nonpolar character of toxic lipophiles suggests a path-
way of absorption and transport similar to that of the dietary fats
and fat-soluble vitamins. Studies of the absorption of halo-
genated hydrocarbons are consistent with this pathway. Some
studies of toxic lipophile absorption are summarized in Table 1.

Distribution

Understanding the distribution of lipophilic toxins among tis-
sues is an important area of research and has been the subject

TABLE 1

Studies of the Absorption of Toxic Lipophiles?

Study design Results Reference
Lymph was collected from rats dosed with [*H]2,3,7,8- 30% of dose appeared in lymph chylomicrons in 24 h. 29
tetrachlorodibenzo-p-dioxin.

["CIDDT in sunflower oil was dosed to thoracic duct- 63% of dose was in 72-h lymph collection, and 9% in feces. DDT 30
cannulated rats. was transferred to other lipoproteins from chylomicrons.

DDT was administered to rats in corn oil or in ethanol and ~ DDT absorption from corn oil was twice the absorption from ethanol 31
the appearance in lymph was measured. as the vehicle.

['*CIDDT, benzo(o)pyrene, octadecane, and hexadecane The compounds appeared in the triacylglycerol phase of chylomi- 32
were administered to rats with thoracic duct cannulae. crons. The labeled compounds in injected chylomicrons were taken
Chylomicrons were assayed and injected into recipient up by high density lipoprotein in recipient animals.

rats.

Lymphatic absorption of a moderately lipophilic PCB con-  There was little lymphatic absorption. 33
gener was studied in sheep.

Pregnant rats were fed hexachlorobenzene with high-fat The amount of hexachlorobenzene found in the high-fat group fat 34
and low-fat diets. Adipose tissue was assayed. was twice that of the low-fat group.

[*HIBenzo(o)pyrene absorption was studied in rats with Low concentration in lymph relative to bile was explained by metab- 35

cannulated bile ducts and mesenteric lymph ducts.

olism of the benzo(o)pyrene to polar metabolites in the enterocyte

and absorption via the portal vein.

“Abbreviations: DDT, dichlorodiphenyl-trichloroethane; PCB, polychlorinated biphenyl.
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TABLE 2
Studies of the Tissue Distribution of Toxic Lipophiles?
Study design Results Reference

Autopsy samples from Greenlanders who consumed sea
mammals were analyzed. fat.

Rats were injected intravenously with ['4C]-2,3,7,8-tetra-
chlorodibenzo-p-dioxin.

Octachlorodibenzo-p-dioxin was dosed orally to rats.

Chlorinated pesticides and PCBs accumulated in the liver, brain, and 8

Radioactivity was found in liver, white and brown adipose tissue, 42
thyroid, and adrenals.

There was little conversion of the parent compound to metabolites. 43

Most deposition was in adipose tissue, liver, and skin.

Mice lacking inducible hepatic binding protein, CYP1A2,
were dosed orally with dioxin, dibenzofuran, and PCB.

Dioxin and dibenzofuran uptake by the liver was reduced in the 44
knockout animals.

IFor abbreviation see Table 1.

of numerous studies. Although the distribution varies greatly
among the compounds of interest, some generalizations can
be made. Lipophilic toxins are transported in lipoproteins
(36) but may be associated with albumin (37). Uptake and re-
tention of lipophiles and their lipophilic metabolites depends
on the lipid content of the tissue or compartment (38). The
amount of uptake by the liver can be determined by the in-
duction of systems such as the arylhydrocarbon (Ah) receptor
and binding to the cytochrome P450 complex as in the case
of dioxins (39). As seen in a study of dioxin pharmacokinet-
ics, the determinants of the compound’s disposition include
lipophilicity, liver binding elements, diffusion-limited tissue
distribution, and metabolic elimination (40). Presumably
these determinants apply in varying degrees to most of the
lipophilic toxins. The most lipophilic substances are absorbed
via the lymph, are carried in lipoproteins, accumulate in adi-
pose tissue, and are taken up by the liver and other tissues.
Evidence that retention in adipose tissue influences the distri-
bution to other tissues was seen in a study by Rozman et al.
(41). In rats, hexachlorobenzene excretion decreased with in-
creasing body weight and fat. Studies that illustrate the up-
take by fat and liver are listed in Table 2.

Metabolism

The persistence of many lipophilic compounds in the body
reflects resistance to metabolism and provides reason for con-
sideration of interventions to increase their rate of elimina-
tion. The metabolism of lipophilic toxins varies among the
classes and individual compounds. Individual congeners
within classes have a wide range of elimination rates (45).
People who ingested cooking oil contaminated with PCBs
were studied to determine rates of elimination (46). There was
a wide range of rates among the individual PCB congeners.
In general the hexa- and heptachlorinated congeners were
eliminated much more slowly than the tetra- and pentachlori-
nated compounds. The study was consistent with slower elim-
ination of slowly metabolized congeners. Half-lives for pen-
tachlorinated congeners ranged from 3 to 24 mon. Other
classes of lipophilic toxins also are retained for long periods
in the body. Dioxins and dibenzofurans have been estimated
to have half-lives that range from 4 to 12 yr (47). Half-lives

of 12.9 to 28.7 yr have been estimated for PBBs in women
(48).

The conversion of lipophilic compounds to more polar
species is a common metabolic path for many substances.
Aryl hydroxylase catalyzes the hydroxylation of polycyclic
aromatic hydrocarbons to produce species that are mobilized
for transport in the blood, bile, and urine (49). PCBs and other
halogenated hydrocarbons are metabolized by cytochrome
P450-dependent monooxygenases to form more hydrophilic
species (e.g., 50). The transformation of lipophilic xenobi-
otics by cytochrome P450 and other systems includes both
activation and detoxification, and there have been extensive
reviews of these metabolic pathways (51-54).

Hexachlorobenzene and pentachlorobenzene metabolism
was studied in the rat after 13 wk of dietary exposure (55). In
this study of the more polar derivatives in urine, penta-
chlorophenol and tetrachlorohydroquinone were formed in
addition to sulfur and glucuronide derivatives.

A review of dibenzodioxins discussed the difference in
metabolism of the congeners and concluded that the 2,3,7,8-
chlorinated species has high toxicity due in part to affinity for
the cytosolic Ah receptor protein (39). Another tetrachloro
dioxin congener (1,2,7,8-tetrachlorodibenzo-p-dioxin) was
shown to be converted to polar species in the rat (56). Glu-
curonides and diglucuronides of the hydroxy derivatives of
the congener were identified.

Of relevance to this review are the lipophilic substances
that are slowly metabolized to more hydrophilic metabolites
and/or those with principal metabolites that are highly
lipophilic and slowly excreted. The persistence of organic
pollutants in the environment is the result of their stability and
is reflected in resistance to chemical alteration by reactions
including those that are enymatically catalyzed in the intact
organism.

Excretion

Biliary and nonbiliary. Lipophilic xenobiotics are excreted in
feces and urine. Fecal excretion is the principal route for un-
changed lipophilic compounds and their lipophilic metabo-
lites, whereas urinary excretion is the path of more polar
metabolites. Biliary excretion can account for a large portion

Lipids, Vol. 36, no. 12 (2001)
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of the fecal elimination of many compounds; however, there
is evidence that some lipophilic substances follow a nonbil-
iary route.

The excretion of hexachlorobenzene was studied by Inge-
brigtsen and coworkers (57). In bile duct-cannulated rats
dosed intragastrically with ['*C]hexachlorobenzene, only
small fractions of the dose appeared in bile as the parent com-
pound and as pentachlorobenzene (2.0 and 1.8%, respec-
tively). The data indicated that the major part of biliary ex-
cretion of radioactivity was contained in other metabolites.
Urinary excretion accounted for 2.1% of the dose during the
4 d after its administration. Urinary metabolites of hexa-
chlorobenzene include pentachlorophenol, sulfur-containing
derivatives, and glucuronides (55).

Octachlorodibenzo-p-dioxin was studied in rats by Birn-
baum and Couture (43). The fecal route was the major pathway
for elimination with minimal urinary excretion for both intra-
venous and oral administration of the '“C-labeled compound.

Evidence of a nonbiliary route of excretion of lipophilic
toxins resulted from studies of the organochlorine pesticide,
chlordecone. Excretion data obtained from humans exposed
to chlordecone and rats that were administered the compound
are consistent with this route as a significant excretory path-
way (58,59). The authors observed that fecal excretion of
chlordecone was maintained or increased when bile flow was
diverted relative to that seen while bile flow was intact.

More evidence for nonbiliary intestinal excretion was re-
ported by Rozman et al. (60). A study in the rhesus monkey
showed that bile diversion did not alter fecal excretion of
hexachlorobenzene. The presence of unchanged hexa-
chlorobenzene in feces when the bile mainly contained
metabolites was seen as evidence that nonbiliary excretion
via exfoliation of the epithelium or exudation across the mu-
cosa was a significant excretory route (61).

Toxic lipophiles in the lumen of the intestine from biliary
and nonbiliary excretion routes are a principal target for in-
tervention to accelerate elimination rates. Nonbiliary trans-
port of lipophilic compounds into the lumen of the intestine
is poorly understood in terms of their cellular or molecular
associations, but as discussed in a later section, there is evi-
dence of enterohepatic circulation of compounds that enter
the intestinal lumen via a nonbiliary route. Lipophilic com-
pounds that enter the intestine in bile also take part in entero-
hepatic circulation. Most of the past and current efforts to has-
ten the egress of toxic lipophiles from the body have focused
on interruption of enterohepatic circulation to direct the com-
pounds into fecal excretion instead of reabsorption from the
intestine.

Lactation. Lipophilic compounds repeatedly have been
observed in milk from humans and other species. An impor-
tant path for the elimination of lipophilic substances from the
body is through the lactation process. As discussed below, the
mobilization of fat that provides a source of energy for
neonates results in the accompanying transport of stored
lipophiles into milk.

Patton (62) reviewed ideas about the movement of

Lipids, Vol. 36, no. 12 (2001)
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lipophilic xenobiotics from adipose tissue to the mammary
gland. Fatty acid is released by hormone-sensitive lipase in
the adipocyte, is transported to the mammary gland bound to
albumin, and is re-esterified into triacylglycerol. It is not clear
whether lipophilic xenobiotics stored in adipose tissue follow
this same path to the mammary gland.

A study of the distribution of PCBs in female mice illus-
trates the importance of milk as an excretory route (63). The
animals were treated with ['*C]PCB (2.4,5,2",4",5 -hexa-
chlorobiphenyl) by intraperitoneal injection in corn oil 2 wk
prior to mating. At 20 d postpartum, 98% of the dose was
eliminated, and the level in the offspring was consistent with
transfer of the mother’s entire body burden of PCB to the
pups. The level of PCB in virgin mice matched with the moth-
ers maintained through the same time period remained essen-
tially constant.

An example of the removal of lipophilic toxic materials
from humans was reported by Schechter and coworkers (64).
They followed the levels of lipophilic materials in the blood
and milk of a mother who nursed twins for a period of 38
mon. Dioxin and dibenzofuran concentrations in milk de-
creased from 309 to 173 and from 21 to 9 ng/kg, respectively,
during 30 mon. Hexachlorobenzene concentration decreased
from 10.7 to 1.8 ng/g. These observations reflect the mobi-
lization of the mother’s adipose tissue to provide energy in
milk, and the mobilization of stored dioxin, dibenzofuran, and
hexachlorobenzene accompanying the fat.

Clearly, milk can be a major excretory route for lipophilic
toxins, but the obvious consequence of this route is the intro-
duction of the toxin into the neonate. There have been few
studies that have addressed ways to affect the rate or amount
of excretion of lipophilic toxins in milk.

EFFECTS OF DIETARY ADDITIVES

The foregoing discussion is intended to give an overview as a
background for the review of methods that alter the residence
time and elimination rate of toxic lipophiles in an organism.
These interventions include specific dietary additives,
changes in energy intake, and variations in dietary fat.

Nonabsorbable Lipids

Effect on Absorption from the Diet

Since most toxic lipophiles enter the body orally via food and
water, the first approach for potential intervention is reduc-
tion of absorption from the intestine. As discussed by Jan-
dacek (65) and Patton (62), a large fraction of dietary
lipophiles enter the mouth and stomach dissolved in or asso-
ciated with dietary triacylglycerol. Lipophiles that are ad-
sorbed to other dietary constituents presumably associate with
the dietary fat during mastication and mixing in the stomach.

In the small intestine, triacylglycerol is split into fatty
acids and 2-monoacylglycerol, which form mixed micelles
with bile salts and phospholipid from bile. During this
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digestion process, a triacylglycerol oil phase remains mixed
with an aqueous micellar phase until its digestion is complete.
There is also evidence of liquid crystalline phases in the in-
testinal lumen during this process (66). Lipophiles are distrib-
uted among these phases but are presumably transported to
the enterocyte membrane in the bile salt mixed micelles.
Entry into the enterocyte and incorporation into chylomicrons
presumably occur for many lipophiles. A strong affinity for
an oil phase, as is the case for lipophiles with octanol-water
partition coefficients of >10, results in retention of a large
portion of the lipophile in the oil.

The triacylglycerol oil phase in the intestinal lumen is rel-
atively transient. Digestion and absorption of dietary fat are
efficient and fast, so that the oil phase disappears quickly. It
is possible, however, to maintain an oil phase that competes
with the micellar phase for lipophile solubilization. Sucrose
esterified with long-chain fatty acids is not hydrolyzed by
pancreatic lipase, and thereby maintains an intestinal oil
phase throughout gastrointestinal transit (67). Sucrose esteri-
fied with six or more long-chain fatty acids has been termed
“sucrose polyester” (SPE) and is a component of olestra
(brand name, Olean®) (68).

DDT in rats. (i) Olestra. The effect of olestra (SPE) on the
absorption of dietary ['*C]DDT was studied in the rat by
Volpenhein and coworkers (69). When [14C]DDT dissolved
in soybean oil was intragastrically intubated into rats fitted
with thoracic duct cannulas, 67% of the dose was recovered
in a 48-h lymph collection. When the dosing oil comprised
50% soybean oil and 50% SPE, 21% of the dose was in the
lymph. Data from rats that did not undergo surgery were con-
sistent with the lymph recoveries. After dosing with the same
oils used in the thoracic duct experiments, the animals re-
ceived ad libitum semipurified diets without DDT, but which
contained 20% by weight soybean oil or the same blend of
50% soybean oil and 50% SPE used in the lymphatic mea-
surements. Animals dosed with soybean oil excreted less than
10% of the radioactivity in 72 h after its ingestion, whereas
those dosed with 50% soybean oil and 50% SPE excreted
more than 55% of the dose. The recovery of radioactivity
from extracted tissues was consistent with the reduction in
absorption by SPE. Approximately 60% of the dose appeared
in total carcass fat of the soybean oil group compared with
20% in the soybean 0il-SPE group. Similar results were ob-
tained from the liver and epididymal fat pads, with recovery
from the soybean 0il-SPE group equal to one-third that of the
soybean oil group.

These data are consistent with the nonabsorbable oil inter-
fering with the absorption of the lipophile from the diet. The
apparent mechanism is that of retention of or transport to the
nonabsorbable oil, thereby diminishing the concentration of
the lipophile in the micellar phase. Since micellar solubiliza-
tion is obligate for the absorption of lipophiles, absorption
was decreased in the presence of a nonabsorbable oil.

(ii) Mineral oil. A study of the effect of another nonab-
sorbable lipophilic material, mineral oil, on absorption from
the diet did not provide clear answers. Keller and Yeary (70)
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tested the effects of mineral oil and sodium sulfate on the in-
testinal absorption of DDT in rats. Rats were intragastrically
gavaged with ['*C]DDT in either soybean oil, mineral oil,
15% sodium sulfate with acacia, or water with acacia. After
an hour the same formulations were intubated without DDT.
This procedure was repeated 24 h later. The animals were sac-
rificed 48 h after the first dosing regimen, and tissues were
taken for measurement. Adipose concentration of DDT was
used as the principal assay. The authors concluded that the
most important observation was the higher absorption ob-
served when soybean oil was ingested. There was minimal
difference among the other groups. The data may indicate the
facilitation of the absorption of the pesticide by the presence
of hydrolyzable dietary fat.

In contrast with the results of Keller and Yeary, another
study found that mineral oil reduced markedly the appearance
of DDT in lymph collected for 4 h after oral dosing (71). The
peak lymphatic concentration after dosing in mineral oil was
approximately one-fourth of that seen after dosing in arachis
oil. DDT absorption was also determined from plasma areas
under the curve in rats that did not undergo surgery. The de-
crease in absorption seen in the rats fed mineral oil relative to
those fed arachis oil was consistent with the measurements of
DDT in lymph.

Lindane in pigs. Morgan and coworkers (72) studied the ef-
fects of dietary additives on the absorption of the lipophilic
pesticide lindane (the y isomer of hexachlorocyclohexane).
Anesthetized pigs were gavaged with lindane and various test
formulations, and plasma lindane concentrations were fol-
lowed for 150 min. The formulations that were compared in-
cluded water (control), activated charcoal, mineral oil, and
castor oil. The authors concluded that none of the treatments
reliably altered the gastrointestinal absorption of the pesticide.

Effects on Stored Lipophiles

Olestra. (i) Animal studies. The effects of three dietary lipids
that are either poorly absorbed or not absorbed were studied
in rats. Hexachlorobenzene elimination was measured during
consumption of diets containing either olestra (SPE),
squalane (30-C saturated hydrocarbon; 2,6,10,15,19,23-hexa-
methyltetracosane, obtained by hydrogenation of squalene),
or paraffin (73). ['*C]Hexachlorobenzene was added to the
diet for 4 d, and after 10 additional days the rat diets were
supplemented with 8% olestra, paraffin, or squalane. After 3
wk of treatment, measurements of radioactivity in feces were
made, and the excretion in each of the treatment groups was
found to be three times higher than that of the control groups.
Significant reductions in the tissue levels of radioactivity in
the treatment groups were consistent with the excretion data.
The authors suggested that in light of the absence of biliary
excretion of hexachlorobenzene, nonabsorbable oils reduced
the effective concentration gradient between blood and the
gut lumen.

The effect of olestra on the elimination of [14C]DDT
(and/or its principal metabolite, DDE) was studied in gerbils
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(74). Gerbils were given []4C]DDT orally and maintained on
chow until a log-linear fecal excretion rate was established.
Excreted radioactivity increased more than twofold when 2.5
wt% olestra was added to the diet. Similar increases were
seen with 5 and 10% olestra. Animals were changed to diets
that provided 50-75% of normal caloric intake, and fecal ex-
cretion of radioactivity increased approximately 50% above
that of control animals. When olestra was included in the re-
duced energy diet at a level of 10%, the average increase in
fecal excretion was eightfold that of the control animals.

These studies of olestra in animals indicated that olestra
could be used to interrupt enterohepatic circulation of
lipophilic toxins that had been stored in the body after oral
ingestion. Studies in humans discussed below have supported
its potential use in removing lipophilic toxins from the body.

(ii) Human trials. Olestra has been studied in detoxifica-
tion of dioxin in human trials. Gesau et al. (75) fed olestra to
two subjects who had elevated levels of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). Five different dosing regi-
mens were used, and olestra ingestion ranged from 15 to 66
g/d. Fecal excretion of TCDD was markedly increased with
olestra consumption. In one patient the increase ranged from
3- to 10-fold above that prior to olestra consumption. In the
other patient the increase ranged from three- to eightfold, de-
pending on the specific regimen.

Moser and McLachlan (76) studied olestra in three healthy
volunteers with normal exposure to lipophilic pollutants.
Fecal excretion of dioxins, dibenzofurans, PCBs, and hexa-
chlorobenzene was measured after 8 d of ingestion of 25 g/d
of olestra. The excretion was compared with that of an initial
3-d control phase without olestra consumption. The excretion
during the olestra period was 1.5 to 11 times higher than that
during the control period, depending on the specific com-
pound. Excretion enhancement (the increase in a compound’s
excretion relative to its ingestion) increased for all com-
pounds during olestra ingestion. The authors also reported the
interesting observation that the excretion enhancement de-
creased as the octanol/water partition coefficient of the
lipophile of interest increased.

Mineral oil/hexadecane/squalane. Mineral oil is a cut of pe-
troleum distillates that is dominated by but not limited to long-
chain hydrocarbons, including hexadecane. Paraffin/paraffin
oil also includes long-chain hydrocarbon compounds. Squalane
is defined in an earlier section. These materials are poorly ab-
sorbed from the intestine and maintain an intestinal lipid phase
during gastrointestinal transit; however, partial absorption may
occur and has been implicated in histological lesions in the
liver and spleen (77,78). The absorption of trace amounts of
mineral oil and its components has not prevented its use as a
model lipid sink in elimination studies, but it raises issues rela-
tive to its use in long-term human therapy.

Richter (79) reviewed studies that intervened to change the
rate of fecal excretion of hexachlorobenzene and cited 12
studies that utilized mineral oil in changing the excretion of
hexachlorobenzene, hexachlorocyclohexane, pentachloro-
biphenyl, hexabromobiphenyl, chlordecone, mirex, and DDT.
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Significant enhancement of the rate of excretion was seen
with mineral oil in all but one of the cited studies. Five stud-
ies with squalane and four with hexadecane were also cited in
Richter’s review. Both compounds effected increases in the
excretion of hexachlorobenzene in the studies reviewed. The
review noted that hexadecane is partially absorbed and there-
fore is not suitable for consideration as a nonabsorbable lipid
for therapeutic purposes; there is also evidence for the accu-
mulation of dietary squalane in the liver of rodents (73,80).

Much of the work that was carried out with these poorly
absorbed oils was directed by K. Rozman and T. Rozman.
Table 3 summarizes the design and results from their studies
and from those of other investigators.

Mineral oil (paraffin oil) has been the subject of most stud-
ies of intervention in the metabolism of lipophilic toxins. The
data are clearly supportive of its interference with the reab-
sorption of lipophiles that enter the intestinal lumen via bile
or a nonbiliary mechanism. Although the possibility of ab-
sorption of mineral oil limits its applicability in humans, the
experiments with animals have demonstrated the validity of
an intervention that is based on interruption of enterohepatic
circulation of lipophiles.

Resins

Pharmaceutical cationic ion exchange resins have been used
to treat hypercholesterolemia by binding bile salts in the in-
testine and enhancing their excretion. Since these polymeric
resins are not absorbed, bind bile salts, and have lipophilic
backbones, they were considered as candidates for interven-
tion in the enterohepatic excretion of some lipophilic toxins.
The use of cholestyramine in people contaminated with
chlordecone in the study discussed below was the first effec-
tive detoxification of a lipophilic toxin that was stored in the
body (95).

Cholestyramine binds the pesticide chlordecone in vitro
and enhances its excretion in rats (96). Rats were given '*C-
chlordecone by stomach tube and after 7 d assigned to diets
containing cholestyramine or silica gel/cellulose (control).
Measurements of fecal excretion and tissue concentrations
ensued. The concentration in the liver was reduced by 39% in
the cholestyramine group relative to controls, in fat, by 30%),
and in the brain, by 50%. Significant increases in fecal excre-
tion and decreases in body burden were seen in the cho-
lestyramine group relative to the control group.

The reduction of chlordecone from human subjects with a
high body burden was reported by Cohn and colleagues (95).
Workers in a factory that manufactured chlordecone exhib-
ited symptoms of toxicity attributed to the pesticide. A dou-
ble-blinded trial of subjects who received either placebo or
24 g/d of cholestyramine was carried out. Cholestyramine in-
creased the fecal excretion by 3- to 18-fold. A significant re-
duction in the half-life of chlordecone (calculated from longi-
tudinal measurements of blood levels) was seen with
cholestyramine. Chlordecone excretion in the bile of a patient
fitted with a T-tube was 19 times faster than that in feces,
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TABLE 3
Studies with Mineral Oil, Squalane, or Hexadecane?
Study design Results Reference
Mineral oil and hexadecane were fed to rats and rhesus Hexadecane at a level of 5% in the diet increased '*C-HCB fecal ex- 60
monkeys that had been dosed with ['*Clhexachloroben- cretion 4- to 13-fold; mineral oil caused a six- to ninefold enhance-
zene (HCB). Fecal excretion and tissue levels of *C were ment. Blood and adipose tissue levels of '*C decreased with in-
measured. creased excretion.
Rats were dosed orally with ["*CIHCB and fed diets con- The half-life, calculated 35-38 d after discontinuation of the HCB 73
taining 8% squalane, paraffin oil, or sucrose polyester. diet, was reduced to approximately one-third of that of the control
Fecal excretion was monitored. group by all oils.
["CIHCB was dosed to rats in the diet. After 35 and 53 d, The fast and slow half-lives of elimination were reduced by 48 and 81
animals were sacrificed for analysis. Feces were analyzed. 77% by paraffin oil. There were reductions of HCB in all analyzed

tissues; fat concentration was reduced more than 80% by paraffin oil.
["“CIPCB (2,4,6,2",4"-pentachlorobiphenyl) was dosed The paraffin oil group excreted 54% of the dose, and the control ani- 82
orally to rats. A control diet was compared with a diet with  mals, 43%, during the 4 wk after discontinuation of the PCB-contain-
8% light paraffin oil. Feces were assayed. ing diet.
Rhesus monkeys were given mirex and then received a diet ~ Fecal excretion was increased 50% 1 mon after dosing; the increase 83
containing 5% mineral oil. was 400% 6 mon after dosing. The long-term effect was attributed to

“deep” storage in fatty tissue.
Rhesus monkeys were given 5% mineral oil after a dose of ~ Fecal excretion increased 175% with the addition of mineral oil to 84
2,4,5,2’,4",5"-hexabromobiphenyl. the diet.
Rats dosed with [*CIHCB were given hexadecane. The ef-  Bile duct ligation, dietary hexadecane, and the combination of all 85
fect of bile duct ligation was tested. treatments increased fecal excretion. The combination of treatments

was more effective than each alone.
Orally dosed ['*CIHCB in intestinal segments was mea- The data indicated that hexadecane increased excretion of HCB in 86
sured; the effect of hexadecane on HCB intestinal excretion  the colon.
in the segments was determined.
Rhesus monkeys were dosed orally with ['*C]HCB with Fecal excretion of HCB was raised fivefold by mineral oil. Urinary ex- 87
varying doses. Bile flow was diverted, and excretion was cretion was not altered by mineral oil.
measured in animals given diets with and without mineral
oil.
Rhesus monkeys were dosed orally with ['*CIDDT and Mineral oil doubled the excretion rate and halved the amount of ra- 88
given a diet with 5% mineral oil. Fecal excretion and adi- dioactivity in the adipose tissue.
pose tissue levels were assayed.
Hexadecane was injected into ligated intestinal segments Intestinal excretion increased in the order jejunum > ileum > cecum 89
of rats previously dosed with ['*CIHCB; the effect on in- and colon. The authors noted that high residency time makes the
testinal excretion was determined. colon an important site for interaction with hexadecane.
Sheep were fed ['*CIHCB and then given diets containing Treatment with hexadecane and mineral oil increased fecal excretion 90
5% mineral oil or 5% hexadecane. Fecal excretion and threefold. Reductions in adipose tissue corresponded to increases in
adipose stores were measured. excretion.
Lactating goats dosed with mirex were given 5% light min-  Fecal excretion of mirex from goats was increased by dietary mineral 91
eral oil. Fecal excretion, blood, and milk concentrations of ~ oil. There were no changes in concentrations in milk or blood during
mirex were measured. Mineral oil as 3% of the diet was the period of mineral oil consumption. Fecal DDE excretion from
fed to cattle that produced butterfat contaminated with cows increased with mineral oil consumption; milk concentrations
DDT. did not change with mineral oil treatment.
Rabbits and rats were dosed with ["*CIHCB and given a Half-lives were of HCB in the rat (24 d) and rabbit (32 d) were simi- 92
diet containing 5% hexadecane. lar. Hexadecane increased fecal excretion of HCB four- to fivefold.
Chickens with HCB or pentachlorophenol body burdens 5 wt% mineral oil in the diet reduced body burden to 36% of dose, 93
were given mineral oil, colestipol, and/or reduced caloric compared with 63% of dose with no treatment.
intake.
Heptachlor epoxide was given to mink. The effect of diet Rapid reduction of body burden occurred with control (ad /ib diet) 94

restriction with a diet containing 10% mineral oil was ob-
served.

animals; mineral oil and restricted diet did not accelerate the reduc-
tion relative to the control.

“DDE, 1,1-dichloro-2,2-bis(chlorophenyl)ethylene. For other abbreviations see Table 1.
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Table 4
The Use of Resins to Intervene in Toxic Lipophile Excretion?
Study design Results Reference
Rhesus monkeys were orally dosed with ["*CIHCB, and Cholestyramine did not increase the rate of fecal excretion above that 60
4% cholestyramine was added to the diet. Fecal excretion seen during a period without dietary cholestyramine.
of 1*C was measured.
['*CIDDT was given to gerbils, and the excretion was fol- A modest increase in excretion of radioactivity was observed with 74
lowed after diets with and without 4% cholestyramine. added cholestyramine.
Rhesus monkeys dosed with 2,4,5,2”,4’,5’-hexabromo- Fecal excretion of the PBB increased 50% with the addition of the 84
biphenyl (PBB) were given 4% cholestyramine in the diet. resin.
Chickens were fed HCB or pentachlorophenol and given Marked reductions in body burdens were seen for both compounds 93
colestipol with or without food restriction. with colestipol; greater reductions were seen when colestipol was

combined with food restriction.
Turkeys and chickens were orally administered ['*C]diel- Based on carcass analyses, the resins were generally ineffective inre- 97,98
drin and fed resins. ducing the dieldrin levels.
Rhesus monkeys dosed with ['*C]-pentachlorophenol Fecal excretion of radioactivity increased 9- to 14-fold with 99
were given a diet containing 4% cholestyramine; fecal ex-  cholestyramine in the diet.
cretion was monitored.
Rhesus monkeys were orally dosed with ['*C]penta- Fecal excretion of pentachlorophenol increased by as much as 40%. 100
chlorophenol and fed cholestyramine.
PBBs were fed to chickens. Colestipol was fed alone or in Colestipol alone had minimal effect but reduced body burden by 101
combination with a starvation regimen. 70% in 21 d in combination with starvation.
Patients exposed to PCBs and dibenzofurans were given In 4 of 6 patients there was no effect of cholestyramine. Fecal excre- 102,103
8-12 g/d cholestyramine for 24 wk. tion of PCBs increased by 36-46% in the other two.
Rats fed rice oil contaminated with PCBs and dioxins were ~ Cholestyramine alone enhanced excretion of some congeners by fac- 104
given 5% cholestyramine alone or in combination with tors of 1.3-3.3. Combinations with rice bran and squalane somewhat
squalane and rice bran. enhanced the excretion. Excretion of a heptachlorodibenzodioxin

congener was not affected by the resin.
Rats received PBB for 6 mon followed by normal diets for Cholestyramine did not reduce the levels of bromine in the tissues. 105

4 mon. Cholestyramine was included in the diet for 6
mon.

IFor abbreviations see Tables 1 and 3.

thereby indicating the existence of an enterohepatic circula-
tion of chlordecone.

Other trials that have studied cholestyramine and
colestipol (also a bile salt-binding cationic resin) are summa-
rized in Table 4.

Activated Carbon

Activated carbon, which is used as an adsorbent in treatment
of patients with acute poisoning, has also been studied as a
treatment for stored lipophilic toxins. The rationale for its use
is that of interference with enterohepatic circulation of com-
pounds that enter the intestine via biliary and nonbiliary
routes. The use of activated carbon in studies of lipophilic
toxin metabolism is summarized in Table 5.

Protoporphyrin

One study was carried out with dietary protoporphyrin and
hemin (108). The rationale for the use of these materials was
apparently based on expected low intestinal absorption of
protoporphyrin and hemin and predicted high adsorption of
lipophilic substances to these substances. Animals that were
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given the oil that contained polychlorinated dioxin and poly-
chlorinated dibenzofuran were subsequently provided a diet
that contained either 0.5% disodiumprotoporphyrin or 0.5%
hemin. The protoporphyrin group excreted 2.1 times the
amount of the toxins in feces relative to the control group.
The group that received hemin was not different from the con-
trol group.

Dietary Fibers/Indigestible Polysaccharides

As noted in Table 4, rice bran fiber in combination with
cholestyramine slightly increased the excretion of polychlori-
nated dibenzofuran congeners relative to cholestyramine
alone in rats with body burdens of these compounds (104).
The same study included comparisons of rice bran and other
fibers (burdock, corn, soybean) that were included in the diet
at a concentration of 10% by weight. All of the fibers signifi-
cantly increased the excretion of all measured dibenzofuran
and dioxin congeners except the 1,2,3,4,6,7,8-heptachloro-
dibenzodioxin relative to the control group. The effect of the
rice bran fiber was the greatest, with rates of excretion rang-
ing from 1.9 to 3.3 times that of the control group.

A comparison of the effects of some indigestible polysac-
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TABLE 5
The Use of Activated Carbon in Detoxification of Lipophiles
Study design Results Reference
3 patients with body burdens of chlordecone were given Excretion rate was increased by less than twofold by the carbon. 95
40 g/d of activated charcoal.
Turkeys and chickens were administered '*C-dieldrin Activated carbon had no effect on the rate of elimination. 96,98
orally and fed activated carbon.
Rats received PBB for 6 mon followed by normal diet for 4 Activated charcoal did not reduce the concentration of bromine in 105
mon. Activated charcoal was included in the diet for 6 tissues.
mon.
Activated carbon was fed as 5% of the diet with or after Activated carbon decreased DDT absorption but had no effect on 106
DDT exposure to rats and cows. rate of elimination.
Mice, rats, and guinea pigs were injected intraperitoneally Mortality was reduced from 93 to 53% in mice; 80 to 50% in rats; 64 107

or subcutaneously with 2,3,7,8-tetrachloro-p-dioxin and
given chow or chow plus charcoal.

to 29% in guinea pigs.

charides on the accumulation of pentachlorobenzene was per-
formed in rats (109). Rats were fed either cellulose (control),
sodium alginate, guar gum, or y-carrageenan at a level of 5
wt% of the diet. After 2 wk they were dosed orally with 20
mg of pentachlorobenzene, maintained with the experimental
diets for seven more days, and then sacrificed to assay tissues.
Body weight and adipose tissue mass (as percentage of body
weight) were significantly lower in each of the polysaccha-
ride groups relative to the control. The level of pen-
tachlorobenzene was lower in the livers, kidneys, and adipose
tissue of the animals that ate the polysaccharides relative to
the control group. Fecal excretion of pentachlorobenzene was
higher than that from control animals in the groups fed
sodium alginate and guar gum. The authors suggested that
lower adipose tissue mass seen in the polysaccharide groups
was in part responsible for the enhanced excretion of pen-
tachlorobenzene.

Amount and Type of Absorbable Dietary Fat

Contrasted with the studies of energy deprivation, Nakashima
et al. (34) studied the effect of a high-fat diet on the elimina-
tion of hexachlorobenzene in lactating rats. Pregnant rats fed
a high-fat diet transferred hexachlorobenzene more slowly in
milk to pups than those fed a low-fat diet. This observation
may reflect a reduced rate of mobilization of the adipose
stores in the high-fat fed mothers so that the stored hexa-
chlorobenzene also was transported more slowly.

In addition to the effects of nonabsorbable dietary fats,
there is evidence that the fatty acid composition of typical di-
etary fats may influence the metabolism of organochlorine
compounds. Umegaki reported that fish oil enhanced the me-
tabolism of pentachlorobenzene in rats relative to the effects
of lard or soybean oil (110). Fish oil not only enhanced the
levels of the principal metabolite of pentachlorobenzene, pen-
tachlorophenol but also reduced the concentration of pen-
tachlorobenzene in fat. The authors suggest that reduced ac-
cumulation of adipose tissue in the animals fed fish oil con-
tributed to its reduced accumulation.

Umegaki and Ikegami (111) studied the influence of di-

etary fatty acid on hexachlorobenzene metabolism. They re-
ported that relative to soybean oil, fish oil and lard in the diet
resulted in a lower total fat mass and higher concentrations of
hexachlorobenzene in the blood, liver, and brain. The animals
that received fish oil had higher urinary levels of pen-
tachlorophenol, a principal metabolite of hexachlorobenzene.
The authors concluded that fish oil increased cytochrome
P450 and accelerated hexachlorobenzene metabolism, there-
by increasing oxidation to more polar compounds (51).

The absorption of [*H]benzo(o)pyrene was measured in
rats that were fitted with bile and lymph duct cannulae and
fed 50 or 500 pmol of olive oil (35). There was no effect of
the level of dietary fat on the recovery of radioactivity in bile
and lymph. The results were consistent with rapid conversion
of benzo(a)pyrene to polar compounds in the enterocytes and
absorption via the portal vein rather than lymph.

CHANGES IN BODY FAT

Adipose tissue is the principal depot for accumulation of
many lipophilic toxins. Therefore, reduction in adipose tissue
stores (e.g., from weight loss) can release stored lipophilic
toxins into the circulation and expose other sites to them. The
following outcomes of this release are possible: storage in tis-
sues that are more affected than adipose tissue by the com-
pounds; increased metabolism resulting from increased up-
take by the liver; decrease in body burden; and combinations
of these events. Some studies of adipose tissue and weight re-
duction have examined excretion rates and tissue distribution.
There also have been studies in which weight reduction was
combined with use of nonabsorbable dietary lipids.

A suggestion of adipose tissue “protecting” more sensitive
targets from lipophilic toxins was presented by Geyer et al.
(112), who suggested that the toxicity of dioxin is inversely re-
lated to the amount of body fat in an animal. Based on the rela-
tionship between toxicity and body fat among and within
species, the authors concluded that body fat is a reservoir that
limits the exposure of target organs to toxic lipophiles. This kind
of relationship underscores the importance that changes in adi-
pose tissue mass might have on lipophilic toxin metabolism.
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Effects of Weight Loss on Elimination of Lipophiles
in Experimental Animals

The study by Davison and Sell (98) of dieldrin in chickens
cited in Table 4 included a regimen of severe starvation. The
authors observed significant increases in excretion and com-
plementary reductions in carcass levels of dieldrin with re-
duction in energy intake.

Mitjavila et al. (113) studied the effect of restricted food
intake on DDT metabolism in the rat. Animals received DDT
daily via intragastric gavage. They were then subjected to 3 d
of starvation followed by 14 d of a fat mobilization period
with a diet limited to 2.5 g food/d/rat. Tissue compositions
of DDT and DDE were assayed. The half-life of DDT was
calculated to be 5 d under these conditions, markedly less
than estimates of 2 mon from studies of ad libitum feeding.
Observation of the animals led the authors to conclude that
the rat liver is capable of metabolizing large quantities of
DDT that are mobilized by reduction of adipose stores of the
pesticide.

In the study by Polin et al. (93) (cited in Table 4) of chick-
ens with body burdens of hexachlorobenzene and pen-
tachlorophenol, the effect of reduction of food intake was
studied. Treatment with food restriction at 50% of ad libitum
intake reduced the body burden to 37% of the initial dose of
hexachlorophene, compared with a value of 63% for the ad
libitum diet control group. The analogous figures for pen-
tachlorophenol reduction were 25 and 70% of the dose, re-
spectively. Chickens that were fed 10 wt% colestipol or 10
wt% mineral oil showed a further reduction to 19% of the
original dose for each treatment.

As already noted in the summary of the study by Mutter
et al. (74), caloric deprivation with and without dietary
olestra in gerbils increased the rate of excretion of DDT/DDE.
This increase was approximately 50% above that from con-
trol animals that received an ad libitum diet when no other
treatment was included. The combination of dietary olestra
with caloric deprivation markedly increased the excretion rate
to approximately eight times that of the excretion from fed
control animals.

A combination of mineral oil and food restriction was
studied in the elimination of PBBs from chickens in the study
by Polin et al. cited in Table 4 (101). Both mineral oil and
food restriction treatments resulted in reductions in body bur-
dens greater than those seen in control animals at relatively
low doses of the PBBs (0.1 and 1.0 ppb in the diet). At higher
dose levels of PBBs, there were minimal effects in terms of
percent reduction.

Restricted caloric intake was ineffective in a study of rats
with a body burden of PBBs (105). The animals were fed a
mixture of PBBs for 6 mon followed by a diet free of PBBs
for 4 mon. Reduction in energy intake did not reduce the level
of PBBs in adipose tissue.

The study of an interesting lactation process was reported
by Polischuk and coworkers (114), who measured the con-
centration of chlorinated organic compounds in polar bears
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undergoing an extensive fast and lactating. They found that
the concentration of PCBs, chlordanes, and chlorobenzenes
in milk lipids increased markedly during the fasting period.
The concentrations of DDT and hexachlorocyclohexane did
not have a consistent pattern.

Effect of Weight Loss on Elimination in Humans

Two subjects who were part of the Biosphere 2 project near
Tucson, Arizona, participated in measurements of blood lev-
els of PCBs and DDE (115). In the conditions of a closed eco-
logical space and self-sufficient food supply, men and women
lost 18 and 10% of body weight during 2 yr, respectively, with
most of the loss in the first 6-9 mon. The blood concentra-
tions of the toxicants were reported to increase during the first
12-18 mon and then decrease. The initial increase is consis-
tent with the mobilization of adipose tissue, and the subse-
quent decrease may reflect reduced body stores.

The effect of modest weight loss on the concentration of
hexachlorobenzene and DDT in the breast milk of women
with relatively low levels of the contaminants was reported
(116). There was no change in the milk concentration of these
compounds with a mean weight loss of 4.1 kg.

Effect of Weight Loss on Tissue Distribution
in Experimental Animals

Dale et al. (117) studied the effect of caloric restriction in rats
that received 200 ppm DDT added to chow for the duration
of the study. One group was sacrificed after 90 d of ad libi-
tum feeding. A second group was sacrificed after a sequence
of 90 d of ad libitum followed by 10 d of 50% reduction in
normal energy intake. A third group followed the regimen of
90 d of ad libitum feeding, 10 d of 50% caloric deprivation,
and 40 d of ad libitum feeding. A fourth group followed a reg-
imen of ad libitum feeding for 140 d before sacrifice. The lev-
els of DDT and its metabolite DDE in tissues were measured.
The concentration of DDT and DDE increased in the tissue
and the lipid fractions of fat, brains, plasma, livers, and kid-
neys of animals that were energy-deprived at 100 d relative
to those sacrificed at 90 d. Although excretion of DDT and
metabolites increased during energy deprivation, the excre-
tion rate did not prevent the increase in concentration of DDT
and its metabolites in the examined tissues.

Findlay and deFreitas (118) studied the effect of lipid uti-
lization on the mobilization of DDT in pigeons. Homing pi-
geons were dosed with [14C]DDT in corn oil for 16 d. Some
of the birds were maintained at 6°C without food until they
had lost 18-20% of their body weight and then sacrificed. The
distribution of radioactivity among tissues was measured in
the birds and compared with that from a group that was not
stressed by the weight loss regimen. The total amount of DDT
in the fat in the stressed birds was reduced relative to the un-
stressed birds at all doses of DDT that were administered. The
concentration of DDT in the fat lipids was two- to threefold
higher in the stressed birds. The total DDT in breast muscle
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increased 172 to 262% in the stressed birds, and the concen-
tration increased 174 to 235%.

Weight loss in female rats that were dosed orally with
hexachlorobenzene and restricted to 30% of normal intake for
7 d resulted in a marked increase in hexachlorobenzene in all
tissues (119). The levels in the brain and liver were elevated
367 and 496%, respectively.

The effects of restricted feeding on pentachlorobenzene in
rats was reported by Umegaki ef al. (120). The animals that
were eating ad [ibitum or with intake restriction received a
single dose of pentachlorobenzene in soybean oil. Fecal ex-
cretion of dietary pentachlorobenzene was decreased by re-
striction of feed intake to 50 and 25% of ad libitum consump-
tion. Its accumulation in liver, brain, and fat was also reduced
by dietary restriction. The authors concluded that the reduced
level in these tissues was the result of increased metabolism
by the liver resulting from a decrease in adipose tissue mass
and mobilization of the compound.

A study of the effect of fasting on the estrogenic effect of
DDT and B-hexachlorocyclohexane was studied in mice
(121). The animals were injected with the the halogenated
compounds and then fasted for 2 d. Uterine weights of fasted
and fed animals were compared with those from animals in-
jected with vehicle (control animals). The uterine weights of
the animals injected with B-hexachlorocyclohexane were
greater than those from fed animals or from fasted control an-
imals. Fasting did not alter the estrogenic effect of DDT. The
authors concluded that lipolysis accompanying fasting re-
leases B-hexachlorocyclohexane with subsequent stimulation
of estrogen target tissues. The data indicated that DDT was
mobilized in a different manner.

There is evidence that energy restriction may make an ani-
mal more vulnerable to the toxic effects of lipopohiles. In rats
fed hexachlorobenzene, the restriction of energy intake to
50% of a control diet resulted in an increase in liver hypertro-
phy and hepatocyte foci (23).

DISCUSSION

Summary of Lipophilic Toxin Metabolism

The research discussed in the previous sections provides a
general view of the metabolism of toxic lipophiles. This view
is summarized in the diagram in Scheme 1. Oral ingestion is
the principal entry route for most of these compounds. Di-
etary fat, which facilitates the absorporption of lipophilic
xenobiotics, may act as a carrier for the compounds. They are
incorporated into chylomicrons, transported to peripheral tis-
sues and the liver, and may exchange with circulating lipopro-
teins. They are carried in the blood by lipoproteins. The way
that they are metabolized varies among the classes of com-
pounds and among the individual congeners within the
classes. Metabolism of very lipophilic compounds converts
them into more hydrophilic molecules such as glucuronides
or hydroxylated derivatives. Molecules that are very hy-
drophilic are excreted in urine whereas more lipophilic com-
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pounds are transported in bile. In addition, there is evidence
that lipophilic compounds that are excreted in feces may be
of nonbiliary origin. The nature of this excretory route is un-
clear, but presumably it results from the sloughing of intesti-
nal cells that accumulate lipophilic substances and/or from a
hypothetical secretion directly out of the cells. It is clear from
several studies that reabsorption of lipophilic compounds
from the intestine occurs with subsequent enterohepatic cir-
culation. It is also evident that enterohepatic circulation oc-
curs for compounds both of biliary origin and of nonbiliary
origin.

There is convincing evidence that many lipophilic xenobi-
otics and their more lipophilic metabolites are stored in adi-
pose tissue. Uptake by other tissues and organs also occurs,
in some cases resulting from induction of and affinity for en-
zyme systems such as aryldehydrogenase, and in other cases
from the lipid content of the tissue.

Lipophilic xenobiotics are mobilized from adipose tissue
when the adipose stores are depleted through reduction in en-
ergy intake. The fate of these mobilized molecules varies with
the compound and with other conditions, including interven-
tions. Some are taken up by other tissues and organs, includ-
ing muscle and brain. There is some evidence that toxic ef-
fects increase with the transport of compounds from adipose
tissue to more sensitive organs. Mobilization generally in-
creases biliary and nonbiliary transport into the intestine,
which in turn enhances fecal excretion and enterohepatic cir-
culation.

Mobilization of lipophiles from adipose stores accompa-
nies the transport of triacylglycerol from adipose tissue into
milk during lactation. Milk fat formed during lactation can
remove a large fraction of a body burden of many lipophilic
xenobiotics. There are obvious implications of this process
for the health of infants ingesting breast milk.

Summary of Interventions That Alter Storage
and Elimination of Lipophilic Toxins

Interventions that can potentially alter the storage and rates
of elimination of lipophilic toxins have generally been
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1302

directed toward interruption of their enterohepatic circulation.
Poorly absorbed materials that adsorb or dissolve lipophilic
compounds in the intestinal lumen can reduce absorption that
returns them into the circulation and tissues. Nonabsorbable
substances that bind lipophiles, such as lipids (olestra, min-
eral oil), fiber, resins, and activated carbon increase elimina-
tion rates in a number of studies, and these results are consis-
tent with interruption of enterohepatic circulation. Nonab-
sorbable lipids and activated carbon also reduce the initial
absorption of dietary lipophilic xenobiotics by the same
mechanism of adsorption/dissolution and fecal excretion.

Another approach has been the combination of substances
that reduce enterohepatic circulation with a reduction in body
fat stores. This combination has been more effective than sep-
arate regimens of weight loss or nonabsorbable binders of
lipophilic compounds. In addition, there is some evidence that
weight loss alone may cause redistribution of toxic com-
pounds to tissues that are more sensitive than adipose tissue.
Interruption of the enterohepatic circulation combined with
weight loss may reduce this undesirable effect of weight loss
alone.

To date there have been no studies of the effects of a high-
energy or high-fat diet in combination with substances that
interfere with enterohepatic circulation. This regimen could
potentially provide a safe method for reducing the body bur-
den of lipophilic xenobiotics by minimizing concentrations
in sensitive tissues. The observation by Nakashima er al. (34)
of a high-fat diet reducing excretion of hexachlorobenzene in
milk lends support to this approach.

Conclusions and Direction for Further Work

There have been numerous attempts to alter the storage and
elimination of lipophilic xenobiotics both in animal models
and in humans. It is clear that clinically significant changes in
elimination rates can be achieved by regimens that reduce the
enterohepatic circulation of toxic lipophiles and their metabo-
lites. There have not, however, been systematic approaches
that address the combination of regimens to optimize the con-
ditions for the safe and rapid elimination of stored toxic
lipophiles.

Many lipophilic substances are known to be toxic and/or
carcinogenic, have poorly understood or unknown “no-effect”
levels in humans, and are distributed widely in the environ-
ment and the biosphere. This scenario warrants continued ef-
forts to develop safe and achievable regimens for reducing
body burdens of toxic lipophiles.

In spite of the large amount of work on the elimination of
toxic lipophiles, there remain unaddressed areas that warrant
further research. An optimal regimen for toxic lipophile re-
moval from the body has not been systematically developed
to provide guidance for removal of toxins in situations of
acute and of chronic exposure. A better understanding of the
nature of nonbiliary excretion in the intestine may provide
new ways to control the rate of elimination of toxic lipophiles.
There have only been a few studies that have been directed to
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understand the effect of dietary regimens on the important
area of the transport of toxic lipophiles in milk. Since toxic
lipophiles are suspected to influence early childhood devel-
opment, there is a clear need to understand the relationships
of lactation, fat mobilization, and toxin transport. Given the
known detrimental effects of persistent toxic lipophiles and
their widespread distribution in the environment, there is a
need to gain better understanding of influences on their elimi-
nation from the human body, the top of the food chain for
lipophile accumulation.
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