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dust. However, if samples are collected where no application of DDT has
been made, identification of the origin of the vapour or measurement of the
distance it may have travelled is even more difficult than with dust.

Evidence that DDT in one form or another has travelled great distances
and is, in fact, worldwide in its distribution has been deduced from finding it
in the rainwater of remote, nonagricultural places (Tarrant & Tatton, 1968)
or in water melted from Antarctic snow (0.00004 mg/litre) (Peterle, 1969).
In such remote places as Eskdalemuir in Scotland and Lerwick in the
Shetland Islands, the average concentrations of p,p’-DDT in rainwater
(0.000030 and 0.000046 mg/litre, respectively) were not greatly different
from the averages (0.000018-0.000066 mg/litre) found in widely separated
agricultural areas, suggesting that the compound is rather evenly distributed
in the air (Tarrant & Tatton, 1968).

4.3 Distribution in Water

DDT has a strong tendency to adsorb on surfaces. Most DDT that enters
water is already firmly attached to soil particles, and remains attached. It
was shown very early that, if DDT does find its way into clear water, it is
gradually lost by adsorption on surfaces (Carollo, 1945). The sediments in
water tend to move downstream and eventually to enter estuaries. Of the
various chlorinated hydrocarbon insecticides, DDT and its metabolites are
the ones most commonly found, but the residues tend to be low (Butler,
1969). In fact, in an estuary associated with the Mississippi River, the levels
of pesticides decreased strikingly from the early 1960s to the late 1960s
(Roweet al., 1971).

4.4 Bioaccumulation of DDT and Its Degradation in the Environment

Many studies of DDT and related compounds in the environment have
focused on organisms and locations in which concentrations of DDT have

. been observed to increase. Concentration in living organisms may be the
result of adsorption from water, of the filtering out of algae or detritus
bearing the compound, or of biological magnification in the strict sense, that
is progressive accumulation in different steps of a food chain. Although the
mechanisms are poorly understood, observation has shown that residues do

i reach an equilibrium and sometimes decline. For example, where DDT was
\apphed to cotton at a cumulative rate of 11.2 kg/ha so that a residue of over
10 mg/kg in the soil would be expected after many years of continual use,
the actual residues ranged from 0.75 to 2.03 mg/kg (USDA, 1966). An
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example of decreased residues was seen in the grebes of Clear Lake
(Rudd & Herman, 1972).

Evidence is accumulating that the disintegration of DDT may be rapid in
some situations. Under biologically active, anaerobic conditions as little as
1% of DDT remained after 12 weeks of incubation (Hill & McCarty, 1967;
Guenzi & Beard, 1968). Probably more important is the disintegration of
DDT under the influence of ultraviolet light. Hartley (1969) pointed out that
much of any pesticide vapour escaping to 50 metres or more above the
ground will ascend even higher by eddy diffusion and eventually reach the
photochemically active ionosphere. The rapid destruction of DDT by ultra-
violet light under laboratory conditions has been demonstrated (Mosier et
al., 1969; Plimmer et al., 1970; Miller & Narang, 1970; Plimmer &
Klingebiel, 1973; Crosby & Moilanen, 1977). Gab et al. (1975, 1977)
offered evidence that DDT and DDE are converted to carbon dioxide and
hydrochloric acid; the destruction was so complete that they characterized
it as photomineralization. In spite of very real progress in understanding the
fate of DDT in the environment (see Annex), much more work will be
required before a quantitative balance can be measured between addition of
the compound and its disintegration.
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5. ENVIRONMENTAL EXPOSURE LEVELS

5.1 Exposure of the General Population

5.1.1 DDT in air

In spite of the generalization in section 4.2 that DDT is rather evenly
mixed in the air, some increase in concentration may be noted in connexion
with the time and place of application. The highest concentration of insecti-
cide found in the air of communities with anti-mosquito fogging programmes
was 0.0085 mg/m?® (Tabor. 1966). Concentrations one or two orders of
magnitude greater have been reported for several insecticides in the
breathing zone of orchard spraymen, and values of 1.2-0.26 mg/m* have
been found at distances of 500—5000 m from ground spraying (Belonozko
et al., 1967). In six small communities in an agricultural area in the USA,
DDT was found in concentrations ranging from 1 x 107 to 22 x 107¢
mg/m3 (Tabor, 1966). Substantially higher values (0.002-0.05 mg/m?) were
reported for centres of population in the USSR (Belonozko & Kucak,
1974). In an urban location in a generally nonagricultural area of the USA,
the highest concentration found was 2.36 x 10~ mg/m*® (Antommaria et
al., 1965). The combined concentrations of DDT, dieldrin, and lindane in
the Munich area of the Federal Republic of Germany in 1971 were even
lower, only exceptionally rising as high as | x 107¢ mg/m? (Weil et al.,
1973).

With few exceptions, the highest average concentration of DDT in air to
which workers are exposed regularly (7.1 mg/m? is that associated with
spraying the interior of houses (Wolfe et al, 1959). However, con-
centrations ranging from 2 to 104 mg/m?® have been reported in places
where DDT dust was prepared and packed (Medved’ et al., 1975).

5.1.2 DDT in water

Under agricultural conditions, the concentration of DDT in water may be
high. For example, 0.01 mg/litre was found in the runoff from melting snow
from fields where sugar-beets had been grown {Medved’ et al., 1975).

The highest level at which DDT has been found in rainwater in an urban

\ area during a period of a month is 0.0004 mg/litre (Abbott et al., 1965).
The highest concentration reported in potable water (0.02 mg/litre)
occurred some years ago (Middleton & Lichtenberg, 1960). In a much more

‘Yomprehensive study made a few years later, the highest concentration of
A%y insecticide was found (0.00012 mg/litre), but this was dieldrin and not
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DDT (Weaver et al., 1965). Many samples did not contain detectable
insecticide of any kind. A study of surface waters in the USA during the
years 1964—1968 indicated that the residues reached a peak in 1966 and
then dropped sharply in 1967 and 1968, in spite of improved analytical
methods. The highest value for a DDT-related compound in those years was
0.00084 mg/litre (Lichtenberg et al., 1970). By 1971, the concentration in
the Federal Republic of Germany was even lower, averaging 0.00001 “
mg/litre and never going as high as 0.001 mg/litre (Weil et al., 1973). The
average values for total DDT in drinking water in Czechoslovakia were
0.000011 and 0.000015 mg/litre in 1972 and 1973, respectively (Hruka &
Kocianova, 1975). DDT was not detected (<0.0000000166 mg/litre) in tap
water in a recent survey carried out in Ottawa, Canada (McNeil et al.,
1977).

5.1.3 DDT in food

Residues of DDT were measured as early as 1945 (before the compound
was available commercially) on apples to which it had been applied
experimentally for the control of the coddling moth (Harman, 1946).
Apparently, the earliest effort to learn how much DDT the average man
obtains from his daily food was that of Walker et al. (1954), who reported
that the amount of insecticide in restaurant meals in Wenatchee,
Washington, USA indicated an average intake of 0.184 and 0.102 mg/man
per day for DDT and DDE, respectively. Soon, other studies revealed
similar levels of DDT intake for persons who ate an ordinary range of foods
but who lived in different parts of USA (Hayes et al., 1956; Durham et al.,
1965b). Most of the DDT was in food of animal origin, and persons who
abstained from eating meat but obtained the food they ate from regular,
commercial sources received an average of only 0.041 and 0.027 mg/man
per day of DDT and DDE, respectively (Haynes et al, 1958). The
difference did not depend, however, on meat per se, for no DDT and only
traces of DDE were found in the meat and other products obtained from
Arctic wildlife that constituted much of the diet of Eskimos (Durham et al.,
1961).

Following restrictions on the application of DDT to livestock, to their
barns, and to the forage crops on which they fed, there was a gradual
decrease in residues in animal products used as human foods. Restrictions
on the use of DDT on crops eaten directly by man resulted in reduced /
residues in vegetable foods. Complete meals collected mainly from the same
restaurants in Wenatchee and analysed in the same laboratory indicate '
that, by 1964, DDT intake was only 0.038 mg/man per day (Durham et a
196 5b) compared with 0.184 mg/man per day reported by Walker et al.,
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years earlier. Thus, intake had been reduced to less than one-fourth. A
further reduction to about one-eighth of the 1953—54 values was indicated
by the nationwide study by the US Food and Drug Administration, usually
called the Market Basket Survey. Intakes of DDT indicated by this study
for the succeeding years 1965-70, were 0.031, 0.041, 0.026, 0.019, 0.016,
and 0.015 mg/man per day, respectively (Duggan & Weatherwax, 1967;
Duggan, 1968; Duggan & Lipscomb, 1969; Duggan & Corneliusen, 1972).

The widespread shipment of food in the USA tends to explain the fact
that food residues are generally similar in different parts of the country.
However, small differences do exist and may be accounted for by the fact
that, on average, meat is not shipped as far as vegetables. Much of the feed
for livestock is produced on the same farm or at least in the same area in
which the animals are raised. Whatever the reason, the coefficients of
correlation between latitude and human intake were —0.63 and —0.59 for
the sampling periods 1966—67 and 1967—68, respectively (Hayes, 1975).

Early studies (Swackhamer, 1965) indicated that both the frequency and
concentration of residues were slightly less in Canada than in the USA.
More recent studies in Canada similar to the Market Basket Survey
indicated total DDT dietary intakes of 0.018, 0.011, 0.011, 0.007 and 0.007
mg/man per day for the years 1969 to 1973, respectively (Smith, 1971;
Smith et al., 1972, 1973, 1975).

The analysis of whole meals collected in south-east England during 1965
and 1966 gave results similar to those obtained during the same period in
the USA; the calculated daily intakes in England were 0.030 and 0.025
mg/man per day for DDT and DDE, respectively (McGill & Robinson,
1968).

There may be considerable differences in intake in different parts of the
same country. Hruska & Kocianova (1975) reported that the average intake
of DDT plus DDE in 1972 was 0.002 mg/man per day in southern Bohemia
and was 0.099 mg/man per day in Slovakia. Striking differences may exist
between urban and rural areas (Almeida et al., 1975).

Values for total DDT-related compounds in regular food in the USSR are
not available, but the separate values for DDT and DDE in daily diets from
different regions shown in Table 3 suggest that the total may be higher than
in the UK and USA and that the amount of DDE may exceed the amount
of DDT. Both high total values and an unusually high proportion of DDE
would be consistent with extremely high total values a few years earlier and
recent discontinuation of the use of DDT. In fact, in the Soviet Union, DDT
has been eliminated from the list of pesticides recommended for use in
agriculture since 1970. During the period 196669, 0.8% of food samples
contained residues as high as 5.1 mg/kg, and 4.2% contained residues over
1.0 mg/kg.
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Although total intake of DDT from food has not been measured in some
parts of the world, worldwide measurements of storage of DDT and its
metabolites in human body fat indicate that the extremes of total exposure
have varied by a factor of about 10, but that total exposure for most
populations has varied by a factor of no more than 3 (see Table 9).

It is important to note that local practice may result in high residues in the
food of one or more families even though residues are low in commercially
produced food available in the same area. Thus Durham et al. (1965b)
reported that the average DDT intake from household meals in Wenatchee
was 0.314 mg/man per day at the same time that restaurant meals in that
town contributed only 0.038 mg/man per day. The difference was largely
the result of very high residues in some eggs eaten by local families; the
chickens foraged near orchards, which had been treated with DDT. The
restaurants used commercially available eggs and not those produced
locally. In a similar way, practices peculiar to one country may account for
high residues in some of their food. For example, very high residues of DDT
were reported in some samples of staple foods in India (Sharangapani &
Pingale, 1954). Dale et al. (1965) suggested that the high levels of DDT that
they found in some Indians might be the result of direct addition of the
compound to staple food to prevent insect infestation, even though the
practice did not have government approval.

5.1.4 Miscellaneous sources

It has been suggested that there is a positive correlation between the use
of household insecticides and the concentration of DDT in house dust, on
the one hand, and the storage of DDT in people on the other (Deichmann &
Radomski, 1968; Radomski et al.,, 1968; Davies et al., 1969b, 1975,
Edmundson et al., 1970b). However, another study of dust in 16 urban
households, 4 farm households, and 8 households in which at least one
member was a pesticide formulator, failed to reveal a statistically significant
correlation between the levels of various pesticides in dust and in the serum
of people living in the homes. There were striking individual examples of
workers whose homes contained high concentrations of the compounds they
used professionally and other examples in which there was circumstantial
evidence relating household dust residues to body burden (Starr et al.,
1974).

There can be no doubt that insecticides used in the household or
introduced on the clothing of workers are important sources of intake of
DDT in some instances. It is not clear whether the relevant absorption
involves mainly the inhalation of dust, the contamination of food within the
home, or even dermal absorption.
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Table 3. Residues of DDT and DDE in daily cooked diets from different areas of the USSR during
1971/722

Area No. of Range of residues of

daily

diets DDT DDE

examined (mg/diet)? (mg/diet)®
North 121 0.00006-0.0103 0.0001-0.0093
West 191 traces—0.094 traces—0.039
South-east 62 traces—0.15 traces—0.330
South | 184 0.02-0.260 0.020-0.5
South Il 51 traces—0.052 traces-0.132

4 From: Medved' et al. {1975).
b Equivalent to mg/man per day.

5.1.5 Relative importance of different sources

It has been estimated (Campbell et al., 1965) that over 90% of the DDT
stored in the general population is derived from food. About 1965, intake in
the USA was approximately 0.04 mg/man per day from food, less than
0.000046 mg/man per day from water, less than 0.00006 mg/man per day
from urban air and less than 0.0005 mg/man per day from air in small
agricultural communities. The reason for the qualification “less than” is that
the intakes were calculated from the highest concentrations reported in
drinking-water and air because no average values were established.

Other investigators (Durham et al., 1965b; Morgan & Roan, 1970;
Medved’ et al., 1975) concluded independently that ordinary food is the
major source of DDT and related compounds for the general population.
Intake from ordinary food is a base to which other kinds of intake—includ-
ing that from exceptional food—may be added. An example of such an
addition—eating eggs from chickens allowed to run loose in DDT-treated
orchards has already been discussed in section 5.1.3.

5.2 Exposure of Infants and Young Children

Babies tend to be born with slightly lower blood levels of DDT than are
found in their mothers (O’Leary et al., 1970b; Schvartsman et al., 1974,

see also
but not

section 6.2.2). This simply indicates that the placenta excludes some
all of the DDT available to it. During the first 10 or 15 years of life,

DDT storage levels rise to the adult population level (Hayes et al., 1958;
Hunter et al., 1963; Wassermann et al., 1965, 1967; Robinson et al., 1965;
Davies et al., 1968, 1969a; Watson et al., 1970).

It has been known for a long time that human milk may contain a higher
concentration of DDT than cow’s milk in the same country (Egan et al.,
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1965; Quinby et al., 1965b; Ritcey et al., 1972; Olszyna-Marzys et al.,
1973). So far, there is no evidence that this small difference is of any
significance for breast-fed compared with bottle-fed babies. This is even true
in places where the concentration of DDT in human milk is comparatively
high (see section 6.3.1.4).

On the average, the incidence and levels of residues in commercially
prepared food for babies in the USA are lower than those in raw agricultural
products, other processed foods, or samples examined in the Market Basket
Survey (Lipscomb, 1968).

The only DDT exposures of infants that are known to have injured them
in any way are those involving direct access to formulations that they ate or
drank. Such tragic accidents often involved formulations transferred to
unlabelled food or beverage containers. Frequently, the container was left
where a child could reach it easily. Occasionally, formulations have been
stored with food or have even been handed to a child as food, or “empty”
containers that still contain enough formulation to kill a child have been
carelessly discarded (Hayes, 1975, 1976a).

5.3 Occupational Exposure

In general, annual exposure to DDT is greatest among manufacturers
and formulators, moderate, among those applying it for agricultural
purposes, less among the general population, and least among special
groups whose location or practices minimize their exposure. However, for
brief intervals the exposure during agricultural application may exceed
anything that good industrial practice permits. This distinction is of great
importance in connexion with the more toxic organic phosphorus
compounds, a single heavy exposure to which may result in poisoning, but is
of no known importance in connexion with DDT, the acute toxicity of
which is much less. However DDT has a greater tendency to storage in the
body.

Occupational exposure to DDT is reflected quantitatively by the
concentration of DDT and DDE in blood and fat and by the concentration
of DDA in urine. These aspects of occupational exposure are considered
later. This section outlines measurements that have been made of the actual
degree of exposure under different circumstances.

The most striking result is that the occupational exposure through areas
of skin that are frequently unclothed (face, hands, forearms, neck, and “V”
of chest) is far greater than total respiratory exposure. Results for DDT are
shown in Table 4 (based on measurements made by methods described by
Durham & Wolfe (1962, 1963)). If a workman has bare feet or legs or does
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Table 4. Measured respiratory and dermal exposure of workers to DDT under actual conditions

of work
Activity Respiratory Dermat Reference
{mg/kg) {mg/kg)
Indoor house spraying 3.44 1755 Wolfe etal., 1959
Outdoor house spraying 0.1 243 Wolfe etal., 1959
Spraying forests 4-920 2120 Wassermann et al., 1960

? Measurement by respirator pad technigque.
5 Calculated from values given in the original paper.

not wear a shirt, the contrast between respiratory and dermal exposure will
be even greater than that shown in Table 4 which is based on “standard”
clothing.

It has been reported that DDT and a number of other pesticides persist,
for days or even years after last use, on the hands of workers exposed to
them and that at least a part of the material can be removed for analysis by
rinsing the hands in hexane. Evidence that the residues represented
unabsorbed pesticides and not excretion of stored material included the fact
that no correlation was found between residues on the hands and in the sera
of individuals and that no residues could be found on the hands of a farmer
who used rubberized gloves while working with pesticides and who washed
afterwards with strong cleansing agents (Kazen et al., 1974). The fact that
urinary excretion of DDA may be increased for several days after a single
occupational exposure to DDT (Wolfe et al., 1970) is evidence that
absorption continues for a week or so but not for longer periods.
Furthermore, Wolfe et al. (1970) found that the rate of excretion, even when
detectable, was small compared to the excretion of parathion metabolite in
workers exposed simultaneously to DDT and parathion at a ratio of 1.0 to
0.25. This emphasizes the minimal dermal absorption of DDT.
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6. METABOLISM OF DDT

6.1 Uptake

6.1.1 Uptake by inhalation

Most DDT dust is of such large particle size (=250 um) that any that is
inhaled is deposited in the upper respiratory tract and is eventually
swallowed (Hayes, 1975). Toxicity data indicate that respiratory exposure is
of no special importance.

6.1.2 Uptake from the gastrointestinal tract

A review of the early literature indicates that absorption of DDT from the
gastrointestinal tract is slow. Whereas intravenous injection at the rate of 50
mg/kg produces convulsions in rats in 20 min, convulsions occur only after
2 h when DDT is administered orally at two or more times the LDy,
value. The onset of convulsions is delayed for about 6 h when DDT is given
to rats orally at approximately the LD, value (Dale et al., 1963).

Early studies based on toxicity indicated that DDT, dissolved in animal
or vegetable fats. was absorbed from the gastrointestinal tract about 1.5 to
10 times more effectively than undissolved DDT. There was also evidence
that large doses of the compound in the gastrointestinal tract were poorly
absorbed from nonabsorbable solvent (Hayes, 1959). However, in connex-
ion with small repeated doses, the presence or kind of solvent made little
difference; apparently the occurrence of bile in the intestine and the presence
of some fat in the diet were sufficient to promote absorption of the
compound. At high dosage levels, less 1*C-DDT was absorbed and stored in
organs and a higher proportion was excreted in the faeces following oral
administration than after intraperitoneal administration (40% versus 0.9%)
(Bishara et al., 1972b).

Rothe et al. (1957) reported that after giving radioactive DDT to rats by
stomach tube, 41-57% of it was recorded in lymph drained from the animal
by means of a cannula. Less than 0.1% of the activity was found in the urine,
7.4-37.1% was found in the faeces or in the intestinal contents when the
animals were killed, and 19%-67% of the activity was found in the carcass.
The total dose accounted for analytically varied from 89% to 118%, thus
recovery was complete within the accuracy of the method. Of the
administered DDT not found in faeces and intestinal contents, 47%—65%
was found in the lymph. The animals that withstood the operation best had
peak lymph flows of nearly 6 ml/h. In these animals, DDT was absorbed at
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rates as high “as 381 ug/h; the rate of absorption reached a maximum within
2-3 h of iritubation and was markedly reduced by the fourth hour. Fifty per
cent of #’he DDT-derived material found in the lymph was absorbed in the
first 2..5-7 h, and 95% was absorbed within 18 h. Because the lymphatic
dust in the rat is not a single vessel, Rothe et al. (1957) were unable to

- exclude the possibility that some, or all, of the DDT that they later
recovered from the carcasses of their animals had been transported to the
general circulation by collateral lymph vessels rather than by the
hepatoportal system. Thus, at least half, and perhaps all absorption of DDT
is by way of the lymph. However, in studies on rats by Heath & Vandekor
(1964), only a small proportion of dieldrin was absorbed by the lymph. The
reason for the marked difference in the absorption of those organochlorine
insecticides is unknown.

6.1.3 Uptake from the skin

Undissolved DDT is so poorly absorbed through the skin that its toxicity
by this route is difficult to measure. Even dissolved DDT is poorly absorbed
by the skin as indicated by low toxicity (see Table 5).

Table 5. Acute oral and dermal LD, of DDT for animals?®

Species Formulation Oral Dermal
(mg/kg) {(mg/kg)
Rat Water suspension or powder 500-2500 1 000 000
Qil solution 113-450 250-~3000
Mouse Water suspension or powder 300-1600 375 000
Oil solution 100-800 250-500
Guineapig Water suspension or powder 2000 1 500 000
Oil solution 250-560 1000
Rabbit Water suspension or powder 275 375 000
Qil solution 300-1770 300-2820
Cat Water suspension or powder
Qil solution 100-410
Dog Water suspension or powder
Oil solution >300

2 From: Hayes (1959).

6.2 Distribution and Storage

6.2.1 Human studies

6.2.1.1 Studies of volunteers

In a study of volunteers who received technical DDT at rates of 0, 3.5,
and 35 mg/man per day, the average intakes resulting from dosing and from
traces of DDT in food were 0.0025, 0.05, and 0.5 mg/kg per day (Hayes et
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al,, 1956). The storage of DDT was proportional to dosage, buit there was
an unexplained difference in the storage of the p,p'-isomer and 0. technical
DDT. For example, following dosing for 12 months, pure p,p'-D.DT was
stored in fat at an average concentration of 340 mg/kg, but the su:m of
isomers from technical material was stored at an average of only 234
mg/kg. The difference was statistically significant for the 3.5 mg/man per
day dosages given for 3—6 and for 7-18 months. The difference was
significant for the 35 mg/man per day doses after 7-18 months of dosing
but not after only 3—-6 months.

Men who ate p,p’-DDT showed a definite increase in the absolute amount
of DDE stored. After 6 months at a dosage of 35 mg/man per day, 8 men
showed an average concentration of DDE stored in fat of 33 mg/kg
compared with 12 mg/kg for the same individuals at the beginning of the
investigation. There was a further increase in DDE storage as exposure
progressed. However, DDT was stored in so much greater concentration
that the relative storage of DDE decreased sharply. Thus, after 6 months at
a dosage of 35 mg/man per day, 8 men stored only 14% of their total DDT-
derived material in the form of DDE compared with 65% for the same
person at the beginning of the investigation.

The storage of DDE by men who ate technical DDT presented a different
picture. Until 18 months after exposure, there was no clear evidence that
these men stored any more DDE after exposure than they did before.
However, at 18 months, the only 3 samples available showed DDE
concentrations ranging from 28 to 85 mg/kg, all substantially above general
population levels. Thus, both the total amount stored and the rate at which
DDT converted to DDE served to distinguish the metabolism of p,p’-DDT
and the sum of isomers present in technical DDT in man (Hayes et al.,
1956). A more rapid excretion was demonstrated for o,p’-DDT by Morgan
& Roan (1972).

In a second study (Hayes et al., 1971), volunteers received the same
doses used in the first study. Again, storage of DDT was proportional to
dosage. Although, in this instance also, the storage of technical DDT was
less than that of p,p'-DDT, the difference was not statistically significant.
The real but very gradual accumulation of DDE was confirmed.

A steady state of storage was approached later in the second study
(18.8-21.5 months) than in the earlier one (about 12 months). However,
although the second study was superior in that more men were studied for a
longer period, it was inferior in that dosage was less regular. Because of this,
it seems impossible to decide whether 12 months or 21.5 months is a more
valid estimate of the time necessary for people to approach a steady state of
storage when intake is uninterrupted and unvarying in amount. It is
interesting that the storage levels eventually reached at the same dosage in
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the 2 studies were statistically indistinguishable in most instances (see Table
6). In the one instance in which a statistical difference existed, the greater
storage by men in the second study may have been explained by the fact
that some of them inadvertently received higher doses than intended.

There was a slow decrease in the levels of fat-stored DDT after dosing
ceased. The concentration remaining following 25.5 months of recovery was
from 32% to 35% of the maximum stored for those who had received 35
mg/man per day but 66% for those who had received only 3.5 mg/man per
day, indicating slower loss at lower storage levels (Hayes et al., 1971).

Morgan & Roan (1971) fed volunteers not only technical DDT but also
p,p'-DDE and p,p'-TDE. They found that DDE was stored more
tenaciously than the other compounds in man, the order being p,p’-DDE >
p,p'-DDT > 0,p'-DDT > p,p'-TDE. The slow metabolism of DDT to DDE
was confirmed. It was noted that p,p’-DDT was lost from storage in adipose
tissue much more slowly in man than in the monkey, dog, or rat.

Less than 18% of p,p’-DDT and p,p'-DDE is carried in human
erythrocytes. In plasma of ordinary fat content, less than 1% of all DDT-
related compounds is carried by the chylomicrons. Instead, these com-
pounds are carried by proteins and are undetectable in plasma from which
protein has been precipitated. Following ultracentrifuging, p,p’-DDT and
p,p'-DDE are found mainly in the triglyceride-rich, low density, and very
low density lipoproteins. Following continuous electrophoresis, these
compounds are found mainly in association with plasma albumin and o-
globulins (Morgan et al., 1972).

6.2.1.2  Studies of occupationally exposed workers

The highest reported storage of DDT and related compounds remains
that of a healthy worker whose fat contained DDT and DDE (as DDT) at
concentrations of 648 and 483 mg/kg, respectively (Hayes et al., 1956).
Laws et al. (1967) reported considerably lower storage values among the
most exposed persons in a DDT manufacturing plant (see Table 7).

Table 6. Storage of DDT in volunteers

Type of DDT Added Concentration of DDT? Significance

dosage First study? Second study® of difference

(mg/man 11 months or more 21.5 months (P)

per day) {mg/kg) (mg/kg)
Technical 0 8-17(12.5 + 4.5) 16-30(22.0 +2.9) >0.1

3.5 26-33(23.8 + 1.4) 59--76 (50.2 + 5.6) <0.025

35 101-367 (234 + 21.4) 105-619 (281 +79.5) >04

Recrystallized 35 216-466 (340 + 36.4) 129-659 (325 + 62.2) >0.2

?Range, mean, and standard error,

5Hayes et al., 1956.
¢ Hayesetal., 1971.
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An important point evident from the table is that, whereas almost all
investigations of workers are said to have been carried out on “heavily
exposed” populations, some of the groups studied had absorbed little more
DDT than is absorbed by the general population—especially the general
population of some tropical countries.

A different situation is indicated in a report by Genina et al. (1969) who
used a total chloride method to analyse samples of blood from controls and
from persons with occupational exposure to DDT, polychloropinene, and
HCH. Whereas the highest average concentration of total DDT-related
material per se in the serum of a worker in the USA was 2.7 mg/litre (Laws
et al., 1967), Genina et al. (1969) reported organochlorine compounds as
high as 38.4 mg/litre in the blood of a pilot and values as high as 195 mg/
litre in the blood of warehousemen. This concentration is about 20 times the
highest value found by the same authors in their control group (see Table 8).
The factor of 20 is not remarkable, but (especially in view of the fact that
polychloropinene and HCH are excreted more readily than DDT and DDE)
values as high as 0.2 mg/litre in the controls are unexpected.

Table 8. Percentage of workers with blood organochlorine compound content falling in certain
ranges of concentration?

Subject group Range of concentrations
o] 0.2-0.9 1.0-3.0 4-9 10-50 50
(mg/litre)  (mg/litre)  (mg/litre)  (mg/litre) (mg/litre) {mg/litre)
Control group {47} 21.3 44.7 23.4 10.6 0 [}
Pilots (134)
group A 19.1 35.3 25.0 14.7 59 (0]
group B 22.9 271 40.6 7.4 2.0 (0]
Technicians {133)
group A 26.2 16.4 39.3 8.2 9.9 o]
group B 39.4 31.2 25.7 3.7 0 0
Agricultural workers 13.0 43.5 31.0 7.0 2.0 3.5
(55)

2From: Genina et al. {1969).
NB: Group A gives the results of investigations at the time of work, group B before work or a few
months after termination. Agricultural workers were studied only during work.

The first evidence that a part of the DDT absorbed by man is metabolized
to DDE was obtained from the analysis of fat from a DDT plant worker
(Mattson et al., 1953).

6.2.1.3  Studies of the general population

DDT in fat. Table 9 summarizes the results of measurements of DDT
and related materials in the body fat of people without occupational
exposure. Several broad generalizations can be made from the table and
from what is known about residues of DDT in food in different countries.
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Table 9. Concentration of DDT-derived material in body fat of the general population

Country Year No. of Method of DDT? DDE as Totalas DDEas Reference
samples analysis {mg/kg) DDT DDT DDT
tmg/kg)  (mg/kg) (% of
total}

North America

Canada 1959-1960 62 colour 1.8 3.3 4.9 67 Read & McKinley, 1961

Canada 1966 47 GLCband ELC  1.09 2.96 4.39 67 Brown, 1967

Canada 1967-1968 51 GLC 1.56 416 5.86 71 Kadis et al., 1970

Canada 1969 4.85 Ritcey et al., 1973

Canada GLC 5.83 Brown & Chow, 1975

USA 1942 10 colour ND¢ ND°® ND¢ Hayes et al., 1958

USA 1950 75 colour 5.3 — 53 — Laug et al., 1951

USA 1955 49 colour 7.4 12.5 19.9 83 Hayes et at., 1956

USA 1954-1966 61 colour 4.9 6.8 11.7 58 Hayes et al., 1958

USA 1956 36 colour 5.5 10.1 156 85 Hayes etal., 1971

USA 1961-1962 130 colour 4.0 8.7 12.7 69 Quinby et al., 1965a

usa 1961-1962 28¢  GLC 2.4 43 6.7 64 Dale & Quinby, 1963

USA 1962-1963 282 GLC 29 8.2 114 74 Hoffman et al., 1964

USA 1964 64 GLC 2.5 5.4 7.6 67 Zavon et al., 1965

USA 1964 25 GLC 2.3 8.0 103 77 Hayes et al., 1965

USA 1964-1965 18 GLC 9.0 Schafer & Campbell, 1966

USA 1964-1965 42 GLC 34 7.5 106 71 Radomski et at., 1968

USA 1962-1966 994 GLC 26 7.8 10.4 75 Hoffman et al., 1967

USA 1964-1965 12 GLC 3.79 7.7 115 67 Davies et al., 1965

USA 1965-1967 17 GLC 3.1 55 56 Davies et al., 1968

USA 90 GLC 6.1 8.4 73 Davies et al., 1563

USA 17 GLC 4.6 7.8 59 Davies etal., 1968

USA 35 GLC 12.0 16.7 72 Davies et al.,, 1968

USA — 42 GLC 3.13¢ 7.43 10.56 70 Fiserova-Bergerova et al.,
1967

USA — 30¢ GLC 1.33 5.17 6.51 79 Casarettet at., 1968

USA 29/ GLC 1.35 4.91 6.31 78 Casarettet al., 1968

USA 309 GLC 1.16 4.99 6.17 81 Casarettet al., 1968

USA 1966-1968 70 GLC 1.54 5.15 6.69 77 Morgan & Roan, 1870

USA 1967 733 GLC 1.34 474 6.22 77 Yobs, 1969 (unpublished
data}

USA 1968 3104 GLC 1.56 5.96 7.67 77 Yobs, 1969 {unpublished
data)

USA 1967-1971 103 GLC 1.5 5.6 71 79 Warnick, 1372

USA 1970 200 GLC 1.9 8.0 9.9 81 Wyllie etal., 1972

USA 1969-1972 221 2318 Burns, 1874

USA 1870 1412 7.87h.1 Kutzetal, 1974

South America

Argentina 1967 37 GLC 55 6.5 132 — Wassermann et al., 1968b

Brazil 1969-1970 38 GLC 1.4 2.7 4.1 Wassermann et al., 1972b

Venezuela 1964 38 GLC 2.9 7.4 103 72 Date, 1971 (unpublished data)

Europe

Austria 6.33 Pesendorfer etal., 1973

Belgium 20 GLC 1.2 2.1 3.3 64 Maes & Heyndrickx, 1966

Bulgaria 55 GLC 3.8 5.8 10.6” 57 Kaloyanova et al., 1972

Bulgaria 1971-1978 191 GLC 147 78 Rizov, 1977

Czechoslovakia 1963-1964 229 colour 5.5 a1 9.6 43 Halacka et al., 1365

Denmark 1965 18 GLC 0.6 2.7 3.3 82 Weihe, 1966

Denmark 1972-1973 78 GLC 4.1 4.7 87 Kraut & Karloq, 1976

Fintand 1972-1974 73 GLC 25 Hattula etal., 1976

France 1961 10 colour 1.7 3.5 5.2 87 Hayes etal., 1963

German Democratic 1966.-1967 100 GLCandTLC 3.7 9.47 131 7 Engstetal., 1967

Republic

German Democratic 34/ 1.8 5.1 6.9 Engst et al., 1970

Republic

Germany, Federal 1958-1959 60 colour 1.0 1.3 23 57 Maier-Bode, 1960

Republic of

Germany, Federal 1970 20 GLC 1.1 25 3.6 69 Acker & Schulte, 1970

Republic of

Germany, Federal 9.8 Acker & Schulte, 1971

Republic of

Germany, Federal 4.24 Acker & Schulte, 1974

Republic of

Germany., Federal 477 Acker & Schulte, 1974

Republic of

Germany, Federal 5.42 Acker & Schulte, 1974

Republic of

Germany, Federal 8.36 Acker & Schulte, 1974

Republic of

Germany, Federal 7.8 Acker & Schulte, 1974

Republic of

Hungary 1960 48 colour 5.7 6.0 12.4 48 Denés, 1962
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Table 9—continued

Country Year No. of Method of DDT? DDEas Totalas DDEas Reference
samples analysis tmg/kg) DDT DDT DDT
(mg/kg)  (mg/kg)  {% of
total)

ltaly 1965 9 GLC 1.8 3.2 5.0 63 Kanitz & Castelio. 1966
ttaly 1965-1966 18 GLC 2.58 8.28 10.86 76 Paccagnella et al, 1967
Italy 1966 22 GLC and TLC  4.69 10.69 1548 68 Del Vecchio & Leoni, 1967
Italy 19707 31 GLC 338 13.37 16.75 80 Prati & Del Dat, 1971
Italy 19707 52 GLC 2.14° 8.46¢ 10.60% 80 Prati et al.. 1972 ad
italy 19707 33 GLC 0.842 6647 7.48° 89 Pratietal., 1972
Netherlands 1964 20 colour 1.6 6.1 7.7 79 Wit, 1964
Netherlands — 1 GLC 0.32 1.89 2.22 86 deVleiger et al., 1968
Narway 56 GLC 3.2 71 Bjerk, 1872
Poland 1965 72 colour 13.4 Bronisz et al.. 1967
Poland 65 colour 235 62 Bronisz et al.. 1969
Paland 1970 70 GLC 1.4 Juszkiewicz & Stec, 1971
Poland 1972 15 GLC 523 68 Bojanowskaet al., 1973
Romania 1965 137 — 13.4 B3 217 39 Aizicovici et al., 1968
Romania 1972-1973 GLC 0.68 1.73 2.41 71 Ciupe, 1976
Spain 1966 a1 s 65 9.2 15.7 59 Unpublished data cited by

Wassermann et al., 1968
Switzerland 1.9-16.3 Zimmerli & Marek, 1973
United Kingdom 1961-1962 131 colour — — 22 — Hunter etal., 1963
United Kingdom 1963-1964 66 GLC 11 22 3.3” 67 Egan et al.. 1965
United Kingdom 1964 100 GLC — — 3.9" - Robinson et al., 1965
United Kingdom 1964 44 GLC — — 4.0 — Robinson & Hunter, 1966
United Kingdom 1965 101 GLC 1.13 1.72 2.85 60 Cassidy et al., 1967
United Kingdom 1965-1967 248 GLC 0.78 222 3.00 74 Abbott et al., 1968
United Kingdom 1969-1971 201 GLC 0.5 1.8 25 72 Abbottetal. 1972
USSR 41 TLC 4.33 373 Vas'kovskaja & Komarova.

1967
USSR 197 TLC 5.3- 3.2- Vas'kovskaja, 1969

7.57 71

Africa
Kenya 5.4 Wassermann et al.,, 1972a
Nigeria 1967 43 GLC 5.4 3.1 88 Wassermann et al., 1968b
Nigeria 1969 41 GLC 2.9 28 6.5 57 Wassermann et al., 1972d
South Africa 5.94 43 Wassermann et al., 1970b
South Africa 7.16 Wassermann et al., 1970b <
Uganda 29 Wassermann et al.,, 1974a
Asia
India {Delhi area. 1964 67 colour 17 10 26 39 Dale et al., 1965
civilian)
India (other cities, 1964 16 calour 8 5 13 37 Dale et al., 1965
military)
India 94 GLC 138" 42 Ramachandren et al., 1974
Israel 1963-1964 254 colour 8.5 10.7 19.2 56 Wassermann et al., 1965
Israel 1965-1966 71 colour 4.6 Wassermann et al., 1967
Israel 1965-1966 133 colour 8.2 Wassermannet al., 1967
fsrael 1967-1971 63 GLC 3.0 10.6 144 74 Wassermann et al., 1974b
Japan 1968-1969 241 GLC 0.6 1.8 24 75 Curley etal., 1973
Japan 1969-1970 74 6.92 Nishimoto et at,, 1970
Japan 1970 4.499 Suzuki etal., 1973
Japan 1971 2.694 Suzuki et al., 1973
Japan 1971 30 12.895 Kasai et al., 1972
Japan 1972 4.001 Suzukiet al., 1973
Japan 1972 42 6992 Kasaietal, 1972
Japan 1973 6.44 Kawanishietal., 1973
Japan 1974 6.87 Inoue et al., 1974
Pakistan 60 25.0 Mughal & Rahman, 1973
Thailand 1969-1970 77 12.6 Wassermann et al., 1972¢
Oceania
Australia 1965 53 GLC 0.774 1.03% 1.81h 57 Bick, 1967
Australia 1965-1966 46 colour 36 6.6 10.2 64 Wassermann et al., 1968a
Australia 1965-1966 12 GLC 3.0 71 10.5 68 Wassermann et al., 1968a
Australia 1971 75 GLC 4.94 Brady & Siyali, 1972
New Zealand 1966 52 GLC 1.6 4.2 5.8 72 Brewerton & McGrath, 1967 >
New Zealand 1965-1969 254 GLC 36 11.0 14.6 75 Copplestone et al., 1973

@ p.p’-DDT and 0,p’-DDT only. Total as DDT includes TOE (DDD) and other forms when given, which are not shown in this table.

& Gas-liquid chromatography.

¢ Not detected.

9 These 28 samples were also tested for DDT and DDE cantent by a colorimetric method, and the results are included in the 130
samples listed above,

€ Perirenal fat. 9 Panniculus fat. i Lipid basis.

! Mesenteric fat. # Geometric mean. / Infants and children.
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DDT storage in man corresponds with exposure; in general, exposure tends
to be greater in warm climates where there is a greater need for insecticides.
This climatic dependence may be observed even within a single country
(Hayes, 1975). Where measurements have been made during a sufficiently
long period, storage has decreased as the use of DDT, especially that
leading to residues in food, has decreased.

The method of DDT analysis shifted in about 1962 from the Schecter-
Haller colorimetric method to the gas chromatographic method. However,
as noted by Hayes (1975), this made little difference to the overall results.
Thus the absolute decrease of total DDT storage and the relative increase of
DDE storage observed in some countries is real.

Circumstances peculiar to some subpopulations explain their unusual
storage of DDT. Thus, persons living in one of the contiguous states of the
USA stored significantly less DDT than other persons in the state because
they did not eat meat (Hayes et al., 1958). Even less storage of DDT was
observed in Eskimos whose diet contained an unusually high proportion of
meat obtained from wildlife in which no DDT and almost no DDE could be
detected (Durham et al., 1961).

No significant difference was found in the concentration of DDT stored
in the fat of different parts of the body (Hayes et al., 1958; Casarett et al.,
1968).

DDE in fat. The accumulation of DDE relative to total DDT-related
compounds is best illustrated in man. Of the total DDT stored in the fat of
workers exposed to technical DDT (about 4% DDE) for 11-19 years, only
38% was in the form of DDE, and, of course, some of that DDE came from
their diets which included meat (Laws et al., 1967). In India, where many
people avoid meat but may consume milk, cheese, and eggs, 34-41% of
total DDT was DDE (Dale et al., 1965). In the USA, during a time when
DDT residues in food were decreasing, the proportion of total DDT in the
form of DDE increased from about 60% in 1955 to about 80% in 1970;
during the same interval the concentration of total DDT in body fat
decreased from about 15 mg/kg to slightly less than 10 mg/kg (see Table 9).
Thus, a low proportion of DDE indicates a relatively high intake of DDT, a
relatively low intake of DDE residues (e.g. in food), and relatively few years
for the metabolism of stored DDT to DDE.

DDT in blood. The finding of DDT and related compounds in blood
(usually serum) of the general population of different countries is shown in
Table 10. Compared to body fat, blood has been analysed for DDT in fewer
countries and for fewer years. Some of the same differences between
populations and time periods observed in connexion with DDT in fat have
been detected in connexion with DDT in blood, but the differences are less
marked.
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There is a small but statistically significant decrease in the concentrations
of DDT-related compounds in the plasma of women 1-6 days postpartum
compared with the same women early in pregnancy. Most of the decrease
seems to occur during about the last 10 days before delivery (Curley &
Kimbrough, 1969). In a similar way, the concentration of DDT-related
compounds in various tissues of women at the time of Caesarean section or
normal delivery is less than in nonpregnant women in the same community
(Polishuk et al., 1970).

The concentration of p,p’-DDE is remarkably constant throughout the
day, but minor increases in it and in p,p’-DDT may occur after a meal
(Radamski et al., 1971a).

In so far as can be judged from the bar graphs presented by Griffith &
Blanke (1975), the concentrations of DDT-related materials they found in
postmortem blood were similar to the concentrations reported in Table 10
for fresh blood except that postmortem blood contained more TDE (DDD).

DDT and related compounds in other tissues. DDT has been found in
some samples of all human organs. Results reported in the USA and USSR
are shown in Tables 11 and 12, respectively. Results in Table 11 are based
on the wet weight of the tissues. Results in Table 12, presumably, are based
on the weight of extractable lipid, but the paper does not specify this;
whatever the basis, the paper reports concentrations of DDT and DDE in

Table 11.  Average concentrations® of organochlorine insecticides in various tissues from
autopsies of 44 members of the generai population?

Tissue No. Lipid DDT DDE TDE Hepta- Dieldrin Total + SE¢
ana- content (mg/kg) (mg/kg) (DDD)  chlor {mg/kg) (mg/kg)
lysed (%) (mg/kg) epoxide
{mg/kg)
Perirenal fat 30 55,7 1.33 4.64 0.0110 0.0220 0.0300 6.03 +5.30
Mesenteric 29 54.2 1.35 4.40 0.0470 0.0320 0.0630 5.89 +498

fat
Panniculus 30 60.6 1.16 4.48 0.0180 0.0270 0.0270 5.71 +525

fat

Bone 19 20.6 0.41 2.08 0.0760 0.0040 0.620 2.63 +2.21
marrow

Lymph Al 8.6 0.892 1.38 0.0100 0.0001 0.0190 230 +452
node?

Adrenal 18 10.5 0.125 0.875 0.0570 0.0012 0.0060 1.06 +1.31
Kidney 38 3.2 0.0827 0.209 0.0022 0.0009 0.0056 0.300 +0.651
Liver 42 2.1 0.0467 0.200 0.0326 0.0019 0.0037 0.285 +0.369
Brain 32 7.9 0.0105 0.0831 0.0020 0.0002 0.0031 0.989 +0.171
Gonad 36 1.3 0.0150 0.0688 0.0015 0.0001 0.0021 0.0875+0.103
Lung 25 0.7 0.0147 0.0585 0.0009 0.0003 0.0022 0.0766+0.125
Spleen 27 0.6 0.0112 0.0305 0.0031 trace 0.0021 0.0469+0.074

2 From: Cassarett et al. {1968).
bWet tissue basis.

¢ SE = standard error of the mean.
9Tracheobronchial lymph nodes.
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Table 12.  Average DDT and DDE contents in certain human organs®

Organ Content limits % of positive DDT DDE
observations {mg/kg) (mg/kg)

Heart muscle 1.0-12.0 77.0 3.69 4.05
Liver 1.0-20.0 85.5 4.62 4.02
Kidney 1.0-12.0 71.0 2.99 3.44
Spleen 2.0-20.0 57.0 2.86 2.86
Pancreas 2.0-15.0 75.0 3.0 2.62
Adrenal 2.0-10.0 84.3 3.84 3.7

Thyroid 2.0-8.0 59.0 1.85 1.85

2 From: Vas'kovskaja (1969).

the range of 10.0-35.0 mg/kg in the heart muscle, liver, and kidneys of 2
persons who had had direct contact with pesticides. Although con-
centrations of chlorinated compounds in liver, kidney, brain, and spleen of
persons from Ferrara Province, Italy, were generally higher than those in
the USA (Prati et al., 1972), the differences were not great.

DDT and related compounds in the tissues of infants. The transfer of
DDT to the fetus was observed by Denés (1962) and confirmed by many
others (Curley et al., 1969; Zavon et al., 1969; Komarova, 1970; O’Leary
et al., 1970a,b,c). Typical findings are shown in Table 13. It appears that the
placenta is partially protective; the concentrations of DDT and DDE are
lower in cord blood than in corresponding maternal blood (O’Leary et al.,
1970b; Schvartsman et al., 1974). The report by Engst et al. (1970) that
infants lose a part of their DDT stores during the first few months of life, as
a result of rapid growth, is not necessarily contradictory to the observation
that at birth they have less than their mothers, but it must be said that the
values reported by Engst et al. (1970) were relatively high for infants (see
also section 5.2).

Storage in relation to disease. A teview (Hayes, 1975) indicates that
there is no agreement in the literature regarding the effect of health on the
storage of chlorinated hydrocarbon insecticides. Some investigators have
not found any difference in the concentration of DDT in adipose tissue
taken by biopsy or during minor elective surgery in contrast to that taken at
autopsy. Some investigators, who used only autopsy samples, found no
relationship between storage of chlorinated hydrocarbon insecticides and
the cause of death. Others, of whom the first was Deichmann (Deichmann
& Radomski, 1968; Radomski et al., 1968), have reported that storage was
1.7-7.6 times greater in persons dying of cirrhosis, atherosclerosis,
hypertension, idiopathic amyloidosis, and certain forms of cancer. Weight
loss was not really ruled out in these studies. Its importance was emphasized
by Casarett et al. (1968), who found that disease did not influence
concentrations on a wet weight basis but only on a lipid basis; samples with
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the highest levels of DDT on a lipid basis came from persons who not only
had cancer but who were emaciated and had widespread abnormality of the
liver. Factors other than emaciation may be important in some conditions.
For example, Olofts et al. (1974) found that the DDT concentration in fat
was not influenced by cirrhosis, but that the DDT concentrations in liver
were significantly higher in cirrhotic livers with severe fatty infiltration and
significantly lower in those with marked fibrosis or bile stasis.

That increased storage of DDT is a result and not a cause of the diseases
in which it sometimes occurs is shown by the fact that persons with
extensive occupational exposure average 10 times more storage than the
highest values reported in connexion with disease. However, they do not
exhibit any predisposition to the diseases in question, and these diseases
have shown no age-specific increase in incidence related to the introduction
and use of insecticides.

6.2.2 Animal studies

A detailed review of the literature (Hayes, 1959) shows that a number of
facts about the distribution and storage of DDT were established early
either by single, classical papers (now fully confirmed) or by correlation of
contributions from several laboratories. The major results may be
summarized as follows:

(@) DDT is stored in all tissues. Storage of the compound in blood, liver,

kidney, heart, and the central nervous system was reported by Smith
& Stohlman (1944).

(b) Higher concentrations of DDT are usually found in adipose tissue
than in other tissues (Ofner & Calvery, 1945).

(c) Rats store DDT in their fat at all accurately measurable dietary levels
including the unintended residues in standard laboratory feeds.

(d) Following repeated doses, storage in the fat increases rapidly at first
and then more gradually until a peak or plateau is reached (Laug et
al., 1950). It was recognized that repeated doses at a moderate rate
could result in greater total storage of DDT in the fat than a single
dose at the highest rate that can be tolerated or even a single dose at a
rate that frequently is fatal.

(e) By plotting animal data published no later than 1950, it is possible to
show that, when other factors are kept constant, the equilibrium
storage of DDT in each tissue varies directly with the daily dosage.

(/) However (with the apparent exception of the dog) storage in the fat,
and perhaps in other tissues, is less extensive in relation to dosage at
higher dietary levels (Fig. 1).
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Fig. 1. Storage of DDT in fat of several species as a function of dosage (From: Hayes, 1975).

(g) The rat, apparently, tends to lose a part of the DDT it has stored in
fat at a peak level, reached in about 6 months, even though the same
diet is continued.

(h) There is a measurable, although not great, difference between the
storage pattern of different species (Fig. 1).

(/) At higher dosage levels but not at ordinary residue levels, the female
rat consistently stores more DDT in its fat than the male, when
offered the same diet (Fig. 1). The difference is only accounted for in
part by the greater food intake of the female and must depend to some
extent on more rapid biotransformation in the male. Other species
show little or no sex difference.

(/) The amount of DDT stored in the tissues gradually diminishes if
exposure to the compound is discontinued or reduced.

It is interesting to note that, even in the early studies, there was

satisfactory agreement between different authors and, in fact, between
different laboratories. Later studies have amplified some of the findings.

Adams et al. (1974) observed that about the same concentrations of

DDT and related compounds are stored by male rats and by females that
reproduce successfully. The lower storage in mated females probably is
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accounted for by transfer to the young via the placenta and the milk.
However, other factors may be involved; the disposal of the increased DDT
taken in by the female rat as a result of her high food intake during lactation
has not really been accounted for.

When DDT, some of its analogues, and several other organochlorine
insecticides were fed to male and female rats for 4 generations, there was
little variation in storage of the materials, from one generation to another,
and no evidence of a continuing increase in succeeding generations (Adams
et al., 1974).

Distribution to the fetus

In animals, the concentrations of DDT in the blood and other tissues of
the fetus are lower than those in the corresponding tissues of the mother
(Dedek & Schmidt, 1972). The same is true in man (see section 5.2).

Interaction with other compounds

There was no evidence from studies on rats that dieldrin influenced the
storage of DDT and its metabolites, even though DDT caused a marked
reduction in storage of dieldrin (Street, 1964). However, Deichmann et al.
(1971a) reported that the administration of capsules of aldrin (which is
metabolized to dieldrin) to male and female dogs that had reached a steady
state of DDT storage caused a rapid and progressive increase in the
concentration of DDT, DDE, and TDE (DDD) in their blood and fat. The
dosage of DDT was 12 (mg/kg)day and that of aldrin was 0.3 (mg/kg)day.
Control dogs that continued to receive DDT but never received aldrin
maintained a plateau of DDT storage. It is not clear whether the different
results in rats and dogs were due to species, to some unrecognized difference
between dieldrin and aldrin, to the fact that the rats received lower dosages,
or to some unidentified factor.

Studies of the distribution of DDT in various lipid fractions that are
based on tissue extracts obtained with one or more organic solvents, such as
those of Kuz’minskaja et al. (1972), are difficult to interpret because there
is no way of determining how much of the material was initially associated
with protein.

DDE

DDE constitutes about 4% of technical DDT. Most species convert some
of the DDT they ingest to DDE. Finally, most species, including man, store
DDE more tenaciously than they do DDT, the greater part of which is
metabolized by a different pathway to DDA and excreted more rapidly. The
result is that DDE, expressed as a percentage of total DDT-related
compounds, increases in individuals after DDT intake decreases, and also
increases in successive steps of the food chain.
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ApsParently, the rhesus monkey is an exception. Monkeys store DDE
wher 1t is fed to them but, when feeding stops, the rate of loss of DDE
stcred in fat is more rapid than that of DDT (Durham et al., 1963).
yMhether it is relative inability to form DDE, unusual ability to excrete it, or
/a combination of both that accounts for the fact that little or no DDE can

be found in monkeys fed DDT is not entirely clear.

6.3 Elimination

6.3.1 Human studies

6.3.1.1 Studies of volunteers

DDA is the main urinary metabolite of DDT. In man, it was found first in
a volunteer by Neal et al. (1946), who reported that, following ingestion of
770 mg of p,p’-DDT, excretion rose sharply to 4.0 mg/day during the
second 24-h period, decreased rapidly on the third and fourth days,
decreased gradually thereafter, but was still above baseline on the fourteenth
day. Judging from a graph, the highest concentration was about 2.6 mg/keg.

Much later studies in volunteers, who received smaller but repeated doses,
showed that a steady state of excretion was reached after about 6-8
months. During a 56-week period of continued dosing after equilibrium was
fully established, the concentration of DDA associated with technical DDT
at the rate of 35 mg/man per day varied from 0.18 to 9.21 mg/kg and
averaged 2.98 mg/kg, corresponding values for p,p’-DDT were 0.40-6.27
mg/kg with a mean of 1.88 mg/kg. Thus, technical DDT was excreted more
effectively and stored in man less than p,p’-DDT. During the latter half of
the dosing period, it was possible, in the 2 groups receiving recrystallized
and technical DDT at the rate of 35 mg/man per day, to account for an
average of 13% and 16%, respectively, of the daily dose in terms of urinary
DDA. The excretion of DDA was relatively constant in each individual, but
marked differences were observed between men receiving the same dose.
For example, over the period of 56 weeks, the highest rate measured for one
man was (.16 mg/h while the lowest rate for another in the same group was
0.15 mg/h. Their mean rates during this period were 0.089 and 0.269 mg/h,
respectively. The difference was highly significant (P < 0.001) (Hayes et al.,
1971).

6.3.1.2  Studies of occupationally exposed workers

Among workers whose DDT intake was estimated to be about 35
mg/man per day, Ortelee (1958) reported that the concentration of DDA in
urine ranged from 0.12 to 7.56 mg/litre and averaged 1.71 mg/litre. Among
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workers whose exposure was about half as high, Laws et al. (1967) found
concentrations from 0.01 to 2.67 mg/litre with a mean of 0.97 mg/litre.

Continuous sampling of a DDT-formulating plant worker’s urine show ed
that excretion of DDA increased promptly, when exposure began on each 0if
5 consecutive work days and often continued to increase after exposure, \
sometimes reaching a peak about midnight before decreasing rapidly. On
the sixth day, when there was no occupational exposure to DDT, the
excretion of DDA continued until a very low level was reached. The highest
concentration of DDA reported in this study was 0.68 mg/litre (Wolfe &
Armstrong, 1971).

6.3.1.3  Studies of the general population

Urine. Cranmer et al. (1969) developed a method for analysing DDA in
urine that, for the first time, made it possible to measure the compound in
every sample. The range found for a small sample of the population of
Florida, USA, was 0.008-0.019 mg/litre, and the mean (0.014 mg/litre was
slightly less than 0.02 mg/litre, the lowest concentration detectable by
earlier methods. Results for general population studies are shown in Table
14 together with results for various groups of workers and volunteers.

In the general population the urine contained not only DDA but also
neutral compounds; the average concentrations reported by Cueto & Biros

Table 14. Urinary excretion of DDA by people in the USA with various degrees of exposure to

DDT?e
Exposure Year No. of DDA excretion {mg/kg)  Reference
samples
Range Mean
General population 1954 8 <0.05 — Hayes et al., 1956
General population 1957 8 <0.02-0.07 — Hayes etal.,, 1971
General population 1962 23 <0.02-0.18 — Durhametal., 1965b
General population 1968 11 0.008-0.019 0.014 Cranmeretal, 1969
Environmental® 1962 13 <0.02-0.11 — Durhametal., 1965a
Subjects applying DDT 1962 11 <0.02--0.17 — Durhametal., 1965a
Formulators 1957 40 0.12-7.56 1.71 Ortelee, 1958
Makers and 1966 35 <0.01-2.67 0.97 Laws et al., 1967
formulators
Volunteers given 3.5 1953-1954 2 0.10-0.42®% 0.21¢ Hayesetal., 1956
mg/day orally
Volunteers given 3.5 1957-1958 6 0.06-1.982 0.23% Hayesetal., 1971
mg/day orally
Volunteers given 35 1953-1954 6 0.69-9.67¢ 2.46° Hayesetal, 1956
mg/day orally
Volunteers given 35 1957-1958 6 0.18-9.21¢ 3.099 Hayesetal, 1971

mg/day orally

2 Slightly modified from Hayes (1975).

b Residents living within 500 feet of agricultural application.

¢ Based on all samples after thirty-fifth week of dosage.

9 Based on all samples from the thirty-fifth to the ninety-third week after dosage started.
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(1967) were: p,p'-DDT, 0.0007 mg/litre and p,p’-DDE, 0.0156 mg/litre.
Men with full-time occupational exposure to DDT excreted much more
DDA but showed only a statistically insignificant increase in the excretion
of DDT and DDE.

These values for the excretion of DDA, DDT, and DDE by different,
small groups of people showed an average concentration of 0.0358 mg/litre
of DDT-related material. Although the DDT intakes of these particular
groups were not measured, the urinary excretion is of such an order of
magnitude that it may account for the excretion of all the absorbed DDT.

Milk. As far as the mother is concerned, the secretion of a compound in
milk is a form of excretion. For the infant, the milk is an important, if not
the sole source of intake of the compound in question. The concentrations of
DDT and DDE in milk reported from different countries are listed in Table
15. Especially high values have been reported from Guatemala for 1970 (see
Table 16) and from the USSR (Damaskin, 1965). However, additional and
more numerous samples taken only four years later in the same and other
communities in Guatemala revealed entirely different results. The highest
single value observed for total DDT in 1974 was 5.69 mg/litre. The range of
average values for different locations was 0.04—0.86 mg/litre. The means for
total DDT for the three communities studied earlier were: La Bomba, 0.59
mg/litre; El Rosario, 0.28 mg/litre; and Cerro Colorado, 0.47 mg/litre
(Winter et al., 1976). The authors recognized the importance of the
agricultural uses of DDT as a potential source of the compound in human
milk. However, they attributed the change between 1970 and 1974, almost
exclusively, to the substitution of propoxur for DDT in residential spraying
to combat malaria.

The medical importance of DDT in human milk depends entirely on the
dosage of the compound received by babies. The highest concentration of
p.p’-DDT ever reported in a single sample of milk and the highest average
value from one community (see Table 16) would determine maximum and
average intakes of 1.06 and 0.32 (mg/kg) day for newborn babies, assuming
an intake of 0.6 litre per day and a weight of 3.36 kg. This average intake is
of the same order of magnitude as that encountered by workers who make
and formulate DDT. The corresponding maximum and average intakes of
total DDT-related material for infants in Guatemala would be 2.18 and 0.73
(mg/kg) day, values not strictly comparable to those of the workers because
the intake of the babies includes so much more DDE, a less toxic
compound. Neither of the papers cited concerning DDT in human milk in
Guatemala mentioned any indication of injury to babies. Absence of injury
to babies would be predicted from studies of the most heavily exposed
workers and also from studies regarding the effect of age on the
susceptibility of animals to DDT (see section 7.3.2).
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Table 16. Ranges. means, and standard errors of the concentrations of organochlorine
insecticides in the milk of women in three towns in Guatemala?

Compound La Bomba Et Rosario Cerro Colorado
1970 1970 1971
n=10 n=27 n=9
p.p'-DDT 0.23-4.95 0.16-2.24 0.49-594
{mg/litre) (1.00 + 0.38) {0.77 + 0.10) [1.78 + 0.56)
p.p'-DDE 0.12-6.36 0.28-3.10 0.60-6.13
(mg/litre) (1.02 £ 0.58) {0.99 + 0.14) {2.10 + 0.61)
p.p'-TDE(DDD} tr’-0.16 0.01-0.09 0.05-0.11
(mg/litre) (0.03 + 0.02) (0.02 + 0.004) (0.07 £ 0.01)
0.p'-DDT tr-0.29 0.01-0.18 0.06-0.22
{mg/litre) (0.09 + 0.03) (0.06 + 0.01) (0.12 + 0.02)
total as DDT 0.41-11.50 0.34-4.97 1.57-12.21
(mg/litre) (2.15 + 1.05) (1.84 +0.24) (407 + 1.11)
total HCH 0.01-0.10 tr-0.07 0-0.06
(mg/litre) (0.03 + 0.01) (0.007 + 0.003) (0.02 + 0.01)
heptachlor epoxide 0-0.02 tr-0.01 tr
(mg/litre) (0.003 + 0.002) (0.007 + 0.0004)
dieldrin tr tr-0.01
{mg/litre) (0.002 + 0.0005)

4 From: Olszyna-Marzys et al. (1973).
b tr = trace.

The slightly greater secretion of DDT and much greater secretion of
various isomers of HCH by urban mothers (compared to rural mothers) in
Japan was attributed to their greater intake of cow’s milk (Takano, 1972).

Other routes of excretion. DDT, DDE, and dieldrin are excreted in the
bile; the concentrations for five men without special exposure varied as
follows: p,p’- and 0,p’-DDT combined, 0.0000-0.0009 mg/litre; p,p'-DDE,
0.0005-0.0056 mg/litre; and dieldrin, 0.0000-0.0005 mg/litre. Higher levels
were found in the bile of one pest control operator (Paschal et al., 1974).

6.3.2 Animal studies

When large doses of DDT are ingested, some of the compound is not
absorbed and is passed in an unaltered state in the faeces. Only traces of
unaltered DDT may be found in the faeces when exposure is by any route
other than oral. However, true faecal excretion of DDT metabolites was
established very early (Wasicky & Unti, 1945; Judah, 1949). In the rat,
faecal excretion of DDT exceeded urinary excretion, irrespective of the
route of administration (Hayes, 1965). In man, the ratio is obviously
different. Although the excretion of DDT-related material in the faeces of
man receiving 35 mg/man per day has been reported using colorimetry
(Hayes et al., 1956), this result has never been confirmed by gas chroma-
tography, even in connexion with workers whose exposure was heavy and
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prolonged. Either DDT metabolites are not excreted by man in the faeces to
any great degree, or they are excreted in one or more forms that differ from
those already demonstrated in rats.

The bile appears to be the principal source of DDT metabolites in the
faeces of rats. When the bile duct was cannulated before intravenous injec-
tion of radioactive DDT, 65% of the dose was recovered in the bile, 2% in
the urine, and only 0.3% in the faeces (Jensen et al., 1957), and the possi-
bility of some contamination of the faeces by urine could not be excluded.

The different routes of excretion are not unrelated. Burns et al. (1957)
found that there was an increase in urinary excretion of radioactive material
following ligation of the bile duct in rats fed radioactive DDT. This is an
indirect confirmation of the finding by Jensen and his colleagues that most
of the metabolites in bile consist of DDA or compounds closely related to
it. Although an enterohepatic circulation of the metabolites of DDT has not
been directly proved, it seems likely that such a circulation exists, as has
been demonstrated for 1,1'-(2,2-dichloroethylidene)-bis[4-ethylbenzene]
(Perthane).

Demonstration of the excretion of DDT in milk was first reported by
Woodard et al. (1945) in connexion with a dog fed the compound at the rate
of 80 (mg/kg) day. Within a short time, excretion of DDT in milk was
reported in rats, goats, and cows, and soon afterwards, in women (Laug et
al., 1951). Telford & Guthrie (1945) showed that rats fed a diet containing
DDT at 1000 mg/kg produced milk that was toxic to their young.

Since the early laboratory studies, the presence of DDT has been
demonstrated repeatedly in the milk of cows. A review (Hayes, 1959)
showed that cows fed substantial, but nontoxic, residues of DDT commonly
excrete 10% or slightly more of the total dose in their milk, and amounts
slightly over 30% have been observed.

Further information on the excretion of DDT in human milk is given in
section 6.3.1.3. It is of interest to repeat here, however, that lactating women
in the general population are apparently in negative DDT balance. That is,
they excrete more DDT in their milk each day than they acquire in their
food. The difference is small and would not be expected to have much effect
on their total body burden of DDT.

Wilson et al. (1946a) showed that DDT was secreted from the skin of a
cow maintained on an oral dosage of about 53 (mg/kg) day.

DDA. Because DDA is the main form in which DDT is excreted, it might
be expected that, following its direct administration, DDA would be
excreted relatively efficiently, and this is true. It was found very early that,
during the first few days after oral dosing, rabbits excreted DDA in the urine
approximately 15 times faster than animals given DDT at an equivalent
dosage. Although the rate of DDA excretion increased somewhat, the rate
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of excretion associated with DDT increased more rapidly so that the values
differed by a factor of only five after the twentieth day of feeding (Smith et
al., 1946).

6.4 Biotransformation

The chemical nature of the chief metabolite excreted in the urine was first
elucidated by White & Sweeney (1945). Rabbits were given DDT (melting
point 107—-108° C) at a rate of 100 (mg/kg) day for 6 days per week, and
their urine was collected. It contained a considerable amount of organic
chloride, whereas normal rabbit urine did not. Using the organic chloride
test to evaluate different methods of extraction, the authors were able to
isolate a crystalline material containing 25.37% chlorine and melting at
166-166.5° C. The crystals were shown to be DDA (see Table 1). The
product obtained from the urine was identical to that synthesized from
glyoxylic acid and chlorobenzene and with a compound obtained through
the chemical degradation of DDT. Identity of the 3 compounds and,
therefore, their true chemical nature, was established by the determination
of melting points, mixed melting points, elementary analysis, and X-ray
powder diffraction patterns, as well as by demonstrating the similarity of the
decarboxylation products of the three original materials. Only 80-85% of
the total organic chloride of the rabbit urine was found to be soluble in alkali
and in bicarbonate. For this and other reasons it was considered possible
that DDA was not the only chiorinated organic compound present.

Later work by many authors has confirmed that DDA is the major
urinary metabolite of DDT in all mammals including man. It may be added
that, in spite of great strides in analytical chemistry, the nature of other
urinary metabolites has not been elucidated fully.

The fact that DDE is stored in tissue was first demonstrated by Pearce et
al. (1952) in connexion with human fat. The authors pointed out that they
did not know whether the compound resulted from partial degradation of
DDT residues on plants or whether the DDE was formed during the process
of digestion or after absorption. It is now known that some food contains
DDE but that man is capable of forming the product from DDT. The exact
mechanism of the biotransformation of DDT to DDE remains in doubt.

Pearce et al. (1952) established the identity of DDE by comparing the
colorimetric and column chromatographic behaviour of the residue with
those of a chemical standard. A second paper from the same laboratory
(Mattson et al., 1953) added further details confirming the identity of the
compound. Later investigations have confirmed the identity of DDE by
infrared spectrometry and by gas chromatography.
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That portion of the metabolism of DDT that leads to DDA has been
clearly elucidated by Peterson & Robinson (1964), who gave evidence for
the sequence of changes shown in Fig. 2. Organ perfusion studies have
indicated that the liver is capable of the biotransformation of DDT, DDE,
TDE, DDMU, and DDMS, while the kidney transforms DDMS, DDNU,
and DDOH (Datta & Nelson, 1970). Cultures of embryonic lung cells are
capable of metabolizing DDT to DDA via DDD (North & Menzer, 1973).

A @@ OO

Ci— C Cl

CI H

pDT TDE (DDD) "DDMU”
+2H

v
H—C—Cl! H-—C—H

H
""DDMS" “DDNU”

OO

H— C H
OH Prabable inter-
“DDOH"" mediate aldehyde
+0
\ WHO 78318
T
DD OO
Ci—C—Ct COCH
DDE DDA

Fig. 2. Biotransformation of DDT (From: Peterson & Robinson, 1864).

When DDA was discovered, it was postulated, on chemical grounds, that
DDE was a step in its formation (White & Sweeney, 1945); however, rats
that produced both DDE and DDA from DDT were incapable, according
to Peterson & Robinson (1964), of forming DDA when fed preformed
DDE. This finding was contradicted by Datta (1970) and by Datta &
Nelson (1970) who claimed that *C-p,p’-DDE was converted by rats to
p,p'-DDMU, which then underwent further metabolism to p,p’-DDA via the
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route shown in Fig. 2. Datta suggested that the predominance of
detoxication via DDE or TDE (DDD) might depend on physiological
response or the amount of toxicant used. Whatever the reason, the fact
remains that DDE is stored more tenaciously than DDT.

Rhesus monkeys fed either technical or p,p’-DDT store little or no DDE,
although they are fully capable of storing DDE when it is fed preformed
(Durham et al., 1963).

The way in which DDE was lost from storage was not clearly understood
for a long time. In man (Cueto & Biros, 1967), seal, and guillemot (Jansson
et al., 1975) part of it is excreted unchanged, but the fact that its elimination
is promoted by the induction of microsomal enzymes (see section 7.1.4.2)
strongly suggests that it undergoes metabolism, conjugation, or both. That
metabolism does occur was first demonstrated by identification of 2
hydroxylated derivatives of DDE in the faeces of wild seals and guillemots
and in the bile of seals (Jansson et al., 1975). When p,p’-DDE was fed to
rats, the same metabolites and one other were isolated from the faeces,
and, within the first 6 days, the metabolites accounted for about 5% of the
dose (Sundstrom et al., 1975). Later a fourth hydroxylated derivative
was identified from the faeces of rats fed p,p’-DDE. The compounds
are m-hydroxy-p,p'-DDE [1,1-dichloro-2-( p-chloro-m-hydroxyphenyl)-2-
( p-chlorophenyl)-ethylene, the major metabolite], o-hydroxy-p,p’-DDE, p-
hydroxy-m,p’-DDE (the product of an NIH shift), and p-hydroxy-p’-DDE.
A scheme (Fig. 3) involving m,p-epoxy-p,p’-DDE and o,m-epoxy-p,p’-DDE
was proposed for the formation of these metabolites as well as a fifth
metabolite (Sundstrom, 1977). Neither the fifth metabolite nor the
hypothetical intermediate have been isolated.

DDE is metabolized not only to easily excretable phenols but also to m-
methylsulfone-p,p’-DDE. In the blubber of seals from the Baltic, this
compound was found in a concentration of 4 mg/kg along with DDE (138
mg/kg), TDE (DDD) (10 mg/kg), DDT (78 mg/kg) and various PCB’s and
their metabolites (150 mg/kg) (Jensen & Jansson, 1976).

The conversion of 0,p’-DDT to p,p’-DDT has been reported (Klein et al.,
1965; French & Jefferies, 1969), but, when the possibility was reinvestigated
using “C-0,p'-DDT, no conversion could be detected (Cranmer, 1972). The
chromatographic peak closely resembling that of p,p’-DDT observed in the
earlier studies undoubtedly was due to the presence of a metabolite of o,p’-
DDT, which may explain the more rapid metabolism of the o,p’-isomers
that has been observed in rat, man, and perhaps other species. The more
rapid excretion of o,p’-DDT is explained, at least in part, by the observed
ring-hydroxylation of the parent compound in rats (Feil et al., 1973) and
chickens (Feil et al., 1975) and of preformed o0,p'-TDE (DDD) in rats (Reif
& Sinsheimer, 1975) and in man (Reif et al., 1974). At least 13 metabolites
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were detected in rats and 15 in chickens. Ring-hydroxylation, which has not
been observed with p,p'-DDT or p,p'-TDE, was present in all species. There
were, however, some species differences. For example, 0,p’-DDE and three
hydroxylated o,p’-DDE’s were found in the excreta of chickens but not in
the excreta of rats. In 2 patients with adrenal carcinoma for which they were
receiving 0,p’-TDE at a rate of 2000 mg/day, as much as 46—-56% of the
daily intake was recovered in the urine following acid hydrolysis. Just over
half of the recovered material was in the form of o,p’-DDA, but the
remainder was in the form of hydroxylated derivatives, specifically m-
hydroxy, p-hydroxy-, m-hydroxy-p-methoxy-, and p-hydroxy-m-methoxy-
o,p'-DDA. Some other hydroxylated compounds were found in trace
amounts. All hydroxylation had occurred on the ring that had its chlorine in
the ortho position (Reif et al., 1974). When the metabolism of a single 100
mg oral dose of “C-0,p"-TDE was studied in rats, averages of 7.1 and
87.8% of the activity were recovered in the urine and faeces, respectively,
within 8 days (Reif & Sinsheimer, 1975). The high recovery indicated rapid
excretion with little storage.

The compound identified by Peterson & Robinson (1964) as a “probable
intermediate aldehyde” was later synthesized and shown to be highly labile
(McKinney et al., 1969), confirming the guess by Peterson & Robinson that
it was unlikely to accumulate in tissues in measurable amounts.

Of the compounds shown in Fig. 2 and 3, only DDT, TDE (DDD),
DDE, and DDA are commonly reported in the tissues or excreta of animals,
including man. The symptomatology produced when the metabolites are
administered directly is discussed in section 7.1.1, while uptake, distribution,
and elimination of the compounds are discussed in sections 6.1.2, 6.2.2, and
6.3.2, respectively.

Although microorganisms, plants, insects, and birds produce many of the
same metabolites that are found in mammals, there are interesting
differences. Nearly 20 derivatives (including mammalian metabolites) have
been identified, and the chemical structure of several more is still unknown.
Some aspects of nonmammalian, as well as mammalian metabolism have
been reviewed (Menzie, 1969; Klein & Korte, 1970; Fishbein, 1974;
Schroeder & Dorozalska, 1975). The metabolism of microorganisms and
plants, as well as that of domestic animals, may influence the composition of
DDT-derived residues in human food, but there is no evidence that these
residues contain a significant amount of any compound not formed from
DDT by human metabolism.
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7. EXPERIMENTAL STUDIES ON THE EFFECTS OF DDT

7.1 Animal Studies

7.1.1. Haemopoietic system and immunology

Many early reports reviewed by Hayes (1959) indicated that large
doses of DDT might not have any effect on the biood or that they might
produce a moderate leukocytosis and a decrease in haemoglobin, with or
without a decrease in the concentration of red cells. The leukocytosis
probably is secondary to stimulation of the sympathetic nervous system,
while the loss of haemoglobin may be nutritional in origin. Later studies
have confirmed the early results. A range of haematological variables
remained unchanged in squirrel monkeys dosed orally at rates of 0, 0.05,
0.5, 5, and 50 (mg/kg)/day, even though the highest dosage was fatal within
14 weeks (Cranmer et al., 1972).

Immunology. Inasmuch as some compounds are antibiotic, it is logical
that some may be probiotic, that is, that they either reduce resistance to
infection or increase the virulence of an infecting organism (Hayes, 1975).
Far fewer studies have been made of probiosis than of antibiosis. A number
of papers have reported one or other possibly probiotic property of DDT,
but some of the reports could not be confirmed, and others have not been
retested.

It has been claimed that a change in the phagocytic activity of white
blood cells is an indication of early intoxication by DDT (Kun’ev, 1965).
However, Kaliser (1968) did not find any statistical difference in in vitro or
in vivo phagocytosis of control rats and those receiving DDT by stomach
tube at a rate of 0.25 (mg/kg)/day for 31 days. The highest rate at which
men who make and formulate DDT in the USA now absorb the compound
is about 0.25 (mg/kg)/day.

Rats receiving an aqueous suspension of p,p’-DDT of unstated stability at
a concentration of 200 mg/litre as their only source of water for over 30
days were reported to develop a lower titre of antibodies to ovalbumen
(Wassermann et al., 1969). Rabbits responded to the same treatment with a
statistically significant reduction of antibody titre against Salmonella and a
reduction in antibody titre against sheep red blood cells that was not
statistically significant (Wassermann et al., 1971). Both the rats and rabbits
showed a decrease in at least one globulin fraction of the blood.

Other reports of changes in immunohaematological indices are those of
Semenceva (1968) and Fridman (1970).

One group of investigators has shown clearly that what at first appeared

88



to be an immunological response really involved a quite different,
predictable effect. Briefly, it was shown that guineapigs sensitized to
diphtheria toxoid were less susceptible to anaphylaxis in response to a
challenge dose of the toxoid if they were pretreated with DDT at a dosage of
only 1-20 mg/kg. Direct measurement of antitoxin production indicated
little or no difference between protected and unprotected animals. Further-
more, some protection was given by DDT administered for only 3 days
prior to the induction of anaphylaxis (Gabliks et al., 1973, 1975). Further
studies showed that DDT treatment reduced the histamine levels in the
lungs of both immunized and nonimmunized animals. The number of
detectable mast cells was also reduced; this was true whether the count was
made in tissues from guineapigs dosed systemically with DDT or in the
lungs and mesenteric tissue taken from untreated animals and exposed to
DDT in vitro at concentrations ranging from 10 to 45 mg/litre. These
results indicate that the protection offered by DDT was the result of a
reduction of the amount of histamine available for sudden release in
response to a challenge dose of toxoid (Askari & Gabliks, 1973). Regardless
of exposure to DDT, immunization leads to an increase in detectable mast
cells (Gabliks et al., 1975).

7.1.2 Nervous system and behaviour

DDT intoxication in animals was well described by Domenjoz (1944).
The first perceptible effect is abnormal susceptibility to fear, with violent
reaction to normally subthreshold stimuli. There is definite motor unrest and
increased frequency of spontaneous movements. As poisoning increases,
hyperirritability, like that seen in strychnine poisoning develops, but con-
vulsions do not appear at this time. A fine tremor, recognizable at first only
as a terror reaction, is later present as an intention tremor in connexion with
voluntary movement. Then it is present intermittently without observable
cause, and finally it is present as a coarse tremor without interruption for as
long as several days. Spontaneous movement is limited, and food intake
stops so that surviving animals lose weight. In the later stages, especially in
some species, there are attacks of epileptiform, tonic-clonic convulsions with
opisthotonos.

All the signs are strengthened by external stimuli and become manifest at
first through external stimuli. At all stages, the animals show normal
position and labyrinth reflexes. The picture of poisoning in mammals recalls
the disturbances of movement and tone that are known in human pathology
as the amyostatic syndrome.

Symptoms appear several hours after oral administration of the com-
pound, and death follows after 24—72 h. The latent period after intravenous
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administration at about the LD,, level is approximately 5 min; signs of
poisoning reach a maximum level in about 30 min, and survivors are
symptom-free in 18 to 24 h. Animals that survive recover completely.

In addition to the features of poisoning already mentioned, Cameron &
Burgess (1945) noticed that as rats, guineapigs, and rabbits become sick,
they become cold to the touch and show ruffled fur. Some show diarrhoea.
These authors found that muscular tremors were preceded by muscular
weakness that first occurred in the back and later in the hind legs. The front
legs were relatively spared so that animals showing marked weakness of the
hind quarters could still drag themselves about. However, several authors
have found that the tremor characteristic of DDT poisoning generally starts
in the muscles of the face, including the eyelids, and spreads caudally with
variable severity until all the muscles are affected. Furthermore, although
weakness of hind quarters has been seen by others, it is not a common
finding.

Like tremor, coldness of the skin and ruffling of the fur probably
represent an indication of disturbed thermal regulation. Apparently it was
not until the work of Hrdina et al. (1975) that an increase of almost 3° C in
body temperature was reported in rats following a fatal (600 mg/kg) oral
dosage of DDT.

Although there is a general similarity in the clinical effects of DDT in all
vertebrate species, some characteristic differences exist. Cats show greater
extensor rigidity and opisthotonos than other laboratory animals. The stiff-
ness appears first in the distal part of the extremities and later extends to the
proximal part and to the trunk. Poisoned cats show marked pilomotor
activity. Convulsions in them may become almost continuous. Convulsions
are also prominent in dogs as is ataxia. Tremors are so pronounced in rats
that it may be difficult to detect clonic convulsions in them. Rats poisoned
by DDT show a reddish colour about the eyes just as they do when ill from
many other causes. The colour has been attributed to excessive secretion of
a porphyrin by the Harderian glands.

Poisoning produced by repeated doses of DDT differs from that
produced by a single dose only in so far as the animal may be gradually
debilitated, especially by malnutrition. If food intake is maintained, tremor
may last for weeks, or even intermittently, for months. If the animals survive
a short time after dosing stops, recovery is complete. However, food intake
may be interfered with in at least two ways. Tremor and more severe signs
may interfere mechanically with eating. Animals offered food containing
high concentrations of DDT often eat little or nothing and lose weight
rapidly. However, the same animals will show excellent appetites when
offered the same kind of food without DDT just after refusing the major
portion of the daily ration of contaminated food. Unlike dieldrin and some
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other compounds, DDT seems to have little effect on appetite as mediated
by the central nervous system; it has a great deal to do with taste.

Animals that have suffered severe weight loss as a result of DDT
poisoning may die partly as a result of general debility. In some colonies, at
least, they have become prey to secondary infection.

In summary, it may be said that animals that die as the result of repeated
large doses of DDT and small animals that die as a complication of
starvation following many somewhat smaller doses of DDT show the same
signs as those seen in animals killed by one or a few large doses. Even
though severely ill, animals that survive a few days after the last of many
doses of DDT recover.

Of samples that may be collected from a living animal, the concentration
of DDT in serum most accurately reflects its concentration in the brain, the
critical tissue. In the rat, levels of 25 mg/kg (wet weight) in the brain are not
usually fatal: higher levels tend to be fatal regardless of whether absorption
followed one or many doses (Dale et al., 1963; Hayes & Dale, 1964). As
reviewed by Hayes (1975), the danger level is approximately the same in
several species of birds.

Behavioural changes may be demonstrated in animals receiving DDT,
daily, at rates too low to produce illness. Khairy (1959) was able to detect
ataxia in the form of changes in gait in rats that had been fed DDT at
dietary levels of 100 mg/kg or more for 21 or more days. Gait was
recorded by smearing the hind paws of the animals with vaseline, which then
recorded their tracks on paper. Gait was recorded in terms of the tangent,
that is the ratio of the width and length of step. At a body weight dosage of
about 5 (mg/kg)/day the ratio was less than normal, a change the author
attributed to an exaggeration of the stretch reflex. At dosages of about 10,
20, and 30 (mg/kg)/day, the ratio was progressivley greater than the normal
as a result of broadening of the gait and shortening of the steps. These same
dosage levels did not affect problem-solving behaviour or specd of
locomotion. The experimental animals were generally less reactive to stress
than normal ones. Thus, the author attributed hyperirritability of rats
poisoned by DDT to exaggerated motor responses.

The major toxic action of DDT is clearly on the nervous system, and it
requires an intact organism for full expression. The fact that DDT causes a
myotonic response in muscle and substitution of a train of spikes for the
normal diphasic electroneurogram (Eyzaguirre & Lilienthal, 1949) is in
marked contrast with the absence of detectable injury or, in fact, any
response in other isolated tissues. As early as 1945, Lewis & Richards
(1945) found DDT to be inert when it was applied to tissue cultures of
heart, kidney, stomach, intestine, liver, and muscle from 7 to 9-day chick
embryos, and of brain and spleen from a one-day rat. The physiology of the
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cells including the mytoses of fibroblasts was normal. The migration and
extension of the various cells was unchanged. The authors stated that “living
fibrilloblasts, as they moved about in the cultures, sometimes touched or
even migrated over DDT crystals without appreciable injury to themselves
during a period of several days”. Some observations were carried out for
periods as long as 21 days.

In spite of the importance of the nervous system, a detailed review of
early literature indicates that, although the presence of some specialized
nervous function may be necessary for the manifestation of DDT poisoning,
the mere occurrence of specialized nerve fibres in certain protozoa or the
occurrence of a rather complex nervous system in molluscs is not sufficient
to render these forms susceptible. Just as there is no explanation for the
effect of DDT on susceptible species, so there is no explanation for the fact
that certain species and even entire phyla are inherently resistant to the
compound.

A review (Hayes, 1959) of literature on the effects of DDT on the
rervous system reveals that all major parts, both central and peripheral, are
affected. Whereas effects on specific portions, notably the cerebellum and
the motor cortex, have been viewed as of greatest importance, it probably is
more accurate to emphasize the interaction of functions, all modified to
some degree.

There is reason to think that the mechanism of action of DDT is its action
on membranes in the nervous system, especially axonal membranes.
Certainly action on membranes is a fundamental property of the compound.
In fact the potassium conductance induced by valinomycin at 10~° mol/litre
in a synthetic lecithin-decane membrane is reversed by DDT at 3 x 10-¢
mol/litre (Hilton & O’Brien, 1970).

Attention was focused quite early on the effects of DDT on axonal
membranes. Using the giant axons of the cockroach, Narahashi &
Yamasaki (1960) showed that DDT prolonged the recovery phase of the
action potential. They concluded that it slows the efflux of potassium ions
from the axon. Later, using the voltage clamp technique and giant axons of
the lobster, Narahashi & Haas (1967) showed that DDT, at a concen-
tration of 5 x 10~* mol/litre of bathing medium, prolonged the flow of
sodium ions as well as interfering with the flow of potassioum ions: in other
words DDT delayed shutting of the Na* gate and prevented full opening of
the K* gate.

Nat-, K*-, and Mg?*-adenosine triphosphatase (EC 3.6.1.3) is involved
in ion transport in the nervous system. Matsumura & Patil (1969) showed
that a preparation of this enzyme from a nerve ending fraction of the rabbit
brain was inhibited by DDT at concentrations as low as 1078 mol/litre.
There was a good correlation between the degree of its inhibition by
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analogues of DDT and their toxicity to mosquito larvae. A similar enzyme
that binds "“C-DDT has been isolated from the synapses of rat brain
(Bratowski & Matsumura, 1972). Both the electrophysiological changes
and the enzyme inhibition exhibit a negative temperature coefficient, an
important feature of DDT poisoning in insects but not in mammals
(Hoffman & Lendle, 1948; Deichmann et al., 1950).

At a supralethal dosage of 600 mg/kg, DDT caused a marked decrease in
the concentration of cortical and striatal acetyicholine and of brainstem
norepinephrine in rats and a significant increase in brainstem 35-
hydroxyindoleacetic acid. All of the neurotoxic signs of poisoning were
blocked by p-chlorophenylalanine, while other inhibitors blocked one or
other, but not all of the effects. It was concluded that changes in the meta-
bolism of 5-hydroxytryptamine and norepinephrine might be responsible for
DDT-induced hyperthermia while acetylcholine might be related to tremors
and convulsions (Hrdina et al., 1973). These and related matters have been
reviewed in great detail by Hrdina et al. (1975). Apparently studies have not
been made at a range of dosages that would make it possible to know
whether these changes are a result or a cause of poisoning; the possible
therapeutic effect of p-chlorophenylalanine has also not been explored.

It was reported by Haikina & Silina (1971) that administration of
DDT to rats at only one-fifth of the LD,, for the 2 days increased the
amount of 5-oxyindoleacetic acid excreted in urine by 188%. This indicates
a change in the metabolism of serotonin, but its significance is not clear.

One sensitive measure of brain activity is the electroencephalogram
(EEG). Farkas et al. (1969) found that the EEG wave frequency increased
considerably in resting rats that had received 20 (mg/kg)/day of DDT as a
result of dietary intake. Rats that had received either 5 or 10 (mg/kg)/day
did not exhibit this change while at rest, but even those receiving 5
(mg/kg)/day exhibited this change when exposed to a rhythmic light
stimulus. The EEG may become abnormal only a minute or two after
administration of a large dose of DDT; 4 stages of the electrical activity
culminating in generalized seizures have been described by Joy (1973).
Phenobarbital, but not phenytoin or trimethadione, was effective in stopping
the seizures.

7.1.2.1  Cause of death

Death from DDT poisoning is usually the result of respiratory arrest. The
heart continues to beat to the end and in some instances continues a little
while after respiration stops. Deichmann et al. (1950) found that the onset
of hyperirritability in rats was accompanied by an increase in the frequency
and amplitude of respiration. Later, with the occurrence of tremors, the
depth of respiration frequently returned to a more normal level, but the rate
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remained high. In some animals, respiration stopped suddenly after a deep
inspiration during a tonic convulsion. In other animals, the rate and
amplitude decreased progressively and finally ceased without any terminal
spasm. Animals that die of respiratory failure caused by DDT do so after a
relatively long period of muscular activity that leaves them exhausted.

It was shown by Philips & Gilman (1946) and Philips et al. (1946) that
the hearts of dogs given large intravenous doses of DDT were sensitized to
epinephrine. This was true not only of injected epinephrine but also of the
compound released by the adrenal glands during a seizure. Stimulated in
this way, the sensitized hearts of dogs developed an irreversible, fatal
ventricular fibrillation. However, the hearts of monkeys were able to recover
from fibrillation and resume normal rhythm. It is not clear how important
sensitization of the myocardium is when DDT is administered by other
routes, but ventricular fibrillation may be the cause of death in animals that
die suddenly, soon after onset of poisoning.

7.1.2.2 Treatment of poisoning in animals

Studies on the treatment of poisoning will be discussed in this section
since all the more successful studies of treatment of animals poisoned by
DDT involve the nervous system. Smith and Stohlman (1944) noted the
possibility that narcotics in general, may exhibit an antagonism to DDT.
Rats survived on a diet containing DDT at a concentration of 1000 mg/kg
for 90 days when they received cyclohexanone in the same diet at the rate of
2000 mg/kg, but were uniformly killed in a shorter period when they
received DDT at the same rate without cyclohexanone. Later, it was shown
that cyclohexanone offers no protection when used as a solvent for single
massive doses of DDT (Deichmann et al., 1950).

Smith & Stohlman (1945) showed that, when given as required after
the onset of illness, urethane and, to a lesser extent, phenytoin sodium
protected rats from poisoning. Sodium amobarbital gave slight benefit,
sodium phenobarbital a doubtful benefit, and paraldehyde no protection at
all. All drugs were given intraperitoneally except paraldehyde, which was
given by stomach tube. The mortality of rats treated with urethane was
12.5% and that of their controls was 80%. A total dosage of 1.2-2.5 mg/kg
spread over a period of 1-3 days, was found most satisfactory. Phenytoin
sodium gave a mortality of 46.7%, compared with 96.7% for the controls.
The smallest effective dosage was 200-250 mg/kg, a value very close to the
LD,, which, under the conditions of the test was 300 mg/kg.

Lauger et al. (1945a, b) also found that sodium phenobarbital was of
questionable value in treating rats poisoned by DDT. However, completely
different results were seen in larger animals. Phenobarbital was, by far, the
most outstanding remedy tested by Philips & Gilman (1946). In a dosage
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well below the anaesthetic level, it not only prevented death in many
instances but also controlled tremor and convulsions. Signs of illness were
more readily controlled in dogs and cats than in monkeys, which required
nearly a full anaesthetic dosage before tremors completely disappeared.

Magnesium sulfate did not reduce mortality in poisoned dogs and cats
although it did control tremors and convulsions briefly. Sodium bromide
was entirely ineffective. Mortality was reduced with urethane, but a full
anaesthetic dosage was required to control tremor and convulsion.
Similarly, sodium barbital and sodium pentobarbital controlled symptoms
only when given in full anaesthetic doses and, even then, did not greatly
reduce mortality. Phenytoin, when given to rats before they received DDT,
reduced the lethal action without showing a notable effect on the signs of
poisoning; phenytoin was not effective in cats.

Vaz et al. (1945) were, apparently, the first to note the antidotal effect of
calcium in DDT poisoning. Dogs were given DDT orally as a 10% oily
solution at a daily dosage of 100 mg/kg until signs of intoxication appeared.
The same dosage could then be repeated to produce intense
symptomatology from which the animals would recover spontaneously in
12-24 h. For the actual tests, a larger challenge dosage of DDT (150 to 200
mg/kg) was used. Each dose of calcium gluconate (30 ml of a 10% solution)
was injected intravenously into dogs weighing 8—18 kg. Dogs that were
injected with calcium gluconate daily for 4 days and, challenged with a large
dose of DDT on the fourth day, did not develop any symptoms or only
slight ones. Dogs receiving a single dose of calcium gluconate showed
symptoms of short duration and survived following a dosage of DDT large
enough to kill 2 controls.

Cats poisoned by the intravenous injection of a soya-lecithin-corn oil
emulsion of DDT were studied by Koster (1947). A comparison was made
of several aspects of intoxication including number of convulsions, general
severity (tremors, prostration, dyspnoea), duration, and mortality. Both
calcium gluconate and sodium gluconate reduced mortality but not severity.
Gluconic acid increased the survival time, reduced mortality, but did not
reduce the number or severity of the convulsions. Calcium chloride reduced
convulsions, but not mortality or tremors. Molecular equivalent doses of the
candidate antidotes were used. Gluconic acid and its two salts were effective
against an LD,, dosage of DDT. The life-saving capacity of calcium
gluconate at a rate of 40 mg/kg was confirmed by Judah (1949) even
though he found normal blood calcium values in most poisoned but
unmedicated animals. One animal showed a high calcium value, and
Cameron & Burgess (1945) reported a similar result. It has been suggested
that increased blood calcium may be associated with acidosis caused by the
accumulation of lactate.
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Thus, calcium has an antidotal action against DDT in intact animals of
several species. The suppression by calcium of the effect of DDT on the
isolated nerve and muscle of the rat has been demonstrated (Eyzaguirre &
Lilienthal, 1949). The hypothesis has been advanced (Welsh & Gordon,
1946; Gordon & Welsh, 1948) that certain neurotoxins, including DDT, act
by delaying the restoration of calcium ions to a surface complex, following
breaking of the chelate linkage of calcium ions to surface polar groups by an
initial exciting impulse. This action of the neurotoxin is conceived as
depending largely on its physical rather than on its chemical properties. The
hypothesis is helpful in explaining the fact that a wide variety of chemically
unrelated compounds produce repetitive responses in excitable tissue and
also the fact that many compounds that show a high toxicity for arthropods
and mammals are fat-soluble and relatively inert chemically. It has been
pointed out that this hypothesis postulates a very localized action of calcium
at the nerve-cell membrane; the hypothesis is not inconsistent with the
finding that the blood calcium of poisoned animals may be unchanged or
even increased.

Having observed the effect of DDT on the metabolism of glucose and
glycogen, Lauger et al. (1945a, b) investigated the use of glucose as an
antidote. All of 10 dogs given 2000 mg of DDT per kilogram body weight
orally in the form of an oil solution died within 8-24 h. Five of 10 dogs
treated with one or more, 20 ml doses of 20% glucose survived the same
dosage of DDT. The glucose was given intravenously in most instances.

Koster (1947) found that glucose given before or after an LD,; dosage
reduced convulsions and mortality and, when given before the poison,
reduced tremors, prostration, and dyspnoea in cats. Glucose, unlike
gluconic acid and its sodium and calcium salts, was ineffective against an
LD,, dosage except to increase the time of survival. Insulin, given intra-
muscularly 16-25 min before DDT, increased the survival time and the
severity of poisoning but did not affect mortality or convuisions. When
given 53—130 min before DDT, insulin reduced convulsions in animals
which died but increased convulsions, tremors, and other disorders in the
survivors.

The failure of amino and sulfhydryl compounds to influence the action of
DDT was noted by Von Oettingen & Sharpless, 1946). Likewise, the
addition of 0.2% choline chloride to the diet of rats receiving repeated doses
of DDT had no effect on the accumulation of lipids in their liver (Sarett &
Jandorf, 1947).

In summary, it would appear that sedatives, ionic calcium, and glucose or
other ready sources of energy are useful in treating poisoning by DDT.
Dogs and cats can be treated somewhat more successfully than rats,
perhaps because the metabolism of larger animals is slower.
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Although respiration may be temporarily restored in animals poisoned by
DDT, studies have not been made to determine whether respiratory arrest in
this condition is truly reversible as it is in poisoning by certain organic
phosphorus insecticides.

7.1.3 Renal system

No dysfunction of the renal system attributable to DDT has been found
even in animals receiving dosages sufficient to cause dysfunction of the
nervous system or striking morphological changes of the liver. It is true that
mild to moderate morphological changes have been reported in the kidneys
of animals that have received massive single doses or repeated doses; for
example, fatty degeneration, necrosis, and calcification (Lillie et al., 1947;
Stohlman & Lillie, 1948) or slight brown pigmentation of the convoluted
tubular epithelium (Fitzhugh & Nelson, 1947). However, it sometimes has
happened that a complete absence of change in the kidney has been
reported in connexion with other studies carried out in the same laboratories
(Lillie & Smith, 1944; Nelson et al., 1944).

7.1.4 Gastrointestinal tract, liver, and enzymes

Large doses of DDT produce vomiting in species that can vomit. Only
doses that produce rather severe poisoning lead to anorexia.

7.1.4.1 Liver

Large doses of DDT cause focal necrosis of liver cells in several species
(Lillie & Smith, 1944; Nelson et al., 1944; Cameron & Burgess, 1945; Lillie
et al., 1947; Deichmann et al., 1950; Ortega et al., 1956). At least some
investigators (Cameron & Burgess, 1945) have considered that the liver
lesions produced by large dosages are sufficient to account for death. All
have agreed that necrotic lesions occur only in connexion with potentially
fatal dosages.

A very different kind of liver change is produced in some rodents but not
in other animals by small or moderate dosages of DDT. The biochemical
aspects of these changes are discussed in section 7.1.4.2, while the morpho-
logical aspects are discussed in section 7.1.9.

7.1.4.2  Microsomal enzymes of the liver

All enzymes can be inhibited in vitro and many of them can be inhibited
in vivo. The toxic action of a number of compounds is clearly the result of
their inhibition of one or more enzymes. So far, only a few enzymes or
enzyme systems are known to be induced by chemicals; the outstanding
example is the induction of microsomal, mixed-function enzymes of the liver
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and some other organs that are produced in greater quantity in response to
certain hormones and other normal constituents of the body (Conney,
1967), some foods (Wattenberg, 1971), or a wide range of drugs or other
foreign chemicals. Such induction requires intact cells and does not occur
when the inducer is brought in contact with the purified enzymes in vitro.
Microsomal enzymes were first recognized and studied in the liver, but they
are now known to exist, generally in lower concentrations, in other tissues.

Microsomal enzymes are known to be associated with oxidation (N-,
O-, and S-dealkylation, deamination, epoxidation, disulfuration, hydroxyl-
ation) of both rings and side chains, oxidation of both nitrogen and sulfur,
reduction of nitro groups and of azo compounds, hydrolysis, and
conjugation. Most of the changes produced by microsomal enzymes render
oil-soluble compounds more water-soluble and, therefore, more easily
excreted. Mainly for this reason, most biotransformations promoted by
microsomal enzymes are true detoxications. However, some of the reactions
promoted by this system of enzymes render specific compounds more toxic.

In the rat, DDT has been shown to promote the biotransformation of
hexobarbital (Hart & Fouts, 1963), phenazone (Hart & Fouts, 1963;
Kinoshita et al., 1966), p-nitrobenzoic acid (Hart & Fouts, 1963), aniline
(Hart & Fouts, 1963), dieldrin (Street, 1964; Street et al., 1966; Street &
Chadwick, 1967; Pearl & Kupfer, 1971), o-ethyl o-4-nitrophenyl phenyl-
phosphonothioate (EPN) (Kinoshita et al., 1966), p-nitroanisole (Kinoshita
et al, 1966; Vainio, 1974), methyprylon (Datta & Nelson, 1968),
meprobamate (Datta & Nelson, 1968), chlordizepoxide (Datta & Nelson,
1968), aldrin (Gillett, 1968), lindane (Chadwick et al., 1971b), phenyl-
butazone (Welch & Harrison, 1966), pentobarbital (Fredricks et al., 1974),
3,4-benzpyrene (Vainio, 1974), and p-nitrophenol. The biotransformation of
p-nitrophenol involves conjugation by the microsomal enzyme uridinedi-
phosphoglucuronyltransferase, and its demonstration requires activation of
the microsomes, for example by trypsin (Vainio, 1974, 1975; Rantanen et
al., 1975).

In the mouse, DDT has been shown to promote the biotransformation of
pentobarbital (Gabliks & Maltby-Askari, 1970).

In the guineapig, DDT promoted the metabolism of dieldrin (Wagstaff &
Street, 1970).

DDT in the squirrel monkey promoted the metabolism of EPN and p-
nitroanisole; the first required a DDT dosage of 5.0 (mg/kg)/day, but the
latter required only 0.5 (mg/kg)/day (Cranmer et al., 1972). DDT did not
promote the metabolism of *C-DDT in squirrel monkeys (Chadwick et al.,
1971a) but did promote the metabolism of phenylbutazone in the dog
(Welch & Harrison, 1966) and the metabolism of estradiol in the pigeon
(Peakall, 1970).
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In the chicken, DDT failed to affect N-demethylase or the concentration
f cytochrome P-450, and reduced aniline hydroxylase activity. The
nfluences of dosage, duration of dosing species, and reproductive state on

icrosomal enzymes in birds are poorly understood (Sell et al., 1971).

o,p'-TDE has been shown to promote the metabolism of pentobarbital in

"the mouse (Gabliks & Maltby-Askari, 1970), phenobarbital in the rat
(Straw et al., 1965), and cortisol in the guineapig (Kupfer et al., 1964).

The metabolism of DDT is promoted by DDT itself in the hamster but
not in the mouse (Gingell & Wallcave, 1974).

In rats, the metabolism of DDT is promoted by phenytoin (Cranmer,
1970). The metabolism of DDT and DDE in cows is promoted by pheno-
barbital (Alary et al., 1971; Fries et al., 1971).

DDE, whether fed directly or produced metabolically from DDT,
appears to be more important than DDT in inducing microsomal enzymes.
The tissue level of DDE necessary for enzyme induction is lower in the rat
than in the quail {and presumably other birds). Thus Bunyan et al. (1972),
using residues in the heart as an index, found a maximum increase in cyto-
chrome P-450 per gram of liver and a maximum activity of aniline
hydroxylase levels at DDE levels of approximately 3 mg/kg in rats and 40
mg/kg in quail. However, at any given dietary level, higher tissue levels were
reached by quail than by rats so that the dosage responses of the two were
similar.

Different inducers may activate different enzymes and, therefore,
different metabolic pathways. Pretreatment of rats with lindane caused them
to metabolize a single dose of radioactive lindane 2.5 times more efficiently
than controls, whereas pretreatment with DDT caused a 3.5-fold increase in
the metabolism of lindane. Furthermore, the DDT pretreatment was
followed by a different proportion of radioactive metabolites with a
predominance of tetrachlorophenols, especially 2,3,4,5-tetrachlorophenol
(Chadwick et al., 1971b).

The enzymes of weanling rats are more subject to induction than those of
adult rats, but there is no evidence of a lag-period in induction in adults
(Chadwick et al., 1975).

1.1.4.3  Enzymes of intermediary metabolism

As discussed in section 7.1.2, there is some reason to think that DDT acts
by influencing an enzyme critical to the function of neurones. It is certainly
clear that many of the side-effects of DDT are the result of its induction of
microsomal enzymes (see sections 7.1.4.2 and 7.1.9). In addition, DDT has
been shown in vitro and sometimes in vivo to influence some enzymes of
intermediary metabolism and other miscellaneous enzymes. So far, evidence
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is lacking that the degree of this inhibition in the intact organism is sufficient .
to have any influence on function.

The hyperglycaemia observed during much of the early part of acu
poisoning may be associated with an increase in 4 gluconeogenic enzym
(pyruvate carboxylase (EC 6.4.1.1), phosphoenolpyruvate carboxykinas
(EC 4.1.1.32), fructose 1,6-diphosphatase, and glucose 6-phosphatase
(EC 3.1.3.9)). Increases in these enzymes in the renal cortex of rats, observed
after a single dose at a rate as low as 100 mg/kg, were greater at a dose of
600 mg/kg. The reaction occurred in both adrenalectomized and normal
rats (Kacew & Singhal, 1972). Similar responses were observed in the same
enzymes in the liver following a single dose at the rate of 100 mg/kg or more
or following 45 daily doses at rates of 5 or 25 (mg/kg)/day. The changes are
not mediated through a release of corticosteroids from the adrenal glands
(Kacew & Singhal, 1973). The same authors (Hrdina et al., 1975; Singhal &
Kacew, 1976) have reviewed the extensive evidence contributed mainly by
themselves indicating that the changes in glucose homeostasis are mediated
by stimulation of the cyclic adenosine monophosphate (AMP)-adenylate
cyclase system in the liver and in the kidney cortex by p,p’-DDT and a
number of other organic chlorine pesticides. However, the smallest single
dosage of p,p'-DDT that produced a statistically significant change in the
enzymes or in the production of cyclic AMP was 180 mg/kg and o,p’-DDT
was as effective as the p,p’-isomer; these findings indicate that the carbo-
hydrate changes are results not causes of poisoning.

DDT and some other compounds induce increased activity of D-
glucuronolacetone dehydrogenase (EC 1.1.1.70) in the supernatant fraction
of rat liver, and this is consistent with evidence of increased p-glucaric acid
in urine after dog treatment (Marselos & Hanninen, 1974). Urinary excretion
of L-ascorbic acid is also increased by DDT, but apparently this is not
caused by an increase in an enzyme producing this acid but rather by an
increase in several microsomal and cytosol enzymes that contribute to an
increase in free glucuronic acid from which L-ascorbic acid is formed
(Rantanen et al., 1975).

A review (Hayes, 1959) of early literature indicates that high concen-
trations of DDT inhibit phosphatidase (EC 3.1.1.4), muscle phosphatases,
carbonic anhydrase (EC 4.2.1.1), oxalacetic carboxylase (EC 4.1.1.3), and
increase the activity of cytochrome oxidase (EC 1.9.3.1) and succinic
dehydrogenase (EC 1.3.99.1). However, none of these changes with the
possible exception of inhibition of carbonic anhydrase could be shown to
have any connexion with the toxic action of DDT or even with its side-
effects. Neal et al. (1944) reported a small but consistent increase in the
volume of urine excreted in 24 h when dogs were dosed orally or by
insufflation at the rate of 100 (mg/kg)/day. No other change in the urine
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and no change in kidney function was demonstrated. The possibility that
increased urinary output is related to the inhibition of carbonic anhydrase
(Torda & Wolff, 1949) may deserve attention. However, re-examination of
data from volunteers receiving 3.5 or 35 mg/man per day did not indicate
any increase in urinary volume compared with controls (Hayes et al., 1971).

It has been claimed (Keller, 1952) that DDT inhibits carbonic anhydrase
in bovine erthrocytes. However, the method was criticized by Dvorchik et
al. (1971), who found in vitro inhibition only by concentrations of DDT,
unlikely to be survived by living animals. Far more attention has been given
to inhibition of carbonic anhydrase in the shell gland of birds than in
erythrocytes, and it has been suggested (Bitman et al., 1970; Peakall, 1970)
that inhibition of the shell gland enzme is an explanation for eggshell
thinning in certain birds. However, the same criticism holds for the shell
gland; there is no evidence that the degree of inhibition reported interferes
with function.

On the other hand, many enzymes including plasma amylase, aldolase
(EC 4.1.2.13), glutamic-pyruvic transaminase (EC 2.6.1.2), and isocitric
dehydrogenase (EC 1.1.1.41) were not changed in squirrel monkeys given
dosages ranging from 0.05 to 50 (mg/kg)/day; the highest dosage proved
fatal within 14 weeks (Cranmer et al., 1972).

7.1.5 Cardiovascular system

Most dogs, killed by a single dose of DDT, die of ventricular fibrillation,
and the same is true of some cats, monkeys, and rabbits (Philips & Gilman,
1946). At any given dosage of DDT, ventricular fibrillation is more likely to
occur if the animal receives exogenous epinephrine or is stimulated in such a
way that the compound is released by the adrenals. Besides fibrillation, dogs
may exhibit extrasystoles and changes in the T-wave (Philips et al., 1946).
Monkeys differ from dogs in that the DDT-sensitized heart is able to
recover from fibrillation and resume a normal rhythm (Philips et al., 1946).

Thus, DDT not only sensitizes the myocardium in a way similar to that
of halogenated hydrocarbon solvents, but, through its action on the central
nervous system, produces the stimulus that increases the likelihood of
fibrillation.

There is no evidence that repeated, tolerated doses of DDT sensitize
the heart. Rats were fed DDT at a dietary level of about 10 (mg/kg)/day for
8 months, during which time they received weekly, intraperitoneal doses of
vasopressin, a compound that causes a temporary myocardial ischaemia.
Electrocardiograms did not show any significant increase in cardiac
arrhythmias in the DDT-fed rats compared with controls. Intravenous
noradrenalin given at the end of the 8-month period did not produce a
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greater incidence of arrhythmias in the DDT-fed rats. The same results were
obtained in rabbits treated in essentially the same way (Jeyaratnam &
Forshaw, 1974).

TDE. The main action of TDE, and especially of o,p’-TDE, is on the
liver with secondary effects on the adrenals in dogs and perhaps in other
species. However, Cueto (1970) showed that at a dosage of 50 (mg/kg)/day
for 14 days, o,p'-TDE caused a gradually progressive hypotensive failure in
dogs injected with epinephrine or norepinephrine, while leaving the cardio-
accelerator and immediate pressor response to these drugs unchanged. The
hypotensive failure was associated with weakening of the contractile force of
the heart and with a reduction of plasma volume. The latter may have been
caused by a loss of fluid from the intravascular compartment and was not
caused by a release of histamine. The hypotensive state could be prevented
to a significant degree by pretreatment with prednisolone.

7.1.6 Respiratory system

The effects of DDT on the respiratory system are secondary to effects on
the nervous system and are discussed in section 7.1.2.1.

7.1.7 Reproductive system

It was shown very early (Burlington & Linderman, 1950) that DDT
produces a striking inhibition of testicular growth and secondary sexual
characteristics of cockerels, when injected subcutaneously in dosages as
high as 300 (mg/kg)/day. Changes in the testis involve the tubules, and not
the interstitial tissues, and they have been attributed to an estrogen-like
action of DDT.

It must be noted that the action of DDT on the testis of the chicken is
dosage-related. Before the problem of residues became evident, DDT was
used extensively for control of lice and common mites on chickens without
any adverse effects on egg production or other aspects of reproduction.
Many rats would be killed the first day if they were given the dosage of
DDT that has been shown to affect the testis in cockerels. The report that,
under special conditions, DDT has a gonadotoxic effect (Rybakova, 1968)
is of questionable significance in view of the results of multigeneration tests
in rats, mice, and dogs.

Ottoboni (1969) found that female rats reproduced normally when fed
DDT for two generations at dietary levels as high as 200 mg/kg (about 10
(mg/kg)/day, except during lactation when intake was increased about 3-
fold). In fact, at a dietary level of 20 mg/kg, the dams had a significantly
longer reproductive life span (14.55 months) than did their littermate
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controls (8.91 months); the number of females becoming pregnant after the
age of 17 months and the number of successful pregnancies after that age
differed significantly between the two groups (Ottoboni, 1972).

In a study focused mainly on DDT in milk, the ability of rats to
reproduce at a dietary level of 200 mg/kg was confirmed, and the ability of
dams, injected intraperitoneally at levels as high as 100 (mg/kg)/day, to rear
their young was demonstrated (Hayes, 1976b).

A six-generation test of reproduction in mice did not show any effect of
DDT at a dietary level of 25 mg/kg on fertility, gestation, viability,
lactation, and survival. A dictary level of 100 mg/kg produced a slight
reduction in lactation and survival in some generations but not all, and the
effect was not progressive. A level of 250 mg/kg was distinctly injurious to
reproduction (Keplinger et al, 1970). The dietary concentrations used
equalled dosages of 3.33, 13.3 and 33.2 (mg/kg)/day in nonpregnant, non-
lactating, adult female mice. The intake is much higher in both young and
lactating mice. The authors concluded that their study provided no obvious
reason for continuing reproduction tests for more than three generations.

Four female dogs of unstated age that had previously received DDT at
the rate of 12 (mg/kg)/day, 5 days a week, for 14 months were mated when
they went into heat. The males involved had been fed aldrin (0.15
(mg/kg)/day) plus DDT (60(mg/kg)/day) for 14 months prior to breeding
but not during breeding. Two of the females went into heat but failed to
become pregnant, and one failed to come into heat during 12 months after
feeding stopped. Four of 6 pups born to the fourth female died within one
week of birth; the other 2 were weaned successfully even though only 2
posterior mammae of the mother were functional (Deichmann et al., 1971b).
A 3-generation study failed to confirm any of the injuries suggested by the
study of 4 dogs. In the 3-generation study, male and female dogs were fed
technical DDT from weaning at rates of 0, 1, 5, and 10 (mg/kg)/day.
Observations were made on 135 adult females, 63 adult males and 650
pups. There were no statistically significant differences between controls and
DDT-treated dogs in length of gestation, fertility, success of pregnancy,
litter size, lactation ability of the dams, viability at birth, survival to
weaning, sex distribution, growth of pups, morbidity, mortality, organ/body
weight ratios, or gross histological abnormalities in all the animals studied.
The only clear difference was that DDT-treated females had their first
estrous 2 or 3 months earlier than the control animals. There was a slight
increase in liver/body weight ratio in some DDT-treated animals but the
difference was not statistically significant, dosage related, or associated with
any histological change (Ottoboni et al., 1977).

o,p'-DDT. Intraperitoneal injection of technical DDT at a dosage as
low as 5 mg/kg or of 0,p’-DDT at 1 mg/kg caused a significant increase in
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the weight of the uterus of normal, immature female rats or of
ovariectomized adult females. Stimulation caused by p,p’-DDT was much
less. Treatment of rats with DDT, especially o,p’-DDT, 2 h before injection
of estradiol-17-6,7-*H inhibited uptake of the hormone by the uterus in vivo,
possibly by competition for binding sites. Isomers of TDE and DDE do not
influence uterine weight or the binding of estradiol (Welch et al., 1969). It
seems unlikely that metabolic activation of 0,p’-DDT is necessary, as is true
of o,p'-methoxychlor. The binding and estrogenic activity of DDT
analogues in rats is only about 1/10 000 as great as that of diethylstil-
besterol (Nelson, 1973).

A considerably smaller dosage of 0,p’-DDT resulting from a dietary level
of 10 mg/kg for 2-9 months did not have any effect on reproduction in ewes
(Wrenn et al., 1971b). In a similar way, dietary levels of 0,p’-DDT as high
as 40 mg/kg, giving a dosage level of about 2.1 (mg/kg)/day in rats, failed
to interfere with reproduction and lactation in these animals although
dosage was continued throughout 2 pregnancies (Wrenn et al., 1971a).

The report (Heinrichs et al., 1971) that o,p’-DDT significantly advances
puberty, induces persistent vaginal estrus after a period of normal estrus
cycles, and causes other reproductive abnormalities in female rats would
appear at first to be inconsistent with the lack of effect of technical DDT or
of 0,p’-DDT on reproduction cited above. The same is true of other effects
of op'-DDT demonstrated by the same investigators (Gellert et al.,
1972). The abnormal effects were obtained initially by injecting 1 mg of the
o,p'-DDT subcutaneously on the second, third, and fourth days of life
(counting the day of birth as zero). Because rat pups on the third day weigh
about 12 g or less each, it follows that the subcutaneous dosage was about
83.3 (mg/kg)/day or more, that is about 40 times greater than the highest
oral dosage of o0,p'-isomer fed to breeding rats and about 10° times greater
than the levels ingested by the general population with their food.

Because of its estrogenic properties, DDT was considered as a possible
cause of abortion in dairy cattle, but no evidence of a relationship was found
(Macklin & Bibelin, 1971).

7.1.8 Endocrine organs

Except for the weak estrogenic properties of o,p'-DDT, the endocrine-
related effects of DDT and its analogues are confined to the adrenals, and
even these effects of 2 isomers of TDE are now considered to be mainly
secondary to the induction of microsomal enzymes of the liver in most
species.

TDE. TDE (DDD) is an insecticide in its own right as well as a
metabolite of DDT. The compound is used as a drug to control different
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forms of adrenal overproduction of corticoids in man (see section 8.2.8).
This therapy was originally based on the demonstration that DDD (Nelson
& Woodard, 1948, 1949) and especially o,p'-TDE (Cueto & Brown, 1958)
caused gross atrophy of the adrenals and degeneration of the cells of its
inner cortex in dogs. This is true even though it was originally reported
(Nelson & Woodard, (948, 1949) that TDE produced almost no detectable
damage to the adrenals of rats, mice, rabbits, and monkeys, and the finding
was confirmed and extended by other investigators to other species,
including man (Zimmerman et al., 1956). In the dog, o,p’-TDE produced
gross atrophy of the adrenals, when administered at a dosage of only 4
(mg/kg)/day. The dosage of technical grade TDE required to produce the
same effect was 50-200 (mg/kg)/day (Cueto & Brown, 1958). However, in
spite of its exceptional susceptibility, there is a definite threshold below
which the dog does not respond. About 15% of technical DDT is o,p'-
isomer, much of which is gradually metabolized to o,p'-TDE (o,p’-DDD).
Yet dogs remained healthy and reproduced normally in a 3-generation study
involving dosages of technical DDT as high as 10 (mg/kg)/day (see section
7.1.7).

It has recently been shown that, following massive dosage (60 mg/kg,
administered intravenously), all of the isomers of TDE inhibited ACTH-
induced steroid production in the dog, but the inhibition reached 50% of the
control only 27 min after dosing with the m,p’-isomer compared with 87 min
with the o,p'-isomer and 4-18 h with the p,p’-isomer. There was marked
temporal correlation between the percentage inhibition of adenocortico-
tropic hormone (ACTH)-induced steroid production, the disruption of
normal cellular structure of the fascicular and reticular zones of the adrenal
cortex, and the severity of the damage to mitochondria in these zones
caused by the 3 isomers (Hart et al., 1973). The effectiveness of m,p’-TDE
for treating metastatic adrenocortical carcinoma had already been demon-
strated (Nichols et al., 1961), but it cannot be said that its value for this
purpose has been compared adequately with that of o,p’-TDE. Further-
more, no effort has apparently been made to compare the effect of small
daily doses of the 2 isomers in dogs.

Like other organochlorine insecticides, o,p’-TDE stimulates hepatic
microsomal oxygenation of both drugs and steroids and, according to a very
thorough review by Kupfer (1967), this may explain much of its action on
corticoid metabolism in a wide range of species. Increased breakdown is
indicated by increased excretion of polar metabolites, while nonpolar
metabolites remain stable or even decrease—a finding recently encountered
in human patients (Hellman et al., 1973). However, the demonstrated effect
on corticoid metabolism fails to explain why o,p’- and m,p’-TDE are unique
in their overall effects on the adrenals, including their ability to produce

105



adrenocortical atrophy in the dog. Other powerful inducers of microsomal
enzymes lack these effects. It is clear that a reduction of steroid production
accompanies atrophy of the adrenals of the dog. The review already cited
(Kupfer, 1967) considers: (a) reduced steroid production in species other
than the dog, including the possibility that such reduction is secondary to
inhibition of glucose-6-phosphate-dehydrogenase (EC 1.1.1.49) activity in
the adrenals and (b) blockage of steroid action by a steroid metabolite
formed under the influence of DDD. However, the existence of these effects,
much less their importance, remains obscure.

o,p'-DDT. Oral administration of o,p’-DDT to dogs at a rate of 50
(mg/kg)/day stimulated the microsomal enzymes of the liver as indicated by
increase in liver size, total protein, microsomal protein, and cytochrome P-
450 concentration and by direct measurements of enzyme activity. These
changes in the liver were accompanied, initially, by an increase in the size of
the adrenals and of the cells of the zona fasciculata; these cells became
vacuolated and devoid of acidophilic cytoplasm, and their nuclei became
hyperchromatic and often peripheral in position. Synthesis of cor-
ticosteroids by the adrenal was not blocked (Copeland & Cranmer, 1974).
Thus the effect of a substantial dosage of 0,p’-DDT was quite different from
that of 0,p’-TDE (DDE), although part of the metabolism of 0,p’-DDT must
be by the same route.

7.1.9 Carcinogenicity

There is no doubt that DDT and a number of other organochlorine
insecticides cause marked changes in the liver in various rodents and that
these changes progress to tumour formation in some species, notably the
mouse. There is serious disagreement as to whether the mouse tumours are
malignant. Regardless of their nature, there is virtual certainty that they
are peculiar to rodents and, therefore, interpretation of their significance for
man or useful animals is difficult.

Evidence for the carcinogenicity of DDT and its metabolites has been
reviewed by the International Agency for Research on Cancer (IARC,
1974). Most of the experimental results are summarized in Table 17. The
conclusions of the IARC were that: (a) the hepatocarcinogenicity of DDT
administered by the oral route has been demonstrated in several strains of
mice, and shows a dosage-response relationship; (b) a dietary level of 2
mg/kg (above 0.3 (mg/kg)/day) produces a significant increase in
hepatomas in male but not in female CFl mice and not in either sex of
BALB/c mice; (c¢) increased incidence of tumours has been reported in some
other organs of mice but not confirmed in multigeneration studies using a
wide range of dosages; (d) evidence for the carcinogenicity of DDT in rats
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is not convincing and is negative in hamsters even at the higher dietary
levels that they tolerate in comparison with rats and mice; (e) negative
results in dogs and monkeys are inconclusive because of the small groups
studied and the short duration of treatment; (/) liver cell tumour induction
in trout is inconclusive because of a lack in control of the diet; and (g) the
carcinogenicity of p,p’-DDE is similar to that of DDT, but TDE produces a
significant incidence of Jung tumours.

Actually, the number of dogs and monkeys was not small compared with
similar studies on other chemicals. In an investigation on monkeys, dosing
at lower levels was continued for 7.5 years. In both dogs and monkeys,
dosages sufficient to cause liver damage, death, and neurological indications
of DDT poisoning were included in the protocols (see Table 17). Apparently
no new studies on dogs and monkeys have been reported. On the other
hand, a new study on rats (Rossi et al., 1977) has given definite evidence of
the tumorigenicity of DDT and phenobarbital, confirming the conclusion
of Fitzhugh & Nelson (1947) which was based on less extensive data.

In mice, liver tumours similar to those caused by DDT (see Table 17)
have been reported in connexion with DDE and DDD (Tomatis & Turusov,
1975), chlorobenzilate, HCH, aldrin, dieldrin, mirex, and terpene poly-
chlorinates (Tomatis et al., 1973). Similar tumours have been caused by the
important drug, phenobarbital (Wright et al., 1972; Peraino et al., 1973;
Thorpe & Walker, 1973; Ponomarkov et al., 1976). TDE also caused lung
tumours (Tomatis et al., 1974a).

The TARC review did not discuss the controversy over the nature of
the tumours induced by DDT in the livers of some rodents, and it did not
consider the relationship of these tumours to the induction of microsomal
enzymes. The following paragraphs are concerned with these matters and
specifically with those inducers that behave like DDT. The biochemical
pattern of induction of mixed function oxidase enzymes is similar for DDT
and phenobarbital but distinctly different for 3-methylcholanthrene
(Vainio, 1975). Thus 3-methylcholanthrene and compounds like it must
be excluded from the discussion. Similarly, the high degree of correlation
between the ability of compounds to induce parenchymal liver tumours
in mice and their ability to induce tumours in the liver and other organs
of rats and hamsters cannot be accepted uncritically. As demonstrated in a
study by Tomatis et al. (1973), this correlation is extremely good for
compounds that are, or are suspected of being, carcinogens in man.
However, the correlation is poor for organochlorine insecticides. In fact,
the only one of these compounds that has increased the incidence of a
tumour in another species is DDT, which induced liver tumours in rats
in one experiment.

The early morphological response of the rodent liver to DDT is similar to
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its response to moderate dosages of HCH, chlordane, dieldrin, camphechlor
(Toxaphene) (Lehman, 1952; Ortega et al.,, 1956), and the important drug,
phenobarbital (Wright et al., 1972; Thorpe & Walker, 1973). The earliest
change involves so much increase in the smooth endoplasmic reticulum of
individual liver cells that they enlarge, and the large granules that are
ordinarily scattered throughout the cytoplasm are displaced to the periphery
of the affected cell. Quite early, some of the endoplasmic reticulum forms
whorls that may have fat droplets as their centres—thus justifying the term
“lipospheres”, applied to them by Ortega et al. (1956). Others have referred
to these inclusions as “hyaline oxyphil masses” (Lillie & Smith, 1944) or
“lamellar bodies” (Ito et al.,, 1973). These changes are accompanied by
some increase in fat droplets, not all of which become surrounded by endo-
plasmic reticulum. This combination of changes (hypertrophy, margination,
and lipospheres) is characteristic of rodents and of compounds that induce
microsomal enzymes. Certain other changes have been reported but not
confirmed. These include enlargement and morphological changes of the
mitochondria (Obuchowska & Pawlowska-Tochman, 1973; Watari, 1973),
increased numbers of primary lysosomes, and atrophy of the Golgi body
(Watari, 1973), none of which were found by Ortega (1966).

The characteristic changes develop promptly. An increase in smooth
endoplasmic reticulum and the appearance of lamellar structures have been
seen as early as 4 and 7 days, respectively, after the beginning of dosing
(Wright et al., 1972).

Although microsomal enzymes may be induced in other species, morpho-
logical changes in the liver, as viewed by the light microscope are not the
same (Laug et al., 1950; Lehman, 1952; Ortega et al., 1956), or occur to
lesser degree as viewed by the electron microscope (Wright et al., 1972).

The changes in liver cells that characterize the induction of microsomal
enzymes in rodents are distinct from the focal necrosis that may be
produced with about the same ease in the livers of rodents or other species
by fatal or near fatal dosages of organochlorine insecticides. The necrotic
lesions do not progress because, if such high dosages are continued the
animal dies, and, if dosing is stopped and the animal survives, the necrotic
cells are removed by autolysis and phagocytic action and the lesions usually
heal without scarring (Cameron & Burgess, 1945). Nevertheless, some
scarring was found by Lillie & Smith (1944) and Lillie et al. (1947).

At least in the early stages, the changes in liver cells that characterize
induction of microsomal enzymes in rodents are reversible (Fitzhugh &
Nelson, 1947; Ortega et al., 1956; Wright et al., 1972). The reversibility
does not depend on cell removal but simply on reversion of the physio-
logical and morphological condition of the cells to their original condition.

Of course, reversibility is incompatible with progression, but whether
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observed irreversibility will be associated with progression must be
determined directly in each instance. In the following paragraphs, the
question of progression is discussed only after consideration of the problem
of irreversibility in general.

If dosing with organochlorine insecticides or other inducers is continued
long enough and at a sufficiently high level, the liver changes become
irreversible, if for no other reason than that the remaining life span of the
animals is too short to permit excretion of the inducing chemical or
complete reversion of the liver cells to their original state. The stage at which
this shift to irreversibility occurs remains unknown, but it seems very likely
that dosages sufficient to produce irreversible morphological change also
exceed the physiological adaptability of the liver. The important distinction
between adaptation and injury in relation to enzyme induction has been
studied using dieldrin.

Although some persons have tended to view even moderate enlargement
of the liver or of individual liver cells as an injury, the evidence is strong that
these changes are usually adaptive and beneficial to the organism, when
they are the result of an increase of smooth endoplasmic reticulum and an
associated increase in the activity of liver microsomal enzymes (Barka &
Popper, 1967). However, it is obvious that any stimulus or effect may be
harmful, if excessive. Hutterer et al. (1968) demonstrated that a distinction
may be drawn between adaptation to dieldrin and decompensation resulting
from excessive doses of it. Some of these authors, including Popper, showed
that the same distinction could be drawn in connexion with other sources of
potential liver injury.

It was found that daily intraperitoneal administration of dieldrin to rats at
the rate of 2 mg/kg produced enlargement of the liver, hypertrophy of the
smooth endoplasmic reticulum, increases in microsomal protein and P-450
haemoprotein, and associated increases in the activity of microsomal
enzymes; however, normal activity of other enzymes not derived from
the microsomes was maintained. The activity of microsomal enzymes per
mole of available P-450 haemoprotein remained unchanged. The highest
level of activity of the processing enzymes was reached after 14 days,
after which the new steady state was maintained. Rats that had
received dieldrin at a rate of 2 mg/kg per day for 28 days were more
tolerant to dieldrin than normal rats, as shown by the fact that they survived
25 consecutive daily doses at the rate of 5 mg/kg, a dosage that produced
70% mortality in previously untreated rats. In spite of the ability of the rats,
pretreated with a moderate dosage of dieldrin, to survive a large dosage,
their livers showed definite indications of decompensation in response to the
high dosage. Although the smooth endoplasmic reticulum remained
hypertrophic and the microsomal protein and P-450 haemoprotein concen-
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trations remained elevated, the enzyme activities per mole of available P-450
haemoprotein decreased, as did the activity of some enzymes not associated
with microsomes. Much of the excess smooth endoplasmic reticulum
formed tightly packed clusters of tubular membranes with no glycogen and
little hyaloplasm, and some of the mitochondrial membranes were injured. It
was suggested that the phase of decompensation represented by hyper-
trophic but hypoactive smooth endoplasmic reticulum might serve as a
sensitive criterion of toxic injury before microscopic changes of a clearly
harmful sort become recognizable (Hutterer et al., 1968).

Other studies indicating not only the presence of adaptive change over a
range of dosages but also the failure of adaptation and onset of injury at
sufficiently high dosage levels have been reported for butylated hydroxy-
toluene (Gilbert & Golberg, 1967) and for DDT (Hoffman et al., 1970).
Hoffman and his colleagues found that, when DDT was fed to male
weanling rats for only 14 days at dietary concentrations of 0.5 to 2048
mg/kg, concentrations of 0.5 and 2 mg/kg had no effect on the O-
demethylation reaction used as a test, but concentrations of 4—750 mg/kg
produced increases in the rate of metabolism, proportional to the log of
dosage. Extrapolation of this portion of the dosage response curve to the
abscissa provided a calculated no-effect level of 3.27 mg/kg equivalent to
about 0.327 (mg/kg)/day. This is in reasonable agreement with other
estimates of the threshold for induction of various enzymes in the rat,
including some studies involving longer administration of DDT. These
estimates, expressed as (mg/kg)/day, are approximately 0.05 (Kinoshita et
al., 1966; Street et al., 1969), 0.5 (Schwabe & Wendling, 1967) and 0.125
(Gillett, 1968). All of the estimates are of the same order of magnitude as
the 0.25 (mg/kg)/day known to be effective in man (Laws et al., 1967;
Poland et al., 1970), but all are over 100 times greater than the highest
dosage received by members of the general population during the late 1960s
(Duggan, 1968). Increasing the dietary level to more than 750 mg/kg did
not produce any further increase in enzyme activity. Intake of less than 128
mg/kg did not produce any increase in liver weight, within the period of
observation; increase was proportional to dosage within the range of 128 to
512 mg/kg and was submaximal at intakes above 512 mg/kg.

Some other compounds, notably phenobarbital, produced morphological
changes in the liver similar to those produced by some organochlorine
insecticides (Wright et al., 1972; Thorpe & Walker, 1973). It seems possible
that sufficiently high doses of phenobarbital, for example, may lead to a
failure of adaptation and to levels of enzyme activity that do not cor-
respond to dosage.

As indicated above, the earliest morphological changes caused by enzyme
inducers in the rodent liver involve separate cells in the centrolobular area. If
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the dosage is sufficiently high and prolonged, nodules consisting entirely of
hypertrophied cells may appear. At first, these microscopic nodules are
distinguishable only by pattern; they have no bounding membrane and they
do not compress or change in any other detectable way the smaller liver
cells that surround them. Some nodules may become large enough to be
seen without a microscope, and a few may exceed 1 cm in diameter. In these
large nodules, there is almost complete loss of lobular architecture. Nodules
apparently were first described by Fitzhugh & Nelson (1947) who felt that
they could be regarded as adenomas or as low grade hepatic cell
carcinomas. The use of the second term is not clear because neither mitoses,
tissue invasion, nor metastasis was observed. Although Ortega et al. (1956)
reported small nodules in the livers of treated rats, and although they
examined tissue loaned by Fitzhugh & Nelson’s laboratory, they were
entirely unimpressed by the lesions, referring to them as “focal incon-
gruities”.

Almost 3 decades after the first study, there is no more agreement than is
reflected in the preceding paragraph. The views of some pathologists remain
diametrically opposed. This is true even though the finding of: (a) pulmonary
metastases of hepatic cells in mice that had received DDT (Tomatis et al.,
1972; Walker et al., 1973), f-HCH, y-HCH, dieldrin, or phenobarbital
(Thorpe & Walker, 1973); or (&) progression of liver enlargement beginning
12 weeks after cessation of ingestion of  HCH by mice for 24 or 36 weeks
(Nagasaki et al., 1974) or progressive increase in the size of liver nodules
after DDT feeding was stopped (Tomatis et al., 1974b; Tomatis & Turusov,
1975); or even (c) in HCH-exposed mice the time-pattern of increase in liver
weight (as reflected by body weight), which gained momentum only after a
delay of 4 weeks but showed a further acceleration in the thirteenth week, in
spite of decreased food consumption (Tomii et al., 1972), would appear to
establish, without question, that at least some of the liver changes produced
by these compounds in rodents are malignant.

Of course, the reason for disagreement is that the tumours produced by
DDT, other organochlorine insecticides, and phenobarbital differ in their
biochemistry and are not malignant in the classical sense. Specifically, (a)
they do not actively invade tissues; (4) their “metastases” do not grow; (c)
they produce little shortening of life span; and (d) mice receiving 5.5
(mg/kg)/day as a result of dietary intake of DDT show a decrease in the
success of transplantation and a significant increase in survival in mice in
which tumours grew following inoculation with an otherwise uniformly
transplantable and uniformly fatal ependymoma (Laws, 1971).

Although the displacement of liver cells to the lung occasionally seen after
prolonged dosage with DDT is usually referred to as metastasis, it might
better be called embolism because the lesion does not progress and, there-
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fore, lacks the clinical significance of a real metastasis. Because it does not
grow, the lesion is hard to find. A number of investigators have failed to
mention liver cells in the spleen, lymph nodes, or lungs, and some have stated
specifically that they were not found (Nagasaki, 1973; Rossi et al., 1977).

Perhaps the most illuminating study of the liver changes caused by DDT
is that of Kuwabara & Takayama (1974). They used fluorinyl acetamide
(2,7-FAA) as a positive control in their studies of DDT and HCH. The 3
compounds were given at dietary concentrations of 250, 250, and 600
mg/kg, respectively. The lesion caused by 2,7-FAA differed from those
caused by either of the other compounds in 3 ways: (a) it started as hyper-
plastic nodules rather than as isolated cell changes; () the final lesion was
hepatocellular carcinoma in contrast with the adenoma caused by DDT or
HCHj; and (c¢) efetoprotein was formed, which did not occur with DDT or
HCH. Other workers have also failed to find a-fetoprotein in mice treated
with an organochlorine insecticide (Hanada et al., 1973).

It must be emphasized that the organochlorine insecticides and pheno-
barbital do not produce, in other animals, the early, visible changes in the
endoplasmic reticulum that are so characteristic of some rodents and that
progress to tumour formation in rodents. That these compounds do not lead
to tumour formation in other animals might have been predicted by the fact
that they do not cause the early changes, characterized by hypertrophy,
margination, and lipospheres.

All available evidence indicates that man does not appear to be sus-
ceptible to the tumorigenic action of the organochlorine insecticides and
phenobarbital. No increase in the occurrence of tumours has been found in
heavily-exposed populations. This includes groups of workers who manu-
facture and formulate DDT and dieldrin and who have been examined care-
fully for tumours (Laws et al., 1967, Jager, 1970).

Finally, a study based on a complete tumour registry did not indicate any
increase of tumours attributable to phenobarbital among men and women
who received heavy, essentially lifelong dosing with this drug for the control
of epilepsy (Clemmesen et al., 1974).

In summary, in spite of disagreement about the interpretation of the liver
cell changes, there is general agreement about their development and
appearance. The change that can be detected first and can be produced by
the smallest effective dosage involves the endoplasmic reticulum. The initial
change is reversible, but, even more important, it is peculiar to rodents.
There is no evidence that anything from the first increase in endoplasmic
reticulum to the final development of a highly nodular liver with occasional
displacement of cells to the lung has any bearing on the health of man or
other animals in which the endoplasmic reticulum does not respond in this
way.
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7.1.10 Mutagenicity

DDT has been tested in a number of ways for possible mutational effects.
Shirasu et al. (1976) listed DDT as a negative chemical in microbial
mutagenicity screening studies on 166 pesticides. The test system consisted
of rec-assay using H 17 Rec* and M 45 Rec™ strains of Bacillus subtilis and
reversion assays without metabolic activation using auzotrophic strains of
Escherichia coli (WP 2) and Salmonella typhimurium (Ames series).
Further studies by the same authors, with metabolic activation, failed to
reveal mutagenicity of DDT (Shirasu et al., 1977). McCann et al. (1975)
and McCann & Ames (1976), reported negative results on DDE in
Salmonella typhimurium testing with metabolic activation.

At a dosage of 105 mg/kg, DDT did not produce any increase in
dominant lethals in mice (Epstein & Shafner, 1968). Concentrations of 10
mg/kg or higher produced chromosome breaks and exchange figures in a
marsupial somatic cell line (Palmer et al., 1972). Saturated solutions
produced chromosome breaks in the root tips of onion and other plants
(Vaarama, 1947). A slight mutagenic effect in mammals has been reported
by Markarian (1966). Deletions plus gaps were reported to be more
common in the chromosomes of mice that had received DDT.

An unconventional test for mutagenicity involved examination of
explants of pulmonary tissue from embryonic mice whose dams had been
fed dietary concentrations of DDT of 10 and 50 mg/kg. An increase in
diffuse hyperplasia and focal proliferation was observed, but a dosage-
response relationship was not clear. Some of the embryos were allowed to
live and the experiment was repeated in subsequent generations. There was
no continuing progression of the reported changes in succeeding generations
(Sabad et al., 1972).

7.1.11 Teratogenicity

When p,p’-DDT was administered to pregnant mice at a rate of 1 mg/kg
on days 10, 12, and 17 of gestation, it was not teratogenic but did alter the
gonads and decrease the fertility of the young, especially the females
(McLachlan & Dixon, 1972). A single dose at the rate of 25 mg/kg or
repeated doses of 2.5 (mg/kg) day given during pregnancy may be
embryotoxic but not teratogenic to mice (Schmidt, 1973). The reason why
one or a few doses during pregnancy may be embryotoxic although the
same dosage is harmless, when administered during the entire reproductive
period, is of theoretical but not practical importance.

Teratogenic effects of DDT have not been seen in studies of reproduction
including those for 2 generations in rats, 6 generations in mice, and 3
generations in dogs (see section 7.1.7).
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7.2 Acquisition of Tolerance to DDT

Because DDT stimulates microsomal, mixed-function enzymes and the
action of these enzymes on DDT is one of detoxication, it might be
expected that some tolerance might develop. Such tolerance has been
demonstrated in the case of dieldrin; rats that received this compound for 28
days at a rate of 2 mg/kg survived 25 additional days at a rate of 5 mg/kg, a
dosage that killed 70% of previously untreated rats (Hutterer et al., 1968).
Apparently the possibility of tolerance to DDT has not been explored.

7.3 Factors Influencing DDT Toxicity

7.3.1 Dosage effect

7.3.1.1 Dosage-effect of DDT

Table 5 summarizes the acute oral and dermal toxicity of DDT in
common laboratory animals, and Table 18 summarizes the subcutaneous
intravenous and intraperitoneal toxicity. Both tables are condensed from an
earlier review (Hayes, 1959) that gives references and additional details. It
may be concluded that dissolved DDT is absorbed through all portals.
Absorption of DDT powder through the skin is negligible. It is frequently
impossible to put enough DDT dust on the skin of animals to kill them, so
that an LDy, value for this formulation cannot be determined by the dermal
route. Although formulation is important in determining the toxicity of

Table 18. Acute subcutaneous, intravenous, and intraperitoneal LDy, of DDT in common
laboratory animals?

Species Formulation Subcutaneous Intravenous  Intraperitoneal
(mg/kg) (mg/kg) (mg/kg)

Rat Water suspension or powder >2000

Qil solution 200-1500 47 80-200
Mouse Water suspension or powder 1000-1500

Oil solution 300
Guineapig Water suspension or powder

Qil solution 900 150
Rabbit Water suspension or powder

Qil solution 250—>3200 3041 <2100
Cat Woater suspension or powder

Oil solution <650 32
Dog Water suspension or powder

Qil solution 68
Monkey Water suspension or powder

Oil solution 55

2 From: Hayes {1959).
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DDT by other routes, the difference is not so great as it is in connexion with
skin exposure. DDT is about 4 times more toxic when given intravenously
than when given orally, and about 40 times more toxic when given
intravenously than when given dermally.

In general, DDT appears to be more toxic as a solution in vegetable oil or
animal fat than when given in some petroleum fraction. Petroleum may act
as a laxative. The heavier fractions are never absorbed and DDT dissolved
in such fractions has to be extracted from the solvent in order to show
toxicity.

In summary, DDT is a compound of moderately acute toxicity.
Compared with other organochlorine insecticides of equal or greater
toxicity, it is remarkable in being only slightly absorbed by the skin.

The effects of repeated doses of DDT are summarized in Table 17.

The 90-dose oral LDy, of technical DDT in rats is 46.0 (mg/kg)/day
(Gaines, 1969). The chronicity index is 5.4. Thus the compound has only a
moderate tendency to cause cumulative effects, and this limited tendency is
fully explained by the accumulation of DDT itself in tissues as a result of
continuing intake. In fact, this accumulatio, which is strictly dosage
dependent, is detectable at all measurable levels of intake. The relationship
in man is shown in Fig. 4 (p. 138).

If storage is considered undesirable per se, then DDT is without a no-
injurious-effect level. However, the same may be said for all compounds that
are absorbed, for the presence of all of them in the bodies of exposed
organisms—perhaps at very low levels—may be assumed; failure to
demonstrate low levels of storage does not depend on physiology but only
on the limitations of analytical chemistry and on the lack of persistence of
chemists.

A number of papers have reported no-effect levels for DDT within the
variables investigated, namely: rat, 0.05 mg/kg (Lehman, 1965); dog, 8
mg/kg (Lehman, 1965); and monkey, 2.2-5.54 mg/kg (Durham et al.,
1963).

There remain reports of effects in animals at the lowest dosages
investigated. For example, decreased serum albumin and increased - and y-
globulins in the blood of rats and rabbits maintained on a dosage of 0.2
(mg/kg)/day for 3—11 months was reported by Kagan et al. (1969).

In studies carried out in rats and dogs, toxicity, as measured by the
maximum no-effect level, was seldom very different from the corresponding
value resulting from 90 days of exposure at the same dosage range. The
largest factor of difference observed when 33 chemicals were investigated in
rats was 12 (20 for minimal effect level), and for half of them the factor was
2 or less. In 21, rat-to-dog comparisons of long-term toxicity, in no instance
was the dog more sensitive than the rat (Weil & McCollister, 1963).
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Although LDy, studies offer a poor basis for predicting long-term toxicity,
the lowest dosage that will produce a minimum effect, when administered
for the lifetime of rats, can be predicted with reasonable success from a test
lasting only 7 days and with good success from a 90-day study (Weil et al.,
1969). These results offer some perspective for judging the ultimate effect of
exposure to compounds that have been commercially available for less than
one human lifetime.

Summary of long-term toxicity studies. The lowest dosages that have
been studied in animals are of the same order of magnitude as those
encountered by men who make or formulate DDT and, therefore, hundreds
of times greater than the dosages encountered by the general population.
The animal studies have been continued long after a steady state of storage
has been achieved. From the results it can be concluded that bioaccumu-
lation sufficient to produce neurotoxicity or other clinical effects, including a
reduction of the life span, can occur only at dosage levels substantially
higher than those encountered by the most heavily exposed workers. DDT
dosages encountered by workers produced a small but detectable increase in
liver changes (hypertrophy, margination, and liposphere formation) in some
groups of mice and rats. The same changes occurred in low incidence in
control mice and rats but not in other animals (see section 7.1.9).

1.3.1.2  Dosage-effect of metabolites and o,p'-DDT

Acute oral LD, values of DDT metabolites commonly found in tissues
of excreta are shown in Table 19. Readily absorbable formulations of the
metabolites are less toxic than the most absorbable preparations of the
parent compounds (see for example Table 5).

Table 19.  Oral LD, values of metabolites of DDT

Compound Species LD, Reference
{mg/kg)
DDE rat, male 880 Gaines, 1960
DDE rat, female 1240 Gaines, 1960
DDE mouse 700 von Oettingen & Sharpless, 1946
DDE mouse 1000 Domenjoz, 1946a,b
TDE(DDD) rat, male >4000 Gaines, 1969
DDA rat 1900 Smith et al., 1946
DDA rat, male 740 Gaines, 1960
DDA rat, female 600 Gaines, 1960
DDA mouse 720 von Oettingen & Sharpless, 1946
DDA mouse 590 Domenjoz, 1946a,b

DDA. Rats tolerate higher tissue levels of DDA than of DDT. Eighteen
hours after intravenous injection of DDA at a rate of 100 mg/kg, tissue
levels were still higher than those usually found in animals, fatally poisoned
by DDT (Judah, 1949).
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DDA produces less injury to the liver than DDT but produces greater
damage to the kidney especially at high intravenous dosages (Lillie et al.,
1947). This is consistent with the finding of Spicer et al. (1947) that,
following administration of DDT, DDA constitutes a higher proportion of
DDT-related compounds in the kidney (25%) than in any other tissue, e.g.,
12% in the liver, 10% in the brain, and even less in other tissues.

0,p'-DDT. At an oral dosage of 150 mg/kg, p,p’-DDT produces severe
illness in all rats and kills about half of them, but o,p’-DDT at the same
dosage does not produce illness even though the concentrations of the 2
compounds in the brain at various intervals after dosing are about the same.
At a dosage of 3000 mg/kg, o,p’-DDT produces mild to moderate illness,
and the concentration in the brain is 59 times the concentration of p,p’-
DDT necessary to produce similar symptoms. Thus, p,p’-DDT appears to
be inherently more toxic than the o,p'-isomer (Dale et al., 1966a).

7.3.2 Age and sex

Young animals eat more than adults in relationship to their body weight.
For this and other reasons, they are often more susceptible than adults to
poison in food. However, young animals are inherently less susceptible to
certain compounds. There is no evidence that DDT is more toxic to the
young than to the adults of any species, including man. In the rat, the young
are less susceptible than adults to a single dose and about equally
susceptible to repeated doses as shown in Table 20. According to
Henderson & Woolley (1969), the relative insusceptibility of the young is
associated with relatively poor absorption of DDT by the central nervous
system and by the less inherent susceptibility of the young brain to DDT
already absorbed by it. Further studies by the same authors (Henderson &
Woolley, 1970) showed that fatal poisoning of both 10- and 60-day-old rats

Table 20. Effect of age on the toxicity of DDT to rats

Number Age LD, Reference

of doses (mg/kg)?

1 newborn 4000 Luetal., 1965

1 newborn 2356 Harrison, 1975

1 10 days 728 Henderson & Woolley, 1969
1 14-16 days 437.8 Luetal, 1965

1 weanling 355.2 Luetal.,, 1965

1 2 months 250 Henderson & Woolley, 1969
1 3-4 months 194.5 Lu et al.,, 1965

1 middie-aged 235.8 Luetal, 1965

1 aduit 225 Harrison, 1975

4 preweaning 279.2 Luetal., 1965

4 adult 285.6 Lu et al.,, 1965

2 Total intake one or more doses.
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involved hyperexcitability and intense tremor followed by prostration and
eventual respiratory failure. However, in the adult rat, DDT caused
convulsions, an increase in respiration and heart rate, and a lethal increase
in body temperature (40-42° C) prior to death, but the body temperature of
the immature rat decreased during acute intoxication by DDT. The authors
suggested that, whereas DDT is a direct depressant of respiration in both
young and old rats, the additional toxic responses manifested by seizures
and hyperthermia accounted for the increased lethality of DDT in mature
animals.

There is virtually no sex difference in the acute toxicity of DDT to rats:
the LD,, was 113 and 118 in males and females, respectively (Gaines,
1960). When DDT is fed to rats at ordinary dietary levels, the 2 sexes store
it equally. However, at higher dosages, females store more of the com-
pound; the difference is explained mainly by the lower activity of the liver
microsomal enzymes in female rats and, only in part, by the relatively higher
food intake of the females.

7.3.3 Nutrition

Far. Nutrition influences the toxicity of DDT in connexion with both fat
and protein. Fatness influences the amount that can be stored inactively in
the body, and it is of importance in mitigating acute poisoning. This action
of fatness or “good condition” has been noted in connexion with mammals
(Spicer et al., 1947) and fish (Hoffmann & Surber, 1948). In contrast,
laboratory animals are slightly more susceptible to repeated large doses
administered as part of a diet containing a moderate proportion of fat (5%
or more) than as part of a very low fat diet (0.5%) (Sauberlich & Baumann,
1947). This difference is thought to be associated with absorption from the
gastrointestinal tract.

Rats that have stored large amounts of DDT in the fat may suffer
tremors, if starvation or some other cause leads to a mobilization of their fat
(Fitzhugh & Nelson, 1947). If DDT intake is stopped when starvation
begins, and, if the concentration of DDT is measured only once following
the interval of starvation, the results may be erratic, reflecting, to a greater
or lesser degree, both mobilization of fat and excretion of metabolites as in
studies reported by Deichmann et al. (1972).

However, in nature, starvation is more often partial than complete, and, if
the original diet contains enough DDT to cause substantial storage, what-
ever food may be found in a period of scarcity is also likely to be
contaminated. The initial effect of the mobilization of fat is to increase the
concentration of DDT in the remaining fat and in other tissues. Excretion is
increased in response to the increased tissue levels but may not be fast
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enough to prevent the accumulation of a toxic concentration in the brain. If
intake of DDT is stopped, the increased rate of excretion eventually leads to
reduced storage (Dale et al., 1962). These findings in rats have been
confirmed, in regard to both the initial increase in the concentration of DDT
(Dedek & Schmidt, 1972; Stenberg & Diky, 1973) and the later reduction
(Brodeur & Lambert, 1973). Similar findings have been reported in birds
(Adamczyk, 1971).

The effect of fat mobilization on the toxicity of DDT is the same whether
it is caused by withholding food or by disease that causes partial refusal of
food (Hayes, 1975).

It is highly unlikely that poisoning by DDT will be precipitated in man by
starvation because: (a) very few subjects store the compound in concen-
trations as high as those required to demonstrate the phenomenon in rats;
and (b) the metabolic rate in man is so much slower than that in rats
that elimination of DDT in man would counterbalance that produced by its
mobilization.

Lipids. The association of lipids with the function of microsomal
enzymes is generally recognized as is the fact that DDT induces these
enzymes. Therefore, it might have been expected that DDT and essential
fatty acids would interact. Tinsley & Lowry (1972) found that the growth of
female rats receiving p,p’-DDT at a dietary level of 150 mg/kg was
depressed, if they received a diet deficient in essential fatty acids, but was
slightly stimulated, if they received the same diet supplemented with these
acids. Another variable influenced by the same factors was the ratio of
various liver lipids. The changes in fatty acid composition were related to
the proliferation of hepatic smooth and endoplasmic reticulum; it was
suggested that DDT influenced essential fatty acid metabolism by increasing
the demand for them.

In contrast, a variety of diets (containing fats that may occur in the
human diet and that were in approximately the same proportion as fats in
the typical human food in the USA) had little or no influence on the storage
of DDT and a wide range of pesticides fed to rats for 4 generations in a
combination of rates 200 times those found in the Market Basket Study of
food in the USA (Adams et al., 1974).

Ascorbic acid. In squirrel monkeys (and presumably in other species)
only 2 days on an ascorbic acid-deficient diet impaired both the induction of
O-demethylase and the stimulation of the glucuronic acid system by DDT
(5 mg/monkey/day) (Chadwick et al., 1971a). In guineapigs, maintenance
of induction of microsomal enzymes required a higher dietary level of
ascorbic acid than prevention of scurvy (Wagstaff, 1971).

Protein. Smith & Stohlman (1945) found only slightly greater mortality
and liver pathology in rats fed DDT at 500 mg/kg in a diet containing
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protein at 80 g/kg than in one containing 280 g/kg. The finding that low
dietary protein predisposes to DDT poisoning has been confirmed
(Sauberlich & Baumann, 1947; Boyd & DeCastro, 1968, 1970; Boyd &
Krijnen, 1969); however, even zero protein intake increased toxicity only 4-
fold, the smallest factor observed in comparable studies of 9 pesticides. The
effect of protein deficiency on toxicity may involve a crippling of the
microsomal enzymes of the liver or it may act synergistically with
compounds that cause anorexia. Rats fed a diet containing casein at 810
g/kg exhibited evidence of renal overload and were more susceptible to
DDT (Boyd & DeCastro, 1970).

7.3.4 Species

The acute toxicity and metabolism of DDT were studied in mice and
hamsters because of the marked difference in their susceptibility to liver
tumours induced by DDT. The central nervous systems of the 2 species are
equally sensitive, the concentration of DDT in their brains at death being
similar. However, after an oral dosage of 500 mg/kg, the DDT concen-
tration in the mouse brain was twice that in the hamster. This cannot be
explained by a difference in absorption, metabolism, or excretion but
apparently is due to a difference, in the permeability of the blood/brain
barrier in the 2 species. When animals receive DDT at a dietary level of 250
mg/kg for 6 weeks, the residues in fat and liver were 7/8 times higher in the
mouse, a fact only partially explained by the greater food intake of the
mouse relative to body weight. Although urinary excretion of “C-DDT was
similar in previously unexposed hamsters and mice, this excretion was
stimulated in the hamster but little affected in the mouse by previous dietary
exposure to DDT (Gingell & Wallcave, 1974).

Mice also differ from rats in the hormonal regulation of the basic activity
of hepatic microsomal mixed-function enzymes as well as in the response of
these enzymes to inducers (Chhabra & Fouts, 1974).

7.3.5 Other factors

A number of other factors are known to influence the toxicity of some
compounds, and the degree of difference may be very great in isolated
instances. Factors that have been reviewed elsewhere (Hayes, 1975) include
(in addition to those listed above) interaction of compounds, strain,
individual differences, isolation and crowding, other social and psycho-
logical factors, temperature, pressure and altitude, light and other radiation,
circadian and other rhythms, seasonal differences, and relative humidity.
None of these additional factors is known to have an important effect on the
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survival of animals receiving DDT. The possibility of the interaction of
DDT with aldrin, pyrethrin, piperonyl butoxide, malathion, dichloro-
phenoxyacetic acid (2,4-D), and a number of food additives has been
explored systematically without finding anything but simple additive results
(Fitzhugh, 1966). However, pyrethrins, especially synergized pyrethrins,
have an additive and perhaps synergistic effect on the changes in liver
morphology associated with repeated doses of DDT in rats (Kimbrough et
al., 1968).

7.4 Human Studies

Oral exposure. Table 21 summarizes the effects of one or a few care-
fully measured oral doses of DDT. The results are consistent with those in
accidents reported by Garrett (1947) and Hsieh (1954) in which it was
possible to estimate accurately the amount ingested. It may be concluded

Table 21. Summary of the effects of one or a few oral doses of DDT on volunteers
Dose (mg) and Result Reference
formulation
250 x 9, No effect. Domenjoz, 1946a
suspension
1500, butter No effect, but lice killed when fed 6 and MacCormack, 1945
solution 12 h after dose.
500, oil No effect. Neal et al., 1946
solution
700, oil No effect. Neal et al., 1946
solution

250, suspension None except slight disturbance of sensitivity Velbinger, 1947ab

of mouth.
250, oil Variable hyperesthesia of mouth. Velbinger, 1947ab
solution
500, oil Variable hyperesthesia of mouth. Velbinger, 1947ab
solution
750, oil Disturbance of sensitivity of lower part of Velbinger, 1947ab
solution face; uncertain gait; peak reaction (6 h after

ingestion} characterized by malaise, cold moist

skin, and hypersensitivity to contact;

reflexes normal.
1000, oil Same as above; no joint pains, fatigue, fear, Velbinger, 1947a,b
solution or difficulty in seeing or hearing.
1500, oil Prickling of tongue and around mouth and nose Velbinger, 1947ab
solution beginning 2.5 h after dose; disturbance of

equilibrium; dizziness; confusion; tremor
of extremities; peak reaction {10 h after
ingestion) characterized by severe malaise,
headache, and fatigue; delayed vomiting;
almost complete recovery in 24 h.
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that a single dose at the rate of 10 mg/kg produced illness in some but not
all subjects even though no vomiting occurred. In general, smaller doses did
not produce illness, although a dosage of 6 mg/kg produced perspiration,
headache, and nausea in a man who was sickly and who was hungry at the
time of eating. Persons who were made sick by 10 mg/kg did not have
convulsions, but convulsions occurred frequently when the dosage level was
16 mg/kg or greater (Hsieh, 1954). Rarely, a dosage as high as 20 mg/kg
might be taken without apparent effect (MacCormack, 1945). Dosages at
least as high as 285 mg/kg have been taken without fatal result (Garrett,
1947). However, large doses lead to prompt vomiting, so that the amount
actually retained cannot be determined accurately.

It has been noted, in the course of tests with volunteers, that dilute
colloidal aqueous suspensions of DDT are odourless and tasteless
(Domenjoz, 1946a; Hoffman & Lendle, 1948). Saturated alcoholic
solutions of DDT have a weak aromatic taste or rather odour. Some people
find these solutions slightly anaesthetic to the tongue (Hoffman & Lendle,
1948). The taste of DDT in vegetable oil is so slight that many persons
could not identify capsules containing 0, 3.5, and 35 mg of DDT when they
were presented separately but could arrange them in proper order when one
of each was available for comparison (Hayes, personal communication,
1977).

The possible clinical effects of many repeated doses of DDT were first
explored by Fennah (1945). Because of his interest in predicting the results
of indiscriminate use, he expressed the exposures in terms of environmental
levels rather than in dosage units. The exposures were clearly higher than
those ordinarily encountered. In one test, lasting a total of 11.5 months,
Fennah daily inhaled 100 mg of pure DDT and drank water dusted at the
rate of 3240 mg/m?2 Much of the inhaled dust must have been deposited in
the upper respiratory tract and swallowed. Later, for one month, Fennah ate
food all of which had been sprayed at the rate of 2160 mg/m? after it had
been served. No ill-effect of any kind was observed.

Some later studies on volunteers have been designed to explore the details
of storage and excretion of DDT in man and to search for possible effects of
dosages considered to be safe. In the first of these studies, men were given 0,
3.5,and 35 (mg/man)/day. These administered dosages, plus DDT measured
in the men’s food, resulted in dosage levels of 0.0021-0.0034, 0.038-0.063,
and 0.36-0.61 (mg/kg)/day, respectively, the exact value depending on the
weight of each individual. Six volunteers received the highest dosage of
technical DDT for 12 months, and 3 received it for 18 months. A smaller
number of men ingested the lower dosage of technical DDT or one of the
dosages of p,p’-DDT for 12 or 18 months. No volunteer complained of any
symptoms or showed, by the tests used, any sign of illness that did not have
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an easily recognizable cause clearly unrelated to the exposure to DDT. At
intervals, the men were given a systems review, physical examination, and a
variety of laboratory tests. Particular attention was given to the neuro-
logical examination and liver function tests, because the major effects of
DDT in animals involve the nervous system and the liver (Hayes et al.,
1956). The same result was obtained in a second study in which the same
dosages were given for 21 months and the volunteers were observed for a
minimum of 27 additional months (Hayes et al, 1971). Information on
storage and excretion gathered in these studies has already been discussed
in sections 6.2.1.1 and 6.3.1.1.

Recently, DDT has been used on an experimental basis at dosage rates
varying from 0.3 to 3 (mg/kg)/day for periods up to 7 months in an attempt
to decrease serum bilirubin levels in selected patients with jaundice. No side-
effects were observed. No improvement was noted in patients with jaundice
based on cirrhosis who did not have any demonstrated liver enzymes
deficiency. However, in a patient with familial, nonhaemolytic, uncon-
jugated jaundice based on a deficienty of glucuronyl-transferase, treatment
with DDT rapidly reduced the plasma bilirubin level to the normal range
and relieved the patient of nausea and malaise from which he had suffered
intermittently. The liver function tests as well as other laboratory findings
remained normal. The improvement was maintained during the 6 months
that DDT was administered, and had persisted for 7 additional months at
the time the report was written. In this case, a dosage of 1.5 (mg/kg)/day
produced a steady rise in plasma levels of p,p’-DDT from an initial level of
0.005 mg/litre to a maximum of 1.33 mg/litre at the end of treatment. At
this time, the concentration in body fat was 203 mg/kg. Plasma levels fell
slowly after dosing was stopped (Thompson et al., 1969). The highest daily
intake in this series was 6 times greater than the highest level administered in
earlier studies of volunteers and about 7500 times greater than the DDT
intake of the general population. The highest value for p,p’-DDT in serum
observed in the entire series was 1.330 mg/litre compared with 0.996
mg/litre, the highest value reported by Laws et al. (1967) for formulating
plant workers.

Dermal exposure. Depending on dosage, oral administration of DDT to
volunteers either did not produce any illness or produced only brief
poisoning similar to that seen in experimental animals. The oral dosage
necessary to produce any clinical effect was almost always 10 mg/kg or
more. However, in 2 studies involving only 3 subjects in all, experimental
dermal exposure to DDT was followed by fatigue, aching of the limbs,
anxiety, or irritability, and other subjective complaints. Recovery was
delayed for a month or more (Case, 1945; Wigglesworth, 1945). In neither
study was there an independent control. Although the dosage was
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unmeasured, the amounts of DDT absorbed must have been much smaller
than those involved in the oral tests. One of the studies involved self-experi-
mentation by one man. A similar but somewhat more severe test on 6
volunteers did not produce any toxic or irritant effects at all (Dangerfield,
1946). In view of all other experiments and extensive practical experience, it
must be concluded that the illnesses reported by Wigglesworth and by Case
were unrelated to DDT.

With the exceptions just mentioned, dermal exposure to DDT has not
been associated with any illness or, usually, with any irritation (Wasicky &
Unti, 1944; Draize et al., 1944; Cameron & Burgess, 1945; Fennah, 1945;
Dangerfield, 1946; Chin & T’Ant, 1946; Domenjoz, 1946a; Haag et al.,
1948). In fact, Hoffman & Lendle (1948) reported that even subcutaneous
injection of colloidal suspensions of DDT in saline in concentrations up to
30 mg/litre did not cause irritation. Zein-el-Dine (1946) reported that DDT-
impregnated clothing caused a slight, transient dermatitis, but the method of
impregnation was not stated and the absence of solvent was not guaranteed.
In other more thorough studies DDT-impregnated clothing was found to be
non-irritating (Cameron & Burgess, 1945; Domenjoz, 1946a).

Small pads impregnated with different formulations of DDT were applied
to the inner surface of the forearm of 32 volunteers whose cutaneous
sensation had previously been measured for a period of 5 weeks. Pads
impregnated with all the elements of the formulation except DDT were
applied to the corresponding position of the other arm as a control.
Powdered DDT and a solution of DDT at 50 g/litre showed little effect.
Solutions in olive oil and petrolatum at 100 g/litre and 200 g/litre did not
show any remarkable effect on sensation of pain, cold, or heat but reduced
tactile sensation in most cases so that the minimum pressure that could
arouse the tactile sensation was 1-2.5 g/cm? higher than for the control
(Chim & T’Ant, 1946).

Respiratory exposure. Neal et al. (1944) reported almost continuous
daily exposures to aerosols sufficient to leave a white deposit of DDT on the
nasal vibrissae of the volunteers. This exposure produced moderate irritation
of the nose, throat, and eyes. Except for this irritation during exposure, there
were no symptoms, and laboratory tests and physical examination, including
neurological evaluation, failed to reveal any significant changes. The studies
by Fennah (1945), which involved both respiratory and oral exposure, did
not produce any detectable ill-effects.
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8. EFFECTS OF DDT ON MAN—EPIDEMIOLOGICAL
AND CLINICAL STUDIES

8.1 Retrospective Studies on DDT-Exposed Populations

8.1.1 Epidemiological surveillance of persons occupationally exposed to
DDT

The safety record of DDT is phenomenally good. It has been used for
mass delousing in such a way that the bodies and inner clothing of
thousands of people of all ages and states of health have been liberally
dusted with the compound. By necessity, the persons applying the DDT
work in a cloud of the material. Other subjects have sprayed the interior of
hundreds of millions of homes in tropical and subtropical countries under
conditions involving (Wolfe et al., 1959) extensive dermal and respiratory
exposure. A smaller number of men have made or formulated DDT for
many years. Extensive experience and numerous medical studies of groups
of workers have been reviewed (Hayes, 1959). Dermatitis was commonly
observed among men who used DDT solutions. The rashes were clearly due
to the solvent, especially kerosene. As often happens with rashes caused by
petroleum distillates, they were most severe in men when they first started
work and cleared in a few days unless contamination was exceptionally
severe. A smaller number of workers experienced mild narcotic effects
(vertigo and nausea) from solvents when working in confined spaces. Gil &
Miron (1949) reported that some persons suffered temporary irritability,
fatigue, and other ill-defined symptoms after exposure to the dusty
atmosphere of a delousing station, but the relation of these atypical findings
to DDT was not clear. With these exceptions due largely to solvents, no
illnesses clearly attributable to the formulations, much less to DDT, were
revealed by the early studies.

Ortelee (1958) carried out clinical and laboratory examinations of 40
workers, all of whom were exposed to DDT and some of whom were
exposed to a number of other pesticides. The men had been employed at this
work with heavy exposure for 0.4 to 6.5 years and with slightly less
exposure for as much as eight years. Exposure was so intense that, during
working hours, many of the men were coated with a heavy layer of concen-
trated DDT dust. By comparing their excretion of DDA with that of
volunteers given known doses of DDT, it was possible to estimate that the
average dosages of 3 groups of the workers with different degrees of
occupational exposure were 14, 30, and 42 mg/man per day, respectively.
With the exception of the excretion of DDA and the occurrence of a few
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cases of minor irritation of the skin and eyes, no correlation was found
between any abnormality and exposure to the insecticide. Since very large
doses of DDT injure the nervous system and liver of experimental animals,
special attention was given to a complete neurological examination and to
laboratory tests for liver function. Although a few abnormalities were
revealed, none was detected in relation to DDT.

Thirty-five men employed from 11 to 19 years in a plant that had
produced DDT continuously and exclusively since 1947 and, at the time of
the study, was producing 2722 metric tonnes per month were studied by
Laws et al. (1967). Findings from medical histories, physical examinations,
routine clinical laboratory tests, and chest X-ray films did not reveal any ill-
effects attributable to exposure to DDT. The overall range of storage of the
sum of isomers and metabolites of DDT in the men’s fat was 38—-647 mg/kg
compared with an average of 8 mg/kg for the general population. Based
on their storage of DDT in fat and excretion of DDA in urine, it was
estimated that the average daily intake of DDT by the 20 men with high
occupational exposure was 17.5-18 mg/man per day compared with an
average of 0.028 mg/man per day for members of the general population.
There was significant correlation (r = +0.64) between the concentration of
total DDT-related material in the fat and the serum of the workers. The
average concentration in fat was 338 times higher than that in serum—a
factor about 3 times greater than that for people without occupational
exposure. Compared to members of the general population, the workers
were found to store a smaller proportion of DDT-related material in the
form of DDE; the difference was shown to be related chiefly to intensity
rather than to duration of exposure. DDE is relatively a much less
important and DDA a much more important excretory product in
occupationally-exposed men compared with men in the general population.
A further study of the same men involved in DDT production is discussed in
section 8.2.5.

By far the largest number of heavily-exposed workers whose health has
been investigated are those associated with malaria control in Brazil and
India (WHO, 1973). In Brazil, periodic clinical examinations were made of
202 spraymen exposed to DDT for 6 or more years, 77 spraymen exposed
for 13 years ending in 1959, and 406 controls. In the first examination
carried out in 1971, minor differences between exposed and unexposed
groups were observed in some neurological tests, but this result was not
confirmed by the second examination in the same year nor in subsequent
examinations. During a 3-year period, a survey of illnesses requiring
medical care during the 6 months preceding each periodic medical
examination failed to demonstrate any differences between exposed and
control groups. A relatively small number of analyses indicated that the
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variations present one year were lacking the next. The possibility of adaptive
change (other than enzyme induction) has been suggested (Tocci et al.,
1969), but this, like the reaility of the changes, remains unproved.

In some instances statistically significant differences have been found
between workers and controls selected from the general population in
connexion with parameters that have no known biochemical relationship to
DDT and for which another explanation has not been excluded. For
example, Keil et al., (1972) reported significant linear correlations between
serum vitamin A and plasma DDT, TDE, and DDE levels.

There are a few reports of acute illness among workers attributed to
exposure to mixtures of DDT and other materials. In so far as the dosage
was very large, as in certain accidents that have occurred to individuals or
groups in the general populations (see section 8.2.2), one would expect
similar results. However, in at least one instance, headache, dizziness,
nausea, vomiting, pain and numbness of the limbs, and general weakness
beginning 1-1.5 h after entering a treated field (Kolyada & Mik-
hal’Chenkova, 1973) suggested food poisoning or hysteria.

Finally, there are studies of workers exposed to DDT and various other
pesticides that are reported to have produced a variety of subjective and
even objective medical findings. Interpretation of these reports is difficult
because: (a) the findings do not resemble those of poisoned animals or of
persons poisoned as a result of accident or suicide; and (b) the papers fail to
report how the medical findings and the absenteeism of the pesticide
workers compares with those of workers of comparable age, sex, and
exertion who are not exposed to chemicals. The fact that the workers in
question were exposed to mixtures of pesticides is not in itself an explanation
because studies on many workers who were exposed to mixtures have not
revealed any consistent differences between exposed subjects and unexposed
controls. However, an explanation may lie in the degree of exposure.
Reports of very high levels of organochlorine compounds in blood samples
and of DDT in milk samples from populations in which illness was found
are discussed in sections 6.2.1.2 and 6.3.1.2.

The reports under discussion tend to fall in 2 categories, those involving
general debility and those involving a single organ or system. Conditions
representative of general debility include dermatitis, subtle blood changes,
general weakness, palpitations, functional angiospasm, headache, dizziness,
diminished appetite, vomiting, lower abdominal pain, chronic gastritis,
benign chronic hepatitis, isomnia, a sympathetic vascular/asthenic syn-
drome, vegetative dystonia, and confusion (Kostiuk & Mukhtrova, 1970;
Bezugli et al., 1973).

Organs, systems, or functions that have been studied with the exclusion of
other organs, systems, or functions of the same workers include: the
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concentration of DDT in the blood of spraymen was about three times
higher than that of controls.

In India, the blood levels of 144 spraymen were 7.5-15 times higher than
those of the controls and were at least as high as those reported for workers
who make and formulate DDT elsewhere (see Table 7). When the spraymen
were examined, the only differences from the controls were that knee
reflexes were brisker, slight tremor was more often present, and a timed
Romberg test was more poorly performed by the spraymen. The positive
results led to the selection of 20 men for re-examination by a neurologist
who concluded that the differences found initially were not real or that the
tests had returned to normal within the few months between the 2
examinations. The signs were not dosage-related, since they were not
correlated with serum levels of DDT.

It has been known for several years that substantial doses of DDT and
several other organochlorine insecticides stimulate the microsomal enzymes
of the liver. This property of DDT was put to practical use in treating a
patient with familial, nonhaemolytic, unconjugated jaundice, as described
earlier. It was, therefore, entirely expected that persons with sufficient
occupational exposure to a variety of pesticides would be able to
metabolize a test drug (phenazone) more rapidly on the average than
persons without occupational exposure were able to do. However, the
change was not one of significantly increasing the fastest normal rate but of
bringing all the workers up to a high level. There was no indication that the
change had any effect on the workers’ health (Laws et al., 1967, 1973;
Kolmodin et al., 1969; Poland et al., 1970).

In addition to the studies already mentioned regarding workers with
extensive storage, and excretion of DDT as a result of heavy exposure to
DDT, studies have also been made of a larger number of workers with lesser
storage and excretion following lesser exposure to DDT but greater
exposure to other insecticides. Further studies (Long et al., 1969; Morgan &
Roan, 1969, 1974; Warnick & Carter, 1972; Sandifer et al., 1972; Embry et
al., 1972; Tsutsui et al., 1974; Ouw & Shandar, 1974) have failed to reveal
effects of clinical significance among workers with prolonged, moderate
exposure not only to organochlorine but also to organophosphorus and
other types of insecticides. Small but statistically significant differences have
appeared in the medical history or clinical laboratory results of some of
these workers compared with the controls, but in no instance have the
differences been of any medical importance, and dosage-response relation-
ships have been unclear or absent. In several instances, the statistically
significant differences have been opposite in different groups of workers; for
example, creatinine phosphokinase activity was lower than that of controls
in subjects applying the insecticide but higher in operators. Seasonal
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respiratory system (Boiko & Krasniuk, 1969), liver (Bezuglyi & Kaskevich,
1969), stomach (Krasniuk & Platonova, 1969; Platonova, 1970), kidneys
(Krasniuk et al., 1968), adrenals (Bakseyev, 1973), skin (Karimov, 1969,
1970), and labour and the puerperium (Komarova, 1970; Nikitina, 1974).
An indication that the difficulties under discussion are not serious is their
reversal or prophylaxis by means of diet. Les¢enko & Polonskaia (1969)
described in detail two dietary supplements composed of ordinary foods
plus sea-kale and a selection of vitamins and trace metals. Organochlorine-
exposed workers who received these diet products showed a normalization
of protein metabolism manifested by an increase in total serum protein,
improved lipid metabolism, and enriched vitamin and trace element supplies
in the organism. All of these effects led to an improvement in the detoxifying
function of the liver, which was viewed as the most frequent site of adverse
effects of exposure to organochlorine compounds.

8.1.2 Epidemiology of DDT poisoning in the general population: accidents
and suicides

The only demonstrated effects of DDT on the general population are the
storage of the compound and some of its derivatives in the tissues and their
excretion in urine and milk. The facts were reviewed in sections 6.2.13 and
6.3.1.2. Briefly, DDT and some of its derivatives are found in all or nearly
all persons in the population. The concentration is higher in tissues that have
a high neutral fat content. Thus, for members of the general public the
concentration of DDT-related compounds in adipose tissue is 100 or more
times greater than the concentration in plasma (Laws et al., 1967).
However, in spite of this great difference, sufficiently sensitive methods have
demonstrated DDT in all tissues including the fetus and in all body fluids
including human milk. These relationships are exactly what would be
predicted from what is known of the storage of drugs and other compounds.
Actual chemical demonstration of the distribution of DDT has been
established for several years. Thus, its occurrence was first reported in
human tissue (Howell, 1948), in tissue of the general population (Laug et al.,
1951) in human milk (Laug et al., 1951), and in the human fetus (Denés,
1962).

There is extensive evidence that the mount of DDT and related material
in the general diet in the USA has decreased as the use of DDT in that
country has decreased, especially its use on forage. During the early 1950s,
total DDT-related intake was approximately 0.265 mg/man per day and
that for DDT was 0.163 mg/man per day (Walker et al., 1954). The average
intake of DDT-related compounds based on a very large number of samples
collected in different parts of the country during 1964-67 was 0.063
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mg/man per day and that for DDT was 0.028 mg/man per day (Duggan,
1968). With decreased use of DDT, a gradual decrease in the storage of
DDT and related material in human fat would be expected. Because only a
few samples of fat were collected in the early studies of human tissue, there
is some statistical uncertainty as to whether the decrease in storage that has
been observed is real or whether it merely reflects variation due to sampling.
In any event, by 1968, the average storage level of total DDT-equivalent
material in fat was 7.67 mg/kg and that for DDT was 1.46 mg/kg. These
averages were based on just over 3000 samples collected during the first half
of 1968. The number of samples involved in this particular study was
greater than the sum of all of the samples used in early studies. The best
available values for concentrations in serum are 0.0294 mg/litre for total
DDT-equivalent and 0.0047 mg/litre for p,p’-DDT.

Cases of accidental and suicidal poisoning in which the effects were
clearly caused by DDT are summarized in Table 22. All of these cases
involved ingestion. The signs and symptoms of poisoning were entirely
consistent with those observed in volunteers, except that the spectrum of
effects was broader because some of the accidental and suicidal doses were
very high. A few persons have apparently been killed by uncomplicated
DDT poisoning, but none of these cases was reported in detail. Death has
been caused much more frequently by the ingestion of solutions of DDT,
but in most instances the signs and symptoms were predominantly or
exclusively those of poisoning by the solvent (Hayes, 1959). This does not
mean that the toxicity of the solvent always predominates. For example, the
recurrent convulsions in a case reported by Cunningham & Hill (1952),
though more characteristic of poisoning by one of the cyclodienes, was
certainly not typical of solvent poisoning. A 2-year-old child drank an
unknown quantity of fly spray of which 5% was DDT, but the nature of the
other active ingredients or the solvent was unknown. About 1 h after taking
the material, the child became unconscious and had a generalized, sustained
convulsion. Convulsions were present when the child was hospitalized 2 h
after taking the poison, but the fits were controlled by barbiturates and other
sedatives. Convulsions reoccurred on the fourth day and again on the
twenty-first day but ceased each time following renewal of treatment. On the
twelfth day, it was noted that the patient was deaf. Hearing began to
improve about the twenty-fourth day and was normal, as were other
neurological and psychic findings, when the patient was seen about 2.5
months after the accident.

Clinical effects of one toxicant may be modified by combining it with
another. For example, prolonged illness would not be expected from
ingestion of DDT at a rate of 27 mg/kg. However, when DDT and lindane
were ingested in a suicidal attempt at dosages thought to be 27 mg/kg and



Table 22.

Summary of the effects of the accidental or suicidal ingestion of DDT

Individual dose (mg)
Formulation
Number of persons

Results and reference

300-4500
in food
1 man

unknown dose
intarts
25 men

5000-6000
in pancakes
3 men

2000
in pancakes
2 men

up to 20 000
in bread
28 men

unknown dose
in flour
about 100 women

unknown dose
14 cases

286-1716
in meatballs
8 cases, 11 exposed

unknown dose
1 case

unknown dose
22 unrelated cases

Onset in 1 h; vomiting; restiessness; headache; heart weak and
slow; recovery next day (Mulhens, 1946).

Onset in 2-2.5 h; all subjects weak and giddy; 4 subjects vomited;
2 subjects hospitalized; one subject confused, uncoordinated, weak;
one subject with palpitations and numbness of hands; recovery in
2448 h (Mackerras & West, 1946).

Onset 2—3 h; throbbing headache; dizziness; incoordination;
paraesthesia of extremities; urge to defaecate; wide nonreacting
pupils; reduced vision; dysarthria; facial weakness; tremor; ataxic
gait; reduced sensitivity to touch; reduced reflexes; positive Romberg;
slightly low blood pressure and persistent irregular heart action;
partial recovery in 2-3 days, but slight jaundice appeared 4-5 days
after ingestion and lasted 34 days; all subjects normal 12 days after
poisoning except for irregular heart action in one subject (Naevested,
1947).

No iliness (Naevested, 1947).

Onset in 30—60 min in those most severely affected; men first

seen 2--3 h after ingestion; in spite of severe early vomiting that
reduced the effective dose, severity of illness and especially intensity of
numbness and paralysis of extremities proportional to amount of DDT
ingested; all but 8 men recovered in 48 h; 5 others fully recovered in 2
weeks, but 3 men still had some weakness and ataxia of the hands

5 weeks after ingestion (Garrett, 1947, 1950, unpublished data).

Onset about 3.5 h after ingestion; total of about 85 cases of which 37

were hospitalized; symptoms mild and similar to those in

earlier outbreaks except for gastrointestinal disturbance in most severe
cases including abdominal pain and diarrhoea as well as nausea; most

subjects fully recovered in 24 h {Jude & Girard, 1949).

Symptoms in established cases similar to those reported earlier
{Francone et al., 1952).

With the exception of one man who was already sick when he received
a dosage of & mg/kg, poisoning did not occur at dosages of 5.1-10.3
mg/kg. Ingestion of 16.3—120.5 mg/kg produced excessive
perspiration, nausea, vomiting, convulsions, headache, increased
salivation, tremors, tachycardia, and cyanosis of the lips. Onset

varied from 2—6 h depending on dosage. Recovery required as much
as 2 days {Hsieh, 1954},

Death 13 h after suicidal ingestion (Committee on Pesticides, 1951).

Twenty-two separate cases, including 15 attempted suicides; some
complicated by solvents; 3 deaths (Committee on Pesticides, 1951).

18 mg/kg, respectively, clinical remission of convulsions and liver
involvement was delayed until the twentieth day, and the EEG did not
return to normal until the thirty-ninth day (Eskenasy, 1972).

There have not been any accidents or suicides involving respiratory or
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dermal exposure to DDT leading to recognized signs and symptoms of
poisoning, even though sufficient respiratory exposure to aerosols or
sufficient dermal exposure to solutions can cause poisoning in animals; the
difference is certainly one of dosage.

It has been alleged that DDT causes or contributes to a wide variety of
diseases of man and animals not previously recognized as being associated
with any chemical. Such diseases include cardiovascular disease, cancer,
atypical pneumonia, retrolental fibroplasia, poliomyelitis, hepatitis, and
“neuropsychiatric manifestations” (Biskind & Beiber, 1949; Biskind, 1952,
1953; and others). Without exception the causes of these diseases were
unknown or at least unproved at the time of the allegation. Needless to say,
the charge that DDT predisposes to poliomyelitis was dropped after the
disease was controlled through the use of vaccines. Unfortunately, there is
no immediate possibility of controlling cardiovascular disease, cancer, or
many of the less common conditions in man that have been ascribed to
DDT. In the meantime, such irresponsible claims could produce great harm
and, if taken seriously, even interfere with the scientific search for true
causes and realistic means of preventing the conditions in question.

8.1.3 Epidemiology of DDT poisoning in infants and young children

Nothing is known fundamentally to distinguish the epidemiology of DDT
poisoning among children from that among adults. In both instances,
poisoning has never been confirmed, except where the dosage was large,
usually as the result of an accident and usually involving gross carelessness.
Probably a larger number of cases have occurred in infants simply because
they are more likely to eat and drink formulations that they find in
unlabelled containers frequently originally intended for food. However, as
far as DDT is concerned, all the large outbreaks of poisoning have involved
adults under military conditions, thus children were not exposed. As might
be expected, some deaths of adults but none of children has apparently
involved suicide. Most, if not all, cases in adults were uncomplicated
poisoning by DDT, but several cases in children involved the drinking of
solutions so that the signs and symptoms were actually caused by the
solvent (Reingold & Lasky, 1947).

8.2 Clinical and Epidemiological Studies of the Effects of DDT on Specific
Organs and Systems

8.2.1 Haemopoietic system and immunology

In acute poisoning, a slight decrease in haemaglobin and a moderate
leukocytosis without any constant deviation in the differential white count
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have been observed in volunteers (Velbinger, 1947a,b). These findings are
considered secondary to the neurological effects.

There is a strong tendency to blame blood dyscrasias, other
manifestations of “hypersensitivity”, and, in fact, many diseases of
unknown cause on any new chemical that gains widespread attention. DDT
was no exception. A review of the early literature (Hayes, 1959) indicates
that blood dyscrasias and an unbelievable range of other diseases were, in
fact, blamed on DDT. Only a circumstantial relationship was ever
established between these diseases and exposure to DDT, and this is true of
the small number of reports of blood dyscrasias (Murray et al., 1973) or
angioneurotic oedema (Vanat & Vanat, 1971) that have appeared recently.
Later, fewer new reports appeared linking DDT to diseases of unknown
cause, although the use of DDT increased greatly. It is true that available
tests do not make it possible to exclude a particular compound as a cause of
an isolated case of blood dyscrasia. However, it is noteworthy that the rate
at which these disorders occur has remained essentially unchanged since
before DDT was introduced (Hayes, 1975).

8.2.2 Nervous system

The effects of carefully measured doses of DDT that proved to be just
above the minimum toxic level are best described from studies of volunteers
(see section 7.4). Similar early signs and symptoms have been encountered
in cases of accidental poisoning that frequently progressed to more severe
illness as described in section 8.1.2.

Briefly, the earliest symptom of poisoning by DDT is hyperaesthesia of
the mouth and lower part of the face. This is followed by paraesthesia of the
same area and of the tongue and then by dizziness, an objective disturbance
of equilibrium, paraesthesia and tremor of the extremities, confusion,
malaise, headache, fatigue, and delayed vomiting. The vomiting is probably
of central origin and not due to local irritation. Convulsions occur only in
severe poisoning.

Onset may be as soon as 30 min after ingestion of a large dose or as late
as 6 h after smaller but still toxic doses. Recovery from mild poisoning is
essentially complete in 24 h, but recovery from severe poisoning requires
several days. In two instances, there was some residual weakness and ataxia
of the hands, 5 weeks after ingestion.

Electroencephalograms were obtained from 73 workers exposed to DDT,
HCH, and chlorobenzilate for periods ranging from 7 months to 20 years.
Just over 78% of the records were normal and 21.9% were abnormal. The
most severe changes involved persons exposed to the 3 compounds for 1-2
years; less severe changes were seen with either shorter or longer exposure.
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The changes were not correlated with age, the range and mean of age for
those judged abnormal being almost identical to these values for persons
considered normal. Some of the records showed bitemporal sharp waves
with shifting lateralization combined with low voltage theta activity. Other
records showed spike complexes, paroxymal discharges composed of slow
and sharp waves most pronounced anteriorly, and low voltage rhythmic
spikes posteriorly. None of the persons examined showed any abnormal
clinical neurological finding (Israeli & Mayersdorf, 1973; Mayersdorf &
Israeli, 1974). The incidence of abnormal electroencephalograms in the
general population is 9.0% or 9.2%, according to other investigators cited
by Israeli & Mayersdorf. Czegledi-Janko & Avar (1970) considered that
nonspecific EEG abnormalities occurred in 10-20% of the general
population.

The frequency and degree of olfactory disorders, especially in the ability
to detect peppermint and acetic acid in an olfactory analyser, were reported
to be greater among persons exposed to pesticides, and to increase with
duration of exposure (Salihodzaev & Ferstat, 1972). Whether any of the
persons exposed to pesticides experienced any clinical difficulty or social
inconvenience associated with olfactory sensation is not clear.

8.2.3 Renal system

There is no indication of renal damage in people, accidentally poisoned
by DDT, or in workers heavily exposed to it.

8.2.4 Gastrointestinal system

Except for vomiting, which probably is of central origin, the gastro-
intestinal system has not been affected in acute poisoning.

8.2.5 Liver

Involvement of the liver has been mentioned in only a small proportion of
cases of accidental poisoning by DDT. In 3 men who ate pancakes made
with DDT and thus ingested 5000-6000 mg each, slight jaundice appeared
after 4-5 days and lasted 3—4 days (Naevested, 1947). Hepatic involvement
and convulsions were reported in an unsuccessful suicide attempt by
ingesting DDT and lindane (Eskenasy, 1972).

Laws et al. (1973) made a detailed study of the liver function of 31 men
who had made and fomulated DDT and who had been the subjects of an
earlier study (see section 8.1.1). Judging from their excretion and storage,
the men’s exposure was equivalent to oral intakes of DDT at rates ranging
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from 3.6 to 18 mg/man per day for periods ranging from 16 to 25 years and
averaging 21 years. All tests were in the normal range for total protein,
albumin, total bilirubin, thymol turbidity, and retention of sulfobromo-
phthalein sodium (BSP). One man had mild elevations in levels of both
alkaline phosphatase (EC 3.1.3.1) (16 units) and serum glutamic pyruvic
transaminase (EC 2.6.1.2) SGPT (42 units). Another man had an alkaline
phosphatase concentration of 14 units, while a third man had an SGPT level
of 49 units. The a-fetoprotein test was negative for all 20 of the men tested.

8.2.5.1 Liver enzymes

The induction of human microsomal enzymes of the liver by various
drugs was well known when Kolmodin et al. (1969) demonstrated this effect
in workers exposed to a variety of pesticides, including DDT. Later, Poland
et al. (1970) showed that workers who made and formulated DDT and
absorbed it at an average rate of about 0.25 (mg/kg)/day metabolized
phenylbutazone more rapidly on the average than controls and excreted
more 6f8-hydroxycortisol. Occupational exposure increased the drug-
metabolizing ability of some workers, so that they all metabolized test drugs
with the efficiency of those members of the general population who were
most efficient in this respect. The concentration of p,p’-DDT in the serum of
the workers studied by Poland averaged 0.573 mg/litre. In other workers
with less exposure to DDT, as indicated by average serum levels of 0.052
mg/litre, there was no increase in the urinary excretion of p-glucaric acid,
which is increased by a number of exogenous and endogenous substances
that induce microsomal enzymes (Morgan & Roan, 1974).

Thompson et al. (1969) demonstrated, in a different way, the induction of
microsomal enzymes by using DDT at a dosage of 1.5 (mg/kg)/day for 6
months in the successful treatment of unconjugated hyperbilirubinaemia. In
a similar way, Rappolt (1970) used DDT to promote metabolism of an
overdose of phenobarbital. It is of interest that the levels of DDE in the
serum of some workers studied by Morgan & Roan (1974) approached
those of workers studied by Poland et al. (1970). The lack of induction in
one group and its presence in the other suggests that enzymes are induced in
man more readily by DDT than by DDE.

DDT promotes its own metabolism in some species of laboratory
animals. That the same is true in man is indicated by the fact that storage of
DDT is relatively less at higher dosages (see Fig. 4). However, the
metabolism and subsequent excretion of DDT can be promoted even more
by other inducing agents. Patients who received phenobarbital or, more
especially, phenytoin stored much less DDT than other persons with similar
exposure to DDT (Davies et al., 1969a; Edmundson et al., 1970b; Watson
et al., 1972). This result concerning phenytoin was confirmed by McQueen
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Fig. 4. Concentrations of DDT in body fat plotted against daily dosages {From: WHO, 1973).

et al. (1972) who also showed that other drugs produced a smaller but still
highly significant reduction in DDT storage. Establishment of a reduced
equilibrium appeared to require about 2 months. Within this period, the
regression of the level of DDT plus DDE on duration of treatment with
phenytoin was highly significant (P < 0.001).

At the end of 9 months’ treatment, the body fat of nonepileptic volunteers
given phenytoin at a rate of 300 mg/man per day contained an average of
25% of the DDT and 39% of the DDE concentrations originally present
before administration of the drug (Davies et al., 1971).

The same was true of workers whose exposure was greater than that of
the general population. Maintenance doses of phenobarbital, phenytoin, or a
combination of the two kept the storage levels of several organochlorine
insecticides in epileptic workers as low as, or lower than levels in the general
population (Schoor, 1970; Kwalick, 1971).

8.2.5.2  Other biochemical observations

A positive linear correlation has been reported for the concentrations of
vitamin A and of DDT-related compounds in the serum of men with at least
5 years of occupational exposure to DDT. However, the workers’ DDT
levels were little higher than those of persons in the general population (see
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Table 7), and their vitamin A levels were within normal limits (Keil et al.,
1972). Perhaps they were better fed than the controls.

Compared to 86 unexposed workers, the serum total cholesterol values of
206 workers in a chemical plant where unidentified organochlorine insecti-
cides were made and formulated were higher in workers who were less than
25 years old, lower in those between 25-34 years and 35-44 years, and
higher in those who were 45 years old or more. The differences were
significant only for the oldest groups (Wassermann et al., 1970a).

8.2.6 Cardiovascular system

The small amount of knowledge concerning the effect of DDT on the
human heart fails to show whether cardiac arrhythmia might be a possible
cause of death in acute poisoning, as is true in some species of laboratory
animals. Palpitations, tachycardia, and irregular heart action have been
noted in some, but not all cases of acute poisoning {Mackerras & West,
1946; Naevested, 1947; Hsieh, 1954).

8.2.7 Reproduction

There is no indication that DDT has influenced reproduction except to
increase it as an indirect result of disease control, especially malaria control.

After Laws et al. (1967) had completed their study, Wilcox (1967) found
that the 36 most heavily exposed workers involved had fathered 58 children
before they began working at the DDT factory and 93 children afterwards.

O’Leary et al. (1970c) did not find any significant relationship between
abortion and blood levels of DDT-related compounds.

8.2.8 Endocrine organs

Average protein-bound iodine (PBI) levels of 0.0542 and 0.0693 mg/litre,
respectively, were reported in the sera of 42 workers occupationally-exposed
to organochlorine insecticides and in 51 workers who were not exposed. The
difference was statistically significant even though all values fell within the
normal range of 0.04—0.08 mg/litre (Wassermann, D. et al., 1971). It was
not recorded whether the workers involved were from the same factory as
those with 10 or more years of occupational exposure whose plasma DDT
levels were reported by Wassermann et al. (1970c) (see Table 7). The small
difference in PBI levels is difficult to evaluate. It was the view of Clifford &
Weil (1972) that there was not any evidence that occupational exposure had
had an effect on human endocrine organs.

TDE. Following the demonstration (discussed in section 7.1.8) that TDE
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caused atrophy of a part of the adrenal cortex of dogs, 0,p’-TDE, and to a
lesser degree m,p’-TDE, have been used in man, under the name of mitotane,
in the hope of controlling excessive cortical secretion or of reducing the size
of adrenal tumors. The underlying condition may be hyperplasia or adreno-
cortical carcinoma. The dosage given has varied from 7 to 285
(mg/kg)/day, but a dosage of approximately 100 (mg/kg)/day for many
weeks has been necessary to produce any benefit in man (Bergenstal et al.,
1960; Wallace et al., 1961; Gallagher et al., 1962; Verdon et al., 1962;
Bledsoe et al., 1964; and Southern et al., 1966a,b).

The effects of idiopathic hyperplasia may be controlled; in fact a state of
adrenal insufficiency may be produced (Canlorbe et al., 1971; Sizonenko et
al., 1974).

o,p-TDE may also give symptomatic relief of excessive adrenocortical
activity secondary to a tumour that produces ACTH (Carey et al., 1973).

A favourable response was produced in about one-fourth to one-half of
patients with inoperable adrenocortical carcinoma (Canlorbe et al., 1971;
Hoffman & Mattox, 1972; Lubitz et al., 1973; Montgomery & Struck,
1973). In fact, an occasional cure, involving complete regression of
metastases, was produced by chemotherapy including o,p’-TDE
(Perevodchikova et al., 1972; Schick, 1973). More commonly, symptoms
were relieved and life was prolonged by little more than 7-8 months
(Canlorbe et al., 1971; Hoffman & Mattox, 1972; Lubitz et al., 1973). The
success of treatment was often indicated early on by a reduction in steroid
excretion (Hoffman & Mattox, 1972; Lubitz et al., 1973).

The large dosage of 0,p’-TDE necessary to produce clinical benefit often
produced general lassitude, anorexia, nausea, vomiting, diarrhoea, and
dermatitis (Naruse et al., 1970; Hoffman & Mattox, 1972; Nitshke & Link,
1972; Perevodéikova et al., 1972; Lubitz et al., 1973). Apathy ranged from
mild dulling of interest to profound psychotic depression (Hoffman &
Mattox, 1972). More rarely, gynaecomastia, haematuria, leukopenia, and
thrombocytopenia have been reported (Luton et al.,, 1972; Perevodcikova
et al., 1972). The symptoms disappeared soon after administration of the
drug ceased or when the dosage was reduced (Perevodcikovaet al., 1972).

Even large, therapeutic doses of o,p’-TDE did not cause histological
alterations in the adrenals in man (Wallace et al., 1961). Furthermore,
dosages in the therapeutic range (specifically those between 110 and 140
(mg/kg)/day did not produce any detectable injury to the liver, kidney, or
bone marrow. All patients treated in this way experienced significant
anorexia and nausea, and some showed central nervous system depression
varying from lethargy to somnolence. These toxic effects cleared when
dosing was discontinued (Bergenstal et al., 1960).

Kupfer (1967) reviewed extensive literature that indicated that the
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effect in man and other species, except the dog, is caused by stimulation of
corticoid metabolism by massive doses of 0,p'-TDE and not by any direct
effect on the adrenal. Southern et al. (1966a,b) agreed that the effect was
predominantly extra-adrenal in man, when the drug was first given, but
offered evidence that adrenal secretion of cortisol was eventually reduced.
However, even if therapeutic doses eventually have a direct effect on the
adrenal, doses encountered by workers exposed to technical DDT do not
(Clifford & Weil, 1972; Morgan & Roan, 1973).

8.2.9 Carcinogenicity

Laws et al. (1967) did not find any case of cancer or blood dyscrasia
among the 35 heavily exposed workers in a DDT factory nor did the
medical records of 63 men who had worked there for more than 5 years
reveal these diseases. Two men were employed who had a history of
successfully treated cancer before they came to work, but no employee had
contracted cancer during the 19 years that the plant had been in operation;
during this period, the work force varied from 111 to 135.

In the USA, the total death rates for cancer of the liver and its biliary
passages (classified individually as “primary™, “secondary”, and “not stated
whether primary or secondary”) lead to the conclusion that there has been a
significant, almost constant decrease in the total rate of liver cancer deaths
from 8.8 in 1930 to 8.4 in 1944 (when DDT was introduced) to 5.6 in 1972.
This almost constant decline in total liver cancer death rates for the past 42
years offers no evidence of any increase in liver cancer deaths since the
introduction of the first organochlorine pesticide into the environment. The
decrease in liver cancer deaths is even more significant in light of the
increasing life span of the general population in the USA, which has resulted
in an increased percentage of the population at risk from cancer over these
years. In spite of the limitations inherent in the interpretation of such data,
this record is a reminder that, more than 30 years after the introduction of
DDT, there is no evidence, whatsoever, that DDT is carcinogenic in man
(Deichmann & MacDonald, 1976, 1977).

In the USA, the incidence of cancer is lower in rural counties than in
metropolitan areas in general (Mason et al., 1975).

It is sometimes implied that epidemiological evidence is useless for
revealing the carcinogenicity of a material for man unless it involves large
numbers of people who have been exposed to the material for most or all of
a lifetime. The fact is that some human carcinogens have been detected
through their occurrence in high incidence in small groups for periods of
much less than 25 years. What was commonly considered the first
recognition of chemical carcinogenesis in man depended on the observations
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made by a single surgeon (Pott, 1775) in a small fraction of his patients.
Such was the intensity of the exposure of the apprentices of chimney
sweepers that cancer of the scrotum often appeared at puberty. The editor
responsible for compiling the writings of Pott (1790) added a footnote
indicating that he had seen such a cancer in “an infant under eight years of
age”. It must be understood that boys did not usually become apprentice
chimney sweepers before they were four-years-old. In connection with
tumours of the bladder mainly caused by f-naphthylamine but to a lesser
degree by other aromatic amines, Hueper (1942) reviewed cases in which
the time from the first exposure to recognition of symptoms was 8—41, 9—
28, and 235 years; in one series of 83 cases, 71% of the tumours appeared
from 1 to 15 years after exposure. The same author cited reports (p. 104) of
cases of malignant epitheliomas in persons exposed to pitch for 18, 24, 24,
and 36 months, respectively. Kleinfeld (1967) reported 50—76% incidence of
bladder cancer among several groups of workers. He also noted a sharp
drop in incidence of this condition following decrease—but not discon-
tinuation—of occupational exposure to S-naphthylamine.

8.2.10 Mutagenicity

Evidence regarding the mutagenic activity of DDT and its significance in
man is uncertain partly because the chromosomal changes that are
examined are sensitive to viral infections and chemotherapy. The latter may
not be recognized at the time of sampling and may not have been shown to
injure health through a mutagenic mechanism.

Comparing samples collected in winter and during the peak season of
pesticide application, a slight increase in chromatid breaks was reported in
the cultured lymphocytes of workers exposed to a wide variety of
insecticides said to include DDT, although this was claimed at a time when
the use of DDT was banned. A somewhat larger increase was reported for
men exposed mainly to herbicides (Yoder et al., 1973). In another study,
lymphocytes cultured from workers with an average DDT plasma level of
0.999 mg/litre showed significantly more chromosomal and chromatid
aberrations than cells cultured from controls with an average plasma level of
0.275 mg/litre. The difference was not significant in other comparisons in
which the average plasma levels were 1.030 versus 0.380 mg/litre and 0.240
versus 0.030 mg/litre, respectively (Rabello et al., 1975). Examination of all
of the data presented by the authors suggests a simple dosage-effect
relationship was present, with a detectable effect starting somewhere
between 0.2 and 0.4 mg/litre and increasing at levels higher than 0.4
mg/litre.
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8.3 Factors Influencing DDT Toxicity

There is no evidence that any factor except dosage is of practical
importance in determining DDT toxicity in man. Factors that have been
considered as possibly affecting asymptomatic storage of DDT include age,
sex, and race. Differences observed in connexion with these factors are
small, medically insignificant, and probably secondary to dosage (Hayes,
1975).

Storage has also been reported to be greater in the tissues of people with
certain diseases (Deichmann & Radomski, 1968; Radomski et al., 1968;
Vas’kovskaja, 1969; Dacre & Jennings, 1970; Jonczyk et al., 1974). Again,
the reported differences are small, and the highest values for the samples in
question are small compared with those found in healthy workers (Hayes,
1975). Furthermore, a number of authors have reported a similar range of
storage in persons undergoing minor, elective surgery and in those who have
died from various causes (Hayes et al., 1958; Dale et al., 1965; Robinson et
al.. 1965; Wassermann et al., 1965). Some authors (Hunter et al., 1963;
Robinson et al., 1965; Hoffman et al., 1967; Hoffman, 1968; Morgan &
Roan, 1970) have failed to find any relationship between storage of
insecticides and the cause of death. Where a relationship was found, there
was often the possibility that the higher values were found in diseases that
involved some degree of wasting prior to death. Casarett et al. (1968) found
that higher values occurred in persons who had 3 characteristics in
common: emaciation, cancer. and widespread abnormality of the liver.

A slightly greater storage of DDT and DDE that was reported in persons
who underwent splenectomy for hepatosplenic schistosomiasis compared
with those operated on for other conditions, mainly hernia was statistically
significant. No such difference was observed in connexion with dieldrin, §
HCH, or heptachlor epoxide (Wassermann et al., 1975). Whereas it was
speculated that the increased storage of DDT and DDE might have been the
result of a reduction in metabolism, secondary to liver injury, the possibility
of greater exposure as a result of greater use of DDT in irrigated areas was
not excluded.

8.4 Treatment of Poisoning in Man

No useful guidance regarding treatment has been obtained from the very
few cases of DDT poisoning that have occurred. Animal studies indicate
that sedatives, ionic calcium, and glucose or another ready source of energy
would be useful. On the basis of experience in treating people poisoned by
different convulsive poisons, it seems likely that diazepam would be
beneficial.
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9. EVALUATION OF HEALTH RISKS TO MAN FROM
EXPOSURE TO DDT AND RELATED COMPOUNDS

9.1 Relative Contributions of Food, Water, Air, and Miscellaneous
Sources to Total Intake

9.1.1 Adult members of the general population

Food represents the major source of intake of DDT in the general
population. It has been estimated (section 5.1.5) that over 90% of the DDT
stored in the general population is derived from food. Around 1965, when
the use of DDT was at its peak, intake in the USA was approximately 0.04
mg/man per day from food, less than 0.000046 mg/man per day from
water, less than 0.00006 mg/man per day from urban air and less than
0.0005 mg/man per day from the air in small agricultural communities. The
reason for the qualification “less than”, is that the intakes were calculated
from the highest concentrations reported in drinking-water and air.

Although total intake of DDT from food has not been measured in some
parts of the world, worldwide measurements of the storage of DDT and its
metabolites in human body fat indicate that the extremes of total exposure
have varied by a factor of about 10, but that total exposure for most
populations has varied by a factor of no more than 3 (see Table 9).

DDT in the dust in a house (as indicated either by a history of extensive
household application of insecticides or by the finding of relatively high
levels of DDT in house dust) can contribute to the storage of DDT-related
compounds in persons living in the house (section 5.1.4). However, although
the contribution of house dust to DDT intake has been established, it is not
quite clear how this contribution occurs. Some of the dust may contaminate
food in the process of preparation and some may be inhaled and later
swallowed after deposition in the upper airway. It is difficult to believe that
enough DDT is present in such houses in the form of vapour or respirable
dust to cause a substantial increase in the total exposure of the inhabitants,
but no critical study has been made of this matter. Clearly, some DDT will
enter by the respiratory route.

9.1.2 Infants and children

At birth, infants tend to have slightly lower levels of DDT than adults in
the same population. This is because the placenta offers partial protection
against the passage of DDT and related compounds.

144



Although human milk tends to have a somewhat higher concentration of
DDT than cow’s milk (see section 6.3.1.3), the difference, if any, that this
makes to the rate at which breast-fed and bottle-fed babies store the
compound has not been established. It is possible that the conditional
acceptable daily intake (ADI) might be exceeded in an infant wholly fed on
breast milk. However, the ADI is calculated on the basis of lifetime
exposure, and short-term variations can be regarded as not having any
significance.

The only really important way in which the exposure of infants and
children differs from that of adults in the same community involves
accidental exposure (see section 8.1.3).

9.1.3 Occupational groups

Occupational exposure (section 5.3) to DDT is initially almost ex-
clusively through the respiratory and dermal routes. However, the particles
of many insecticidal dusts, wettable powders, and sprays are too large to
reach the lower respiratory tract. As a result, most of the particles inhaled
are deposited in the upper respiratory tract, carried to the pharynx by ciliary
action, and eventually swallowed (section 6.1.1).

Although dermal exposure to DDT is high under some occupational
situations, the effect is minimal because the compound is so poorly absorbed
through the skin (section 6.1.3). The excellent safety record of DDT, never
matched by any other insecticide used in antimalaria campaigns, other
vector control programmes, and agriculture, is based mainly on its poor
absorption through the skin.

The number of people with full-time occupational exposure to DDT alone
is small. For example, at the time of one study, the only factory making the
compound in the USA produced 2722 metric tonnes per month using a
work force of about 145. Following the recommendations of an Expert
Committee, the World Health Organization studied spraymen who had
applied only DDT for 5 years or more. Only 272 suitable subjects could be
located in Brazil and only 144 in India. The concentrations of DDT and its
derivatives in the blood of the preliminary and main study groups in India
were 0.761 and 1.272 mg/litre, respectively. The blood levels of spraymen
in Brazil were about 3 times those of the controls.

The absorbed dosage of the men who made and formulated DDT for 10
years or more was about 18 mg/man per day (see section 8.1.1). The
exposure of other workers, notably those applying DDT for agricultural
purposes has usually been an order of magnitude less (see Table 7).
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9.2 Effects of Exposure

No adverse effects have been described at repeated dosages of 1.5
(mg/kg)/day or less (see section 7.4). The large number of measurements
that have been made on samples from human populations have not made it
possible to define a maximum dosage that man can absorb without any
adverse effect but have highlighted the finding that the high levels found in
volunteers and workers were harmless for at least 25 years.

Table 23 summarizes the clinical aspects of DDT in man.

Table 23. Dosage-effects of DDT in man

Single dose

{mg/kg) Observation

Unknown Fatal

16-286 Prompt vomiting at higher doses (all poisoned, convulsions in some)
6-10 Moderate poisoning

Repeated

exposure

(mg/kg)/day

1.5 Administered as therapy for 6 months?

0.5 Administered to volunteers for 21 months?

0.5 Exposure of workers for 6.5 years?

0.25 Exposure of workers for 25 years?

0.0025 Intake of population in the USA, 1953-547

0.0002 Intake of population in the USA, 1969-707

?Without any adverse effect.

In considering the safety of workers who are employed in the DDT
industry, it is useful to consider the results of animal experiments. Rats
withstand a daily dosage at least 10 times that of these workers without any
detectable clinical effect (section 7, Table 17), although minimal reversible
tissue changes may be present. Dogs and monkeys also withstand a daily
dosage 10 times higher than that of the workers, but they do not show the
tissue changes, which seem to be peculiar to some rodents. Because workers
have tolerated high dosages of DDT for over a fifth of a lifetime without
detectable harm and since animals withstand larger dosages for an entire
lifetime without injury, there is good reason to predict the continuing safety
of the workers.

The experience already gained from workers can be used to predict the
future safety of the general population in relation to DDT. Many workers
have now been exposed to DDT for much more than one-fifth of their life
span. Since they have not suffered detectable harm, it seems most unlikely
that the general population will be harmed by dosages 200—1250 times
smaller than those to which the workers are exposed. It has been shown for
at least 2 animal species that toxicity resulting from a lifetime of exposure is
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seldom very different from toxicity resulting from 90 days of exposure at the
same dosage rate. The largest factor of difference observed when 33
chemicals were investigated was 20, and, for half of them, the factor was 2
or less (see section 7.3.1.1). Ninety days constitute about one-eighth of the
lifespan of a rat, and this is less than the fraction of the human life span that
has been studied so far.

9.3 Carcinogenicity and Mutagenicity

Liver tumours are produced in mice by many chlorinated compounds,
including DDT. There is also evidence to suggest that DDT metabolites
DDE and TDE (DDD) produce hepatic tumours in mice and that TDE also
produces lung tumours. Information on the tumorigenicity of DDT in rats
(see section 7.1.9) is conflicting; some studies report tumour formation while
other studies report negative data. Carcinogenicity studies in the hamster
were negative (see section 7.1.9). The occurrence of tumours in some
rodents only, casts doubt on the significance of the phenomenon and on
extrapolation of the findings to man.

Studies on the incidence of all cancers reported in those parts of some
countries with known high agricultural use of DDT in the 1950s and early
1960s have not demonstrated any trends in any type of cancer associated
with the use of DDT in relation to these areas (see section 8.2.9).

The question as to whether DDT is carcinogenic in man has not been
answered unequivocally. Although the cross-sectional epidemiological
studies on workers exposed to DDT and the observation studies on
volunteers are limited, there is not any currently available evidence to
suggest that DDT is tumorigenic or carcinogenic in man (see section 8.2.9).

Recent studies on in vitro bacterial test systems with or without metabolic
activation have not shown any evidence that either DDT or DDE is
mutagenic (see section 8.2.10). The evidence for the mutagenicity of DDT
in mammalian test systems is inconclusive.

9.4 Effects on Microsomal Enzymes

There is no doubt that exposure to DDT results in the induction of
microsomal mixed function oxidases and causes marked morphological
changes in the liver of some rodents (see section 7.1.9). In some rodents,
notably the mouse, these morphological changes have been related to
tumorigenicity. Microsomal enzymes are also induced by DDT in other
species, but the liver does not show the same morphological changes.
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The only effect for which something approaching a threshold has been
demonstrated is the induction of microsomal enzymes in workers in
association with an average serum value of 0.573 mg/litre for p,p’-DDT but
not in workers with serum levels as high as 0.052 mg/litre, a value
essentially identical to the highest reported for the general population.
Furthermore, although some groups of workers experienced an increase in
their average enzyme activity, no person exceeded the range of activity
found in normal people in the general population.

DDT will not induce liver microsomal enzymes in the general population
because their intake of the compound is so much less than the smallest
dosage capable of producing this effect in animals or man (see sections
7.1.4.2 and 8.2.53.1).

9.5 Reproduction and Teratogenicity

Effects on reproduction in mammals have been studied in the mouse, the
rat, and the dog (see section 7.1.7). In the mouse, a multigeneration study at
dietary levels of DDT of 25, 100, and 250 mg/kg showed effects on fertility
and reproduction only at the highest level, equivalent to 33 (mg/kg)/day. In
the rat, normal reproduction was maintained at a dietary level of 200
mg/kg. In the dog, dietary intake at dosages up to 10 (mg/kg)/day did not
produce any effects on reproduction other than earlier estrus in the DDT-
treated females.

In man, there is no indication that DDT affects reproduction (see section
8.2.7); no impairment of fertility was observed in a study of men
occupationally-exposed for more than 10 years to a measured average daily
intake in the region of 18 mg/man per day (equivalent to 0.25 (mg/kg)/day).

Studies in the mouse, the rat, and the dog have not shown any evidence of
teratogenicity. In the mouse, dosage at the rate of 1 mg/kg was not terato-
genic; a single dosage of 25 mg/kg or repeated doses at the rate of 2.5
mg/kg were embrytoxic but not teratogenic.

9.6 Immunosuppression

DDT appears to have a depressant effect on the immune system although
the evidence is by no means conclusive. Rats and rabbits receiving DDT in
aqueous suspension at a concentration of 200 mg/litre showed a depression
in antibody formation and decrease in at least one globulin fraction of the
blood. Rats receiving a dosage of 0.25 (mg/kg)/day by gavage did not show
any changes in the phagocytic activity of the white blood cells. In the
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guineapig, dosages of 1-20 mg/kg did not have any effects on antitoxin
production but produced a reduction in tissue histamine levels (see section
7.1.1).

9.7 Nutritional Effects and Other Factors

Animal studies indicate that nutritional status influences the toxicity of
DDT (see section 7.3.3). The preferential storage of DDT in fat can mitigate
the effect of acute poisoning. If rats that have stored large amounts of DDT
are starved, they may suffer toxic effects due to mobilization of fat and
DDT.

In man, nutritional status will have a similar effect to that found in other
animals. However, the possibility that starvation in man could precipitate
toxic manifestations is regarded as unlikely as the stored levels do not
approach those found in laboratory animals and the lower metabolic rate of
man results in slower mobilization. In fact, severe weight loss sometimes
does cause some increase in storage of DDT in connexion with certain
wasting diseases; however, people with full-time occupational exposure to
DDT average 10 times more storage than the highest values reported in
connection with disease but do not exhibit predisposition to the diseases in
question (see section 6.2.1.3).

Although young animals are often more susceptible to toxic chemicals
than adults, there is no evidence that DDT is more toxic to young animals
of any species including man. In fact, in the rat, the young are less
susceptible to a single dose than the adults (see section 7.3.2, Table 20).

9.8 Dosage-Effect Relationships

Dosage-effect relationships for DDT in man have been observed in
connection with acute poisoning (see Table 23), excretion, and storage (see
Fig. 4), and the induction of microsomal enzymes, which has been observed
at a dosage of 0.25 (mg/kg)/day but not at lower dosages. The dosage of
0.25 (mg/kg)/day to which workers have been exposed for 25 years is of the
same order of magnitude that causes an increase in tumours in male mice of
a susceptible strain but not in females of any strain (see section 7.1.9). As
shown in Table 24, this dosage in workers is less than the no-effect levels for
rats, dogs, and monkeys and far less than the dosage at which rats, mice,
and dogs successfully reproduce for generations. The equilibrium levels of
DDT and its metabolites found in the blood and fat of people with full-time
occupational exposure and the much lower levels found in the general
population have not been associated with any adverse effects.
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Table 24. Dosage-effect of DDT in animals

Single dose Route Observation

{mg/kg)

3000 dermal LD, of powder in adult rat

2356-4000 oral LD, of oil solution in newborn rat

250-500 dermal LDy, of oil solution in aduft rat

250 oral LD, of oil solution in adult rat

Repeated

Exposure

{mg/kg)/day

300 subcutaneous inhibition of testicular growth in cockerels

41-80 oral increased mortality in rats, 2-year study

41-80 oral 100% mortality in dogs in 39—49 months

41-80 oral 100% mortality in monkeys, 70 days

21-40 oral 25% mortality in dogs in 39-49 months

33.2 oral harmful to reproduction in mice

13.3 oral slight reduction in lactation and survival of some but not all
generations of mice (6 generation test)

10 oral no harmful effect on reproduction in dog (3 generation test)

10 oral no harmful effect on reproduction in rat {2 generation test}

5-10 oral no-effect level in dog, 2 generations

2.6-5 oral no-effect level in monkey, 7.5 years

0.63-1.25 oral no-effect level in rat, 2 year test

0.16-0.31 oral risk of liver tumours doubled in male mice but no effect in
female

0.3 oral no-effect level for induction of microsomal enzymes in rats

9.9 Recommendations on Levels of Exposure

The data from intake, exposure, and levels in populations supports the
current conditional ADI for DDT, which affords a considerable margin of
safety.

If the total intake of DDT from food and other sources rises above 0.005
(mg/kg)/day (the conditional ADI) then the situation should be in-
vestigated.

The concentration of DDT in the air in industrial, agricultural, or disease
control areas should not exceed 1 mg/m?® on a time-weighted basis (40 h per
week). Several countries have their own standards that range from 0.1 to 1
mg/m?, which seem to afford an acceptable margin of safety.

There is ample reason to predict the continuing safety of workers
producing and using DDT. No harmful effect has ever been reported in
vector control operators who have applied DDT during the last 3 decades in
public health programmes. Nevertheless, as in the case of any chemical,
occupational safety and health measures should always be applied to ensure
that contact with DDT by workers is kept to a minimum.

The only index of exposure of DDT or its metabolites is the analysis of
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these compounds in tissues or excreta. For most purposes it is best to
sample serum or plasma. In subjects with relatively constant, prolonged
exposure, concentrations of DDT and its metabolites in the blood are in
equilibrium with those in all other tissues, including adipose tissue. In
subjects who have accidentally received a single large dose, the con-
centration in the brain is reflected more accurately by a serum sample than
by a fat sample.
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ANNEX

TRANSFORMATION OF P,P'-DDT IN THE ENVIRONMENT*

1 Abiotic Transformations

Since 1969, the photolysis of p,p’-DDT (Annex Fig. 1, formula II) and of
its known primary environmental degradation product, DDE (1,1-dichloro-
2,2-bis [p-chlorophenyllethylene; Annex Fig. 1, formula VII) has been

Cl C Ci Ci CJ
H—C—CCl, H~C—CCl, C=CCIH
Slow Moderale Slow
o -——
DDY(II)
(]
TpE (DDDXI) DDMU (11D Dichlorobenzo 44'— chhloro -
phenone (IV) blphenyl V)
Fast °
o)
o
&£
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Ci

3,6 —Dichloro ' DDE (VII)

fluorenone (V1)
ANNEX Fig. 1. Proposed scheme for the degradation of DDT vapour in sunlight.

studied by irradiation in methanol at 260 nm (Plimmer et al., 1970). The
products formed were DDMU (1-chloro-2,2-bis [ p-chlorophenyl] ethylene;
Annex Fig. 1, Formula III), dichlorobenzophenone (Annex Fig 1, formula
IV) and dichlorobiphenyl (Annex Fig. 1, Formula V). The formation of the
last compounds proceeded via dichlorobenzophenone as an intermediate.
The detection of the chlorinated biphenyl raised the question as to whether
DDT might be a source of PCBs in the environment. Upon investigation of

2 Prepared by Dr F. Korte at the request of the Task Group.
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the reaction pathways leading to these substances, it was shown that DDE
is converted to 3,6-dichlorofluoroenone (Annex Fig. 1, formula VI; Plimmer
& Klingebiel, 1969) which is photooxidized to 3,3'-dichlorobiphenyl-2-
carboxylic acid. Subsequent decarboxylation of this acid could yield traces
of 3,3'-dichlorobiphenyl; the decarbonylation of another photolysis product
of DDT, trichlorobenzophenone, could yield traces of trichlorobiphenyl,
demonstrating that the formation of PCBs with more than 2 chlorine atoms
was also possible (Plimmer & Klingebiel, 1973).

Irradiation studies with substances in organic solvents are not necessarily
predictive for the environment. However, studies with DDT vapour in sun-
light confirmed the results obtained with dissolved substances. The proposed
pathways of DDT photolysis under environmental conditions is shown in
Annex Fig. 1 (Moilanen & Crosby, 1973).

Vs A @@

Cn cv
DDE (VD) Dichlorobenraphenane ooMU I
(v
H (CH 23— CH, CI (CH )s —CH,
VI X X
ANNEX Fig. 2. Reaction products of DDE upon irradiation with ultraviolet light under various
conditions.

In 1972, DDE was irradiated in solvents, in the solid state, and in the
gaseous phase, with UV-light of various wavelengths. The results are shown
in Annex Fig. 2. Besides the known photoproducts IV and III, a “tri-
chlorinated DDMU” (Annex Fig. 2, formula VIII) and 2 compounds with
longer side chains (Annex Fig 2, formula IX and X) were identified; these
2 substances, however, were formed only upon irradiation in a solvent and
originated from the reaction with the solvent (Kerner et al., 1972).

In a recent study on the photoisomerization and photodegradation of
DDE under simulated natural conditions (inert solvents, a good hydrogen
donor solvent, UV-light ~ 300 nm), the compound VIII (Annex Fig. 2) with
the 3 phenyl-bound chlorine atoms was detected and characterized as a
mixture of the E- and Z-isomers which were separated and isolated. Both
isomers were also found in natural samples like tobacco and pine needles.
DDMU was also detected in these studies and 2 substances so far unknown,
a tetrachlorinated phenanthrene and a tetra-ring-chlorinated diphenyl-
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ethylene; the formation of tri- and tetrachlorobiphenyls was confirmed
(Gé6the et al., 1976).

The behaviour of compounds in their adsorbed form is equally as
significant environmentally as their photochemical behaviour in the gaseous
and solid states.

Irradiation of DDE, adsorbed on silicagel, with wavelengths > 230 nm,
resulted in the formation of dichlorobenzophenone and its trichlorinated
analogue. Irradiation of DDT and DDE in the solid form in an oxygen
stream with wavelengths > 230 nm, resulted in partial mineralization to give
carbon dioxide and hydrochloric acid (Gab et al., 1975).

The results presented here show that a large number of DDT-derived
chlorinated compounds must be included, when considering the possible
effects of DDT residues in the ecosphere.

2 Biotransformations Other Than Mammalian Metabolism

2.1 Birds

Two main pathways of DDT metabolism exist in mammals i.e., dehydro-
chlorination to DDE (Annex Fig. 3, formula VII) and stepwise degradation

H
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ANNEX Fig. 3.  Biotransformation of DDT in the pigeon.

187



to DDA (bis-{ p-chlorophenyl] acetic acid) via TDE (DDD) (1, {-dichloro-
2,2-bis [ p-chlorophenyl} ethane; Annex Fig. 3, formula I). However, in
birds, the pathway varies with species, and data from studies on the
administration of chronic and acute dosages of DDT to pigeons, quail, and
blackbirds show that DDE is the primary metabolic product in the first 2
species, and TDE (DDD) in the third (Bailey et al., 1972). The TDE-path-
way does exist in the pigeon as a minor pathway but, in contrast to
mammals,only as far as DDMU (Annex Fig. 3, formula III).

Thus, DDA, the degradation product of DDMU excreted by mammals, is
not formed in the pigeon (Bunyan et al., 1966; Bailey et al., 1969). When its
precursors in mammals, DDMS (1-chloro-2,2-bis| p-chlorophenyl] ethane;
Annex Fig. 3, formula XI) and DDN U (1,1-bis[ p-chlorophenyl] ethylene;
Annex Fig. 3, formula XII) are administered to the pigeon, they are rapidly
converted: DDMS is converted to DDMU, and DDNU is metabolized
quickly and excreted as DDNS (1,1-bis [ p-chlorophenyl] ethane; Annex
Fig. 3, formula XIII), a metabolite that was not found in mammals (Bailey
et al.,, 1972). The metabolic pathways for DDT in the pigeon are shown in
Annex Fig. 3.

2.2 Insects

Investigations on the detoxication mechanism of DDT in insects are
interesting as regards the problem of resistance. [n general, the phenomenon
of insect resistance is related to detoxication of the insecticide by
metabolization to nontoxic compounds. The metabolic pathways of DDT in
insects are many and depend on species and even on strains.

e OO
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ANNEX Fig. 4. Conversion products of DDT in insects.



Annex Fig. 4 shows only the major metabolic products.

The first conversion product identified in resistant houseflies was DDE.
This conversion is catalyzed by the enzyme DDT-dehydrochlorinase
(EC 4.5.1.1) which had already been isolated in the pure form in the 1950s.
Further insect metabolites of DDT are DDD (isolated for example from
Stomoxys calcitrans), DDA (isolated from example from Quiscalus
quiscula, Heliothis virescens and Coleomegilla maculata) and dichloro-
benzophenone (from Leucophae). The detoxiation of DDT in Triatoma
infestans, Drosophila melanogaster, Culex tarsalis, and other species is
performed by hydroxylation and results in kelthane (Annex Fig. 4, formula
XV), a substance which is a commercial acaricide. A great number of
unidentified and water-soluble conversion products of DDT was observed in
many species as reviewed by Klein & Korte (1970).

Although TDE (DDD) has not been found as a DDT-metabolite in Culex
tarsalis, it has been concluded from differences between susceptible and
resistant strains that it is an intermediate in the further degradation of DDT.
After application of TDE C to this insect, DDMU and DDDOH (1,1-
bis[ p-chloropheyll-2,2-dichloroethanol; Annex Fig. 5, formula XVI) were
found as major metabolites; furthermore, 3 polar compounds were
chromatographically identical with DDA, DBH (dichlorobenzhydrole;
Annex Fig. 5, formula XVIII) and PCBA (p-chlorobenzoic acid; Annex
Fig. 5, formula XVIII), which were also observed after application of
DDMU-“C (Plapp et al., 1965). The occurrence of PCBA indicates the
complete breakdown of one of the 2 rings of DDT and thus the possibility of
a complete biological degradation of the whole molecule.
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ANNEX Fig. 5.  Degradation products of TDE {DDE) in the insect Culex tarsalis.
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2.3 Higher plants

Although the transformation of DDT in higher plants is rather limited
(2% in spinach within 18 days, 5% in cabbage within 14 weeks), it must not
be neglected since a considerable part of the DDT used on a worldwide
basis is applied, intentionally or unintentionally, to plants. The conversion
products that have been identified (Annex Fig. 6) are DDE, TDE (DDD),
DDMU, DDA, conjugates of DDA, and a conjugate of DBH (Zimmer &
Klein, 1972), which means that the metabolites in plants are not chemically
different from those in other organisms.

DDT
Spinach Conversion ~ 2 9%
Cabbage " ~ 5%
H H H
Do e DD o DD
CCi, CHCl, CHCI COOH
DDE (VID TDE(DDD) (1) DOMU (11D DDA (XIV)

\ Cabbage l f
Conversion ~ 1% Conversion Conversion ~ 5%

~5%

Water soluble,
unidentitied products

I !

e O L

COOR OR
DDA-Conjugete DBH-Conjugate

ANNEX Fig. 6. Conversion of p,p’-'*C in spinach and cabbage.

In a study of the accumulation and distribution of p,p’-DDT in an apple
orchard, DDT residues in or on the roots and leaves of the herbage and the
roots, bark, leaves, and fruit of the trees were recorded for an orchard
sprayed annually (Stringer et al., 1975). During 13 years, there were
increasing amounts of DDE, TDE, and DDMU in relation to DDT, in the
bark of apple trees indicating some breakdown on the bark (<10%). DDE
and TDE were also observed after application of p,p’-DDT to cotton (Nash
et al., 1977). These 2 substances seem to be common conversion products of
DDT in plants. The o,p’-DDT observed in the last 2 experiments seems to
be an impurity of the DDT rather than a metabolite.

2.4 Microorganisms and soil

The most common metabolic reaction of DDT in microorganisms is
reductive dechlorination resulting in the formation of TDE. This reaction
has been demonstrated in Escherichia coli (in rat intestine), Aerobacter
aerogenes, Proteus vulgaris, and in yeasts. In contrast to metabolism in
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higher animals, dechlorination by microorganisms is anaerobic and is
catalysed by reduced cytochrome oxidase (EC 1.9.3.1). Fe (II)-cytochrome
oxidase isolated from Aerobacter converts DDT to TDE in vitro (Klein &
Korte, 1970). The conversion of DDT to TDE (DDD) in bodies of water
(Miskus et al., 1965) and in other reducing environments characteristic of
dead and decaying matter (Zoro et al., 1974) is mediated by reduced iron
porphyrins and is not an essential part of cell metabolism. These findings
have considerable environmental significance since most living material
contains iron porphyrins bound with protein in complex molecules. The
porphyrins are released after decay of the organic substances, and may then
be regarded as widespread environmental agents that convert, on a larger
scale, the persistent DDT to the less persistent TDE. TDE is susceptible to
further abiotic or biotic degradation.

However, the formation of DDE and DDA from DDT by micro-
organisms is also possible. For instance, both DDE and TDE were isolated
from Serratia marcescens and Alkaligenes faecalis (Stenersen, 1965) and
DDA was isolated from microbial cultures obtained from agricultural soil
(Patil et al., 1970).

In a model experiment with anaerobic activated sludge and p,p’-DDT-
¥C, TDE, p,p'-dichlorobenzophenone, DDMU and a so far unknown
metabolite, DDCN (bis[ p-chlorophenyl] acetonitrile), were detected as
conversion products. The last of these substances, a minor conversion
product, was also found in the sediment layer of the Lake Mailaren in
Sweden (0.2 mg/kg dry weight). DDCN is formed via TDE or DDE, but
directly from DDT (Jensen et al., 1972).

The question of “bound residues” in soil, which is now under discussion
for a number of “non-persistent” pesticides, especially those that are anilin-
derived, seems also to be relevant for ““persistent” substances such as DDT,
although the percentage of bound residues is less than for less persistent
pesticides. The formation of 25% of bound DDT-residues within 28 days
(Lichtenstein et al., 1977) justifies a reassessment of the persistence of DDT
in soil. Further information should be obtained concerning the nature and
the potential biological activity of the compounds that are bound.

3 Conclusion

A multitude of conversion products are formed from DDT under environ-
mental conditions. Nearly 20 of these (including mammalian metabolites)
have been identified so far, but the chemical structure of a number of other
compounds is still unknown. Very little is known of the toxicological
properties of these conversion products with the exception of major



products such as DDE and TDE. This should be remembered when the
unwanted effects of DDT in the environment are evaluated. However, there
is even less information concerning the fate in the environment of many
other pesticides including those that are used as DDT-substitutes.
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