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Dichlorodiphenyltrichloroethane (DDT) is still used in certain areas of tropics and subtropics to control
malaria and other insect-transmitted diseases. DDT and its metabolites have been extensively studied for
their toxicity and carcinogenicity in animals and humans and shown to have an endocrine disrupting
potential affecting reproductive system although the effects may vary among animal species in correlation
with exposure levels. Epidemiologic studies revealed either positive or negative associations between
exposure to DDT and tumor development, but there has been no clear evidence that DDT causes cancer in
humans. In experimental animals, tumor induction by DDT has been shown in the liver, lung, and
adrenals. The mechanisms of hepatic tumor development by DDT have been studied in rats and mice.
DDT is known as a non-genotoxic hepatocarcinogen and has been shown to induce microsomal enzymes
through activation of constitutive androstane receptor (CAR) and to inhibit gap junctional intercellular
communication (GJIC) in the rodent liver. The results from our previously conducted 4-week and 2-year
feeding studies of p,p-DDT in F344 rats indicate that DDT may induce hepatocellular eosinophilic foci as
a result of oxidative DNA damage and leads them to hepatic neoplasia in combination with its mitogenic
activity and inhibitory effect on GJIC. Oxidative stress could be a key factor in hepatocarcinogenesis by
DDT.
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INTRODUCTION

DDT (dichlorodiphenyltrichloroethane) was first synthe-
sized in 1874 and its insecticidal properties were discov-
ered in 1939. Since then DDT was widely used in the world
to control insects on agricultural crops and those that carry
diseases such as malaria and typhus. However, the use of
this compound has been banned in many countries since
1970s because of its chemical characteristics such as accu-
mulation and bio-concentration in lipid systems of all ani-
mal species which may result in occurrence of potential
adverse effects on humans and wild animals (1). DDT has
been suggested to be toxic to a range of wildlife including
birds and marine animals, and its metabolite DDE (dichlo-
rodiphenyldichloroethylene) causes eggshell thinning of
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certain bird species such as bald eagle and brown pelican,
leading to declines of their populations (1,2). It is consid-
ered that DDE inhibits calcium adenosine triphosphatase
(ATPase) in the membrane of the shell gland and reduces
the transport of calcium carbonate from blood into the egg-
shell gland (1). Despite these circumstances, DDT is still
used in the certain areas of tropics and subtropics for the
control of malaria and other insect-transmitted diseases
causing high death rates (3). In 2006, World Health Organi-
zation (WHO) permitted the use of DDT in those areas to
reduce the rate of deaths caused by malaria. DDT and its
metabolites have been extensively studied for their toxicity
and carcinogenicity in experimental animals and humans
and the results of their investigations are well documented
(1,4). It has been shown that DDT and its metabolites may
have adverse effects on various organs/tissues of mammals
including nervous, liver, kidney, reproductive, endocrine, and
immune systems (1,4). The present review paper describes
the overview of neurotoxicity, reproductive toxicity with
endocrine effects, hepatotoxicity and carcinogenicity of DDT
and its metabolites. In addition, potential factors including
microsomal enzymes, cell proliferation, intercellular com-
munication, oxidative stress which might be involved in
hepatocarcinogenesis by DDT are discussed based on the
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results of our previously conducted 4-week and 2-year feed-
ing studies of p,p-DDT in F344 rats (5). Furthermore, a
potential effect of DDT or its metabolites on mitochondria
is also addressed, since the mitochondrion plays a crucial
role in maintaining hepatocyte integrity and functions, and
the mitochondrial dysfunction is considered one of the
important mechanisms for the chemical-mediated hepatic
toxicity and/or carcinogenicity (6-9).

Neurotoxicity. 1t is known that DDT delays the clos-
ing of the sodium ion channel and prevents the opening of
the potassium gates and also targets a specific neuronal
ATPase considered to be involved in the control of the rate
of sodium, potassium, and calcium fluxes through the nerve
membrane (1). In addition, DDT has been suggested to
inhibit the ability to transport calcium ions which are essen-
tial to the release of neurotransmitters. These actions com-
bine to effectively maintain the depolarization of the nerve
membrane, potentiating the release of transmitters and lead-
ing to central nervous system excitation manifested as
hyperexcitability, tremors, and convulusions. It was reported
that occupational exposure to DDT in retired workers from
Costa Rica was associated with neurobehabioral symptoms
in a dose-response pattern (10). In our 2-year rat feeding
study of p,p-DDT, a whole body tremor was observed in
the high dose (500 ppm) group of both sexes that was more
evident in females. This sex difference was consistent with
the toxicokinetics data obtained from the rat 2-year study in
that plasma and brain concentrations of DDT and its metab-
olite DDE tended to be higher in females than males (Figs.
1 and 2).

Reproductive toxicity with endocrine effects. 1t has
been suggested that DDT and its metabolites may have an
endocrine disrupting potential to affect reproductive system
through their estrogenic or androgenic activity (1). Recep-
tor-binding assays indicate that o,p-DDT has week estro-
genic activity and p,p-DDE is an androgen receptor
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Fig. 1. Plasma concentration of DDT, DDE, and DDD in F344
rats at high-dose (500 ppm) in a 2-year feeding study. (M) male;
(F) female.
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Fig. 2. Brain concentration of DDT, DDE, and DDD in F344 rats
at high-dose (500 ppm) in a 2-year feeding study. (M) male; (F)
female.

antagonist, while the main DDT’s component p,p-DDT has
little estrogenic or androgenic activity (11). In our institute,
a 2-generation reproduction toxicity study of 1,1,1-tri-
chloro-2,2-bis(4-chlorophenyl)ethane (p,p-DDT) in Sprague
Dawley (SD) rats was conducted in accordance with the
current test guidelines of MAFF (Japan), EPA (USA) and
OECD with some modifications and additions (12). In the
reproduction study, p,p-DDT was given to parental rats at
dietary levels of 0, 5, 50 or 350 ppm. As a result, parental
animals in the mid- and high-dose groups showed tremors
(both sexes), subsequent deaths (females only), and/or patho-
logical changes in the liver (both sexes). However, repro-
ductive and postnatal developmental toxicities were not
evident up to 350 ppm (high-dose) except for the decreased
pup viability index on postnatal day 21 in the high-dose
group. Although changes in serum estradiol and progester-
one levels and/or a delay in male sexual maturation were
noted in the mid- and high-dose groups, no substantial
reproductive disorders occurred. Based on these results, it
was concluded that the in vivo effects of p,p-DDT associ-
ated with its endocrine activities are not adverse at least
under the experimental condition and thus p,p~-DDT is not
considered to exert overt endocrine disrupting effects in SD
rats at levels up to 350 ppm. The reproductive toxicity with
endocrine effects of DDT may differ among animal species/
strains, depending on their susceptibility and dose levels.

Hepatotoxicity and carcinogenicity. Hepatotoxicity
and carcinogenicity of DDT have been demonstrated in ani-
mals to show increased liver weights, hepatocellular hyper-
trophy, microsomal enzyme induction similar to phenobarbital,
and hepatocellular tumor induction (1). Many epidemio-
logic studies have been conducted and the results indicate
either positive or negative associations between exposure to
DDT and tumor development in humans (1,13). The Inter-
national Agency for Research on Cancer (IARC) classifies
DDT into Group 2B (possibly carcinogenic to humans).
However, there has been no clear evidence that exposure to
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DDT causes cancer in humans. The toxic changes caused
by DDT in the liver and potential factors involved in hepa-
tocarcinogenesis by DDT are discussed in the following
sections on the basis of the results obtained from our previ-
ously conducted 4-week feeding study of p,p-DDT in male
F344 rats at 0, 50, 160, 500 ppm and 2-year feeding study
of p,p"-DDT in F344 rats of both sexes at 0, 5, 50, 500 ppm

(5).

Hepatic microsomal enzyme induction. Analyses of
hepatic microsomal enzymes revealed significant increases
in pentoxyresorufin O-dealkylase (PROD) activity and
P450 isozyme contents of CYP2B1 and CYP3A2 in the
DDT-treated rats (Tables 1~3). The results are generally con-
sistent with previous works (14-17,23-25) and considered
due to activation of constitutive androstane receptor (CAR)
(24). As shown in Tables 1~3, the increases in CYP2B1 and
CYP3A2 were dose-dependent, whereas the elevation of
PROD activity was most evident in the mid-dose group and

not significant in males of the high-dose group after 52, 78,
and 104 weeks. This suggests that microsomal enzyme
activity is not always consistent with its associated protein
content and there seems to be an almost inverse correlation
between the increase in PROD at different time points and
the concurrent incidence of pre-neoplastic hepatocellular
eosinophilic foci and hepatocellular tumors. As to P450 iso-
zyme contents, the increases in CYP2B1 and CYP3A2
tended to be more evident in females than males. A similar
result (preferential induction of CYP3A2 in females) also
has been reported in Wistar rats treated with the technical
grade DDT, a mixture of p,p-DDT (85%), o,p-DDT (15%)
and 0,0-DDT (trace amount) (17). Since CYP3A2 is andro-
gen-dependent and not normally expressed in adult female
rats (25), the induction of CYP3A2 by DDT in female rats
suggests that DDT is able to modulate sexual metabolic
dimorphism by affecting regulatory sites of hepatic metabo-
lism (17). The preferential induction of CYP2B1 and
CYP3A2 by DDT in female rats indicates an endocrine dis-

Table 1. Hepatic microsomal P450 isozyme content in male F344 rats from a 4-week feeding study of p,p~DDT

Dose CYP2B1 content (pmol/mg protein) on days:
(ppm) 1 2 3 7 14 28
0 20.01 +5.41 1295+ 1.23 11.93+2.93 1297 +2.77 12.54+1.73 9.47 +£2.41

50 96.13 + 12.70**
160 162.45+£19.27%%  321.44 +£33.67**
500 166.65 £ 53.76%*  274.82+21.13**

187.10 £ 17.52%*

181.06 + 52.39**
248.15+£27.01**
281.66 +45.10%*

210.41 £25.13**
244.15 £ 33.03**
280.96 + 53.66**

185.19 £36.17**
329.74 £ 63.64**
303.18 £21.92%*

273.32 £48.78**
252.10 £ 31.65%*
348.87 + 80.59**

Values represent mean = S.D. (n =5).

**: Significantly different from control at p < 0.01 (Dunnett’s multiple comparison test).

Table 2. Hepatic microsomal enzyme activity and P450 isozyme contents in male F344 rats from a 2-year feeding study of p,p~DDT

Dose  Duration PROD P450 isozyme contents (pmol/mg protein)
(ppm)  (weeks) (pmol/min/mg) CYP1A2 CYP2BI CYP3A2 CYP4ALl
26 1842 6) 424+097 6) 104+1.0 6) 723+153  (6) 219+2.1 (6)
0 52 15+2 6) 322+0.97 6) 975+1.02 (6) 83.4+69 6) 354+28 (6)
78 542 6) 697+142 6) 114+1.7 6) 69.6+163 (6) 409+75 (6)
104 342 6) 637+1.90 6) 12427 6) 10.1£59 6) 17.5+47 (6)
26 155+9 (6) 6.88+139%* (6) 66.7+8.9 (6) 175+23%  (6) 194+16 (6)
s 52 205+ 18%*  (6) 7.05+1.15%* (6) 61.9+8.0 6) 175+18 6) 363154 (6)
78 118 + 15% 6) 5.55+1.50 (6) 749+90 (6) 940+360 (6) 39.1+124 (6)
104 81+ 29%* 6) 8.99+439 6) 762+17.8 (6) 56.6+316 (6) 184+77 (6)
26 456 +£25%%  (6) 3.25+0.70 (6)  366+34%*  (6)  368+34%t (6) 358+24%*  (6)
50 52 466+ 42%*%  (6) 2.65+1.19 (6)  398+50%*  (6) 364+56%* (6) 44.4+7.0% (6)
78 293+ 95%F  (6)  3.44+3.06* 6) 172+56%%  (6) 15082 (6) 42.0+158 (6)
104 143 £45%%  (6) 779 +4.04 (6) 179+33**  (6) 604+164 (6) 204+87 (6)
26 173 £ 26* (6) 1.78+036%* (6) 607+71**  (6)  534+£50%*  (6) 36.5+£3.9*%  (6)
500 52 143+ 15 6) 3.96+0.87 (6)  476+70%*  (6) 540+ 92*%*  (6) 33.4+33 (6)
78 8115 6) 3.73+264 (6)  222+38%F  (6)  189+74**  (6) 304+62 (6)
104 64 +26 6) 5.04+1.62 (6) 271+65%F  (6) 176+42*%*  (6) 18.8+9.1 (6)

Values represent mean £ S.D.
(n): Number of animals examined.

***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).
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Table 3. Hepatic microsomal enzyme activity and P450 isozyme contents in female F344 rats from a 2-year feeding study of p,p-DDT

Dose  Duration PROD P450 isozyme contents (pmol/mg protein)
(ppm)  (weeks) (pmol/min/mg) CYP1A2 CYP2B1 CYP3A2 CYP4A1
26 12+1 6) 168+6.5 (6) 6.48+0.94 6) 10.7+1.7 (6) 188+2.5 6)
0 52 8+2 (6) 21.6+62 (6) 3.81=%1.11 6) 127+2.1 (6) 144£20 6)
78 7+1 (6) 109£29 (6) 4.48+0.93 6) 12.1+2.7 (6) 20.7+5.1 (6)
104 4+£3 6) 17.9+82 (6) 5.86+0.77 6) 7.98+5.28 6) 179+54 (6)
26 92+16 (6) 22.6+43 (6) 325+3.6 ©6) 164+1.7 (6) 158+22 6)
5 52 95+26 6) 29.6+9.9 6) 169+4.6 (6) 258+44 (6) 20.1£1.3*%  (6)
78 51+13 6) 12.0+35 (6) 374+37  (6) 292+52 6) 192+47 (©6)
104 50+ 18 6) 17.9+438 (6) 23.8+6.3 (6) 28.6+84 (6) 222+6.5 6)
26 402 £74**  (6) 23.6+24 (6) 263+£39** (6) 53.5+9.8** 6) 195+29 ©6)
50 52 393 £44%*%  (6) 31.3+6.2 6) 157£17%*  (6) 82.3+8.9** (6) 26.1+£3.0%  (6)
78 237+23*%%  (6) 11.5+4.5 (6) 183+39%* (6) 80.8+124** (6) 21.4+05 (6)
104 171 £39*%*  (6) 14.5+4.0 6) 104 £25%%  (6) 63.1x113** (6) 214=1.7 6)
26 245+ 44**  (6) 20.6+4.4 (6) 371+46**  (6) 171 £25%* (6) 148+43 6)
500 52 241£30**  (6) 31.0+7.2 (6) 350+£29**  (6) 155 £21** (6) 203+£2.9*%  (6)
78 106+ 10%*  (6) 18.8+3.5%%  (6) 218+29%*  (6) 171+ 35%* 6) 157435 (6)
104 90 +£25*%  (5) 20.6+1.5 (5)  210+£34%* (5) 189+ 28%* (5) 15.6+48 5)

Values represent mean £ S.D.
(n): Number of animals examined.

***: Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).

rupting potential of DDT because these CYPs are involved
in steroid metabolism. With respect to other P450 isozyme
contents, statistically significant increases or decreases in
CYP1A2 and CYP4Al were noted in the DDT-treated
groups of both sexes, but those changes were not consistent
during the study and their toxicological significance remains
obscure.

Oxidative stress. Measurements of hepatic oxidative
stress markers in our 2-year rat study disclosed significant
increases in lipid peroxide (LPO) and 8-hydroxydeoxygua-
nosine (8-OHdG) in the mid- and high-dose groups that
developed hepatocellular tumors, which were more evident
in males than females (Tables 4 and 5). These results indi-
cate that hepatocytes in the DDT-treated livers are exposed

to oxidative stress and could have cellular and DNA dam-
ages. It is postulated that the metabolic activation with
enzyme induction of P450 by DDT may result in formation
of reactive oxygen radicals (23,26). In addition, it is con-
ceivable that DDT or its metabolites may affect mitochon-
dria and cause mitochondrial dysfunction which results in
formation of deleterious reactive oxygen species (ROS)
leading to lipid peroxidation since mitochondria are promi-
nent target sites of many hepatotoxic chemicals and also the
main source of ROS in the hepatocytes (6-9). In the DDT-
treated groups that developed hepatocellular carcinomas, 8-
OHAG levels were significantly increased. The increase in
8-OHdG levels (an evidence of oxidative DNA damage)
could play an important role in hepatocarcinogenesis by
DDT. It has been shown that 8-OHdG leads to base mis-

Table 4. Hepatic lipid peroxide (LPO) contents in F344 rats from a 2-year feeding study of p,p-DDT

Dose No. of rats LPO (nmol/g tissue) at weeks
(ppm) Sex examined 26 52 78 104
0 M 6 130+ 13 152 +37 157+37 138+29
F 6 168 £+ 30 202+ 15 150 £ 21 173 +£53
5 M 6 210+ 113 140+ £30 217+ 71 257 +122
F 6 177 £ 20 1888 157 +43 188 + 77
50 M 6 1005 £ 324%** 537 + 74%* 530 £ 132%* 523 +332%
F 6 247 + 62* 248 £75 212 +£48 307 £ 78*
500 M 6 838 + 286** 393 4 54** 360+ 172* 423 + 68**
F 6 267 + 69* 178 +24 185+ 53 267+ 101

Values represent mean £+ S.D.
***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).
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Table 5. Hepatic 8-OHdG levels in F344 rats from a 2-year feeding study of p,p"DDT\

Dose No. of rats 8-OHdG (mg/mg DNA) at weeks
(ppm) Sex examined 26 52 78 104
0 M 6 44+1.0 3.0+0.9 27+1.1 32+£0.8
F 6 1.9+0.5 2.7+0.5 2.5+05 30+£0.8
5 M 6 37+1.3 38+0.8 22+0.7 35+0.7
F 6 2.0+0.2 40+1.9 2.7+0.3 29+0.6
50 M 6 59+1.6 6.1£2.8 29+1.2 50+1.0
F 6 3.0+1.6 52+14 3.1+04 27+0.5
500 M 6 15.4 £ 4.5%* 13.8 £4.3%%* 7.5 +£2.2%* 15.9 £ 9.9%*
F 6 26+1.1 14.1 £52%* 6.2 £2.9%* 5.8 £0.9%*

Values represent mean £ S.D.

**: Significantly different from control at p < 0.01 (Dunnett’s multiple comparison test).

pairing (mutation) on DNA replication (27). In our 2-year
rat study, the appearance of eosinophilic altered hepatocel-
lular foci (AHF) in the high-dose group was significantly
earlier than that in controls. This result indicates that the
occurrence of initiated cells could be accelerated by DDT in
the high-dose group, which is considered to be due to hepa-
tocellular DNA damage caused by oxidative stress. It is
possible that the accelerated occurrence of initiated cells
may result in the early appearance and increased incidence
of eosinophilic AHF described later.

Cell proliferation. PCNA labeling index (LI) in the
liver from rats treated with DDT showed that cell prolifera-
tion was enhanced within 3 days of treatment but returned

to normal thereafter (Tables 6 and 7). This cell proliferation
pattern is consistent with that by non-genotoxic mitogenic
hepatocarcinogens (28-30). It is generally known that the
hepatic cell proliferation response to non-genotoxic mito-
genic hepatocarcinogens such as phenobarbital typically
occurs through an initial burst of enhanced DNA synthesis
followed by enhanced mitosis (29-31). The enhanced cell
proliferation, however, ceases after a few days even if treat-
ment is continued. It is considered that an effective feed-
back mechanism (checkpoint function such as G1 or G2
arrest in cell cycle) may prevent excessive cell multiplica-
tion in the normal liver even if the growth stimulatory sig-
nals are steadily present due to continuous chemical treatment
(30). It has been postulated that non-genotoxic chemicals

Table 6. PCNA LI (%) in the liver of male F344 rats from a 4-week feeding study of p,p-DDT

Dose PCNA LI (mean + SD) on days
(ppm) 1 2 3 7 14 28
0 2.00+080 (5 158+0.68 (5 3.19+144  (5) 446+141 (5) 175077 (5) 0.96+0.50 (5)
50  2.06+046  (5) 322+051* (5) 484+160  (5) 5374036 (5) 096+031 (5) 0.58+0.18 (5)
160 281+0.67  (5) 591+1.49%* (5) 685+1.71** (5) 4.13+0.72 (5) 0.62+054 (5) 0.60+034 (5)
500 4.62+1.01%* (5) 533+£059%* (5) 631+1.57% (5) 4524127 (5) 139+1.19 (5) 094+048 (5)

(n): Number of animals examined.

***: Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).

Table 7. PCNA LI (%) in the liver of F344 rats from a 2-year feeding study of p,p-DDT

Dose S PCNA LI (mean + SD) at weeks
(ppm) = 26 52 78 104
0 M 0.70 £ 0.34 ©) 0.43+0.11 ©6) 0.82+0.63 ) 0.80+1.03 Q)
F 0.25+0.22 ©) 0.17+0.11 ©6) 0.93+0.52 6) 0.45+0.32 ®)
5 M 0.67+0.38 ©) 0.40 +£0.22 ©6) 0.69 +0.25 ©6) 0.43+0.19 ®)
F 0.13 +0.05 ©) 0.14 +0.08 ©6) 1.13+1.17 ©6) 0.28 +0.07 ©)
50 M 0.77+0.19 ©) 0.28+0.13 ©6) 0.75+0.31 ©) 0.42+0.21 “
F 0.87+0.69 ©) 0.36+0.16 6) 1.10£0.59 ©) 0.46 £0.25 ©6)
500 M 0.32+0.22 ©) 0.29+0.16 ©6) 0.78 £0.24 ©) 0.73+£0.48 ©6)
F 0.45+0.18 ©) 0.34+0.31 ©6) 0.62 +0.20 ©6) 0.55+0.06 4)

(n): Number of animals examined.
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with mitogenic activity may provide a selective growth
advantage to spontaneously initiated precancerous cells
over normal hepatocytes and lead them to neoplasms (28,29).
The increases in the number and size of eosinophilic AHF
in our 2-year study could be a reflection of the mitogenic
activity of DDT that contributes to the growth of initiated
cells.

Gap junctional intercellular communication (GJIC).
Quantitative analysis of gap junctional intercellular commu-
nication (GJIC) in the liver from rats treated with DDT
demonstrated a persistent decrease in GJIC protein Cx32
from the beginning to the end of treatment (Tables 8 and 9).
GIJIC in the liver has been shown to be inhibited by various

non-genotoxic tumor-promoting agents including phenobar-
bital and DDT in vivo and in vitro (14,18-20,22,32-34). The
inhibition of GJIC by tumor promoters may be produced in
several ways (21). Since DDT is highly lipophilic and accu-
mulates in cell membranes, it could interfere directly with
the function of GJIC, whereas phenobarbital which is not
highly lipophilic may inhibit GJIC in a different way. It is
known that GJIC involves the passage of low molecular
weight substances between adjacent cells via gap junctions
and its function includes the possible regulation of cellular
division through cell-to-cell exchange of replication signal
molecules (19,34,35). Therefore, inhibition of GJIC may
isolate initiated cells from the growth regulatory signals of
neighboring cells and permit the clonal expansion of initi-

Table 8. Number of GJIC protein Cx32 spots in the liver of male F344 rats from a 4-week feeding study of p,p-DDT

Dose No. of Cx32 spots (mean + SD) on days:

(ppm) 1 2 3 7 14 28

0 829+036 (5) 7.81+075 (5 7.86+081  (5) 7.24+038 (5) 7.64+052 (5 811+£022  (5)
50 5.59+0.77%F (5) 4.69+033%% (5) 5.41+040%* (5) 3.14+033%F (5) 2.99+0.53%* (5) 3.33+0.74%* (5)
160 490+ 0.63** (5) 4.37+£0.64** (5) 3.94+0.64*%* (5) 3.06+046%* (5) 2.71+£0.68** (5) 2.77+0.43** (5)
500  5.35+£1.03** (5) 3.98+£041** (5) 3.12+£033** (5) 2.62+£0.70** (5) 1.75£0.51** (5) 1.68+0.79** (5)
(n): Number of animals examined.
**: Significantly different from control at p < 0.01 (Dunnett’s multiple comparison test).
Table 9. Number of GJIC protein Cx32 spots in the liver of F344 rats from a 2-year feeding study of p,p-DDT
Dose S No. of Cx32 spots (mean + SD) at weeks
ex
(ppm) 26 52 78 104
0 M 7.07 +£0.94 ©6) 6.49 + 1.46 6) 3.05+0.19 ©6) 3.11+1.15 ®)
F 6.08 +0.97 (©6) 6.48 + 0.66 (©6) 3.26+0.74 (6) 3734023 5)
5 M 6.87 £ 0.54 ©6) 6.95+0.88 6) 2.51 +£0.50% 6) 2.13+0.37 5)
F 5.67+0.93 ©6) 5.51+1.62 ©6) 2.90+0.41 6) 3.59+0.42 ©6)
50 M 5.53 £0.83* ©6) 6.28 +1.88 6) 2.47 £ 0.44%* ©6) 2.13+0.35 @)
F 4.80 +0.86 ©) 420+ 0.56** 6) 1.76 + 0.69* ©) 2.65+0.33** ©)
500 M 539 + 1.30% (6) 4.64+0.91 (6) 1.14 £ 0.22%* (©6) 1.52+0.28* (©6)
F 420+ 1.41% (6) 3.8+ 0.72%* (6) 1.03 + 0.16%* (6) 1.75 + 0.47%* 4)

(n): Number of animals examined.

***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).

Table 10. Liver weights of male F344 rats from a 4-week feeding study of p,p-DDT

Dose Liver Days on study

(ppm) weights 1 2 3 7 14 28
s Absolute 109 (5) 107 (5) 106 (5) 112 (5)* 126 (5)* 112 (5)**
Relative 108 (5)** 107 (5) 107 (5)* 111 (5)* 121 (5)** 110 (5)**
160 Absolute 105 (5) 114 (5) 121 (5)** 127 (5)** 142 (5)** 124 (5)**
Relative 107 (5)* 113 (5)** 119 (5)** 123 (5)** 136 (5)** 122 (5)**
500 Absolute 110 (5) 125 (5)** 127 (5)** 153 (5)** 148 (5)** 142 (5)**
Relative 111 (5)** 125 (5)** 129 (5)** 147 (5)%* 148 (5)** 145 (5)**

Values represent percentages (%) to control values.
(n): Number of animals examined.
Relative: Ratio to body weight (%)

***: Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).
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Table 11. Liver weights of male F344 rats from a 2-year feeding study of p,p-DDT

Dose Liver Weeks on study
(ppm) weights 26 52 78 104
5 Absolute 106 (6) 108 (6) 108 (8) 110 (10)
Relative 102 (6) 108 (6) 105 (8) 105 (10)
50 Absolute 114 (6)** 117 (6)* 126 (8)** 125 (10)**
Relative 112 (6)* 118 (6)* 125 (8)** 123 (10)*
500 Absolute 166 (6)** 154 (6)** 153 (7)** 149 (10)**
Relative 170 (6)** 168 (6)** 166 (7)** 171 (10)**
Values represent percentages (%) to control values.
(n): Number of animals examined.
Relative: Ratio to body weight (%)
***: Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).
Table 12. Liver weights of female F344 rats from a 2-year feeding study of p,p~DDT
Dose Liver Weeks on study
(ppm) weights 26 52 78 104
5 Absolute 109 (6) 106 (6) 104 (8) 102 (10)
Relative 106 (6) 103 (6) 103 (8) 101 (10)
50 Absolute 111 (6)* 123 (6) 110 (7) 111 (10)
Relative 114 (6)* 118 (6)** 109 (7) 110 (10)
500 Absolute 146 (6)** 151 (6)** 143 (8)** 144 (10)**
Relative 163 (6)** 170 (6)** 165 (8)** 190 (10)**

Values represent percentages (%) to control values.
(n): Number of animals examined.
Relative: Ratio to body weight (%)

*** Significantly different from control at p < 0.05 and p < 0.01, respectively (Dunnett’s multiple comparison test).

ated cells. This suggests an important role for GJIC in the
process of tumor formation.

Changes in liver weights. Time-related changes in
liver weights in F344 rats treated with DDT are shown in
Tables 10~12. Absolute and/or relative (ratio to body weight)
liver weights significantly increased in a dose-dependent
manner from the beginning of treatment throughout the study.
The liver weight also increased in correlation with duration
of exposure but tended to reach a plateau after certain time.
It is known that administration of mitogenic agents such as
phenobarbital and buthylhydroxytoluene causes an increase
in liver weight through mitogenic stimulation of cell prolif-
eration (28). Upon continued administration, the increased
liver weight is maintained, even though the rate of cell turn-
over returns to normal levels (28). The increased liver weights
in the DDT-treated rats might be due to mitogenic stimula-
tion of cell proliferation to some extent, but the major cause
seems to be proliferation of smooth-surfaced endoplasmic
reticulum (SER) associated with microsomal enzyme induc-
tion since the time of increase in liver weight and enzyme
induction was consistent with each other during the study.

Histopathology of the liver with morphometry. In
our 2-year rat study, treatment with DDT induced centrilob-

ular hepatocellular hypertrophy and increased eosinophilic
AHEF, hepatocellular adenomas and carcinomas (Table 13).
The severity of hepatocellular hypertrophy (Fig. 4A) was
dose-dependent and the hypertrophic alteration could be
due to SER proliferation associated with microsomal enzyme
induction. The eosinophilic AHF noted in the liver treated
with DDT typically contained hepatocytes with pale pink or
ground glass appearance cytoplasm (Fig. 4B) and some-
times had cytoplasmic clear spaces which may represent
glycogen deposits. The eosinophilic AHF was positive for
glutathione S-transferase placental form (GST-P) (Fig. 4C).
The eosinophilic AHF tended to be located in the region
close to or within the hypertrophic area. Such a spatial rela-
tionship was also reported in rats after continuous adminis-
tration of low doses of N-nitrosomorpholine, which resulted
in centrilobular perivenular hepatocellular hypertrophy,
being closely related to the later development of pre-neo-
plastic hepatic foci including clear/acidophilic foci as well
as hepatocellular neoplasms (36).

Quantitative morphometric analysis revealed that the
number and size of eosinophilic AHF were increased in
correlation with duration of exposure and dose levels and its
appearance was earlier in males than females (Tables 14~
16). The incidence of eosinophilic AHF in the high-dose
group after 104 weeks of treatment reached nearly 100%
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Table 13. Incidences of hepatocellular hypertrophy and altered hepatocellular foci (AHF) in F344 rats from a 2-year feeding study of

p.p-DDT
Dose Duration Hypertrophy Eosinophilic AHF Tigroid basophilic AHF Clear cell AHF
(ppm) (weeks) Male Female Male Female Male Female Male Female
26 0/6 0/6 0/6 0/6 2/6 2/6 0/6 0/6
52 0/6 0/6 0/6 0/6 3/6 4/6 5/6 0/6
0 78 0/8 0/8 1/8 0/8 8/8 8/8 5/8 3/8
104 0/35 0/33 23/35 6/33 34/35 30/33 30/35 8/33
Total® 0/40 0/40 24/40 8/40 37/40 37/40 30/40 9/40
26 2/6 0/6 0/6 0/6 1/6 1/6 1/6 0/6
52 6/6** 0/6 0/6 0/6 1/6 6/6 4/6 0/6
5 78 4/8%* 1/8 2/8 1/8 8/8 8/8 6/8 2/8
104 15/30** 1/27 18/30 8/27 29/30 26/27 24/30 0/27%*
Total 15/40** 1/40 21/40 10/40 35/40 38/40 24/40 0/40%**
26 6/6** 6/6** 0/6 0/6 1/6 3/6 1/6 0/6
52 6/6** 6/6** 0/6 0/6 0/6 6/6 4/6 0/6
50 78 8/8** 7/T** 8/8** 1/7 8/8 77 8/8 0/7
104 33/36** 31/32** 30/36 16/32%* 34/36 30/32 27/36 8/32
Total 35/40** 34/40** 34/40** 19/40%** 38/40 38/40 27/40 8/40
26 6/6** 6/6** 4/6* 0/6 0/6 2/6 0/6 0/6
52 6/6** 6/6** 6/6** 2/6 0/6 0/6* 0/6** 0/6
500 78 7/7** 8/8** 7/7** 8/8** 3/7* 6/8 /7% 0/8
104 31/33** 31/33** 33/33** 31/33** 29/33 23/33* 13/33** 11/33
Total 38/40** 37/40** 38/40** 37/40** 34/40 27/40** 14/40* 11/40
% Total number of animals examined (No. of scheduled deaths after 104 weeks + No. of unscheduled deaths).
***: Significantly different from control at p < 0.05 and p < 0.01, respectively (Fisher’s exact test).
Table 14. Number of altered hepatocellular foci (AHF) in F344 rats from a 2-year feeding study of p,p-DDT
No. of rats No. of AHF (No./cm®): Mean = SD
Dose Duration .
examined i ili iorOi ili
(ppm) (weeks) Eosinophilic Tigroid basophilic Clear cell
Male Female Male Female Male Female Male Female
26 6 6 0.0£0.0 0.0+0.0 04+0.6 0.6+0.9 0.0£0.0 0.0+0.0
0 52 6 6 0.0£0.0 0.0+0.0 1.0+1.3 1.6+ 1.6 1.6£1.1 0.0+0.0
78 8 8 0.1+£04 0.0+0.0 22+13 93+3.7 0.8+0.8 0.5+0.7
104 10 10 1.5+1.5 0.6+1.0 6.5+4.8 11.0£5.3 1.9+ 1.7 0.8+0.9
26 6 6 0.0+0.0 0.0£0.0 02+04 0.3+0.7 02+04 0.0+0.0
5 52 6 6 0.0+0.0 0.0+0.0 0.3+0.8 47+1.7 13+14 0.0£0.0
78 8 8 0.5+0.9 02+0.5 2.8+1.7 10.0+53 14+12 0.6+1.1
104 10 10 20+1.8 0.6+ +0.7 5.1+4.6 142+4.0 24420 0.0+0.0
26 6 6 0.0£0.0 0.0+0.0 04+09 0.8+0.8 02+04 0.0+0.0
50 52 6 6 0.0+0.0 0.0+0.0 0.0+0.0 5.5+1.6% 1.1£1.1 0.0+0.0
78 8 7 3.1+1.5% 0.6+1.5 20+£1.9 87+4.1 1.2+0.5 0.0+0.0
104 10 10 8.9 +£5.1** 1.0+22 3.8+23 17.6 +4.5 29+1.2 0.3+0.7
26 6 6 0.8 £0.7%* 0.0£0.0 0.0+0.0 0.5+0.8 0.0+0.0 0.0+0.0
500 52 6 6 3.7 £ 1.6%* 14+2.1 0.0£0.0 0.0+0.0 0.0+ 0.0* 0.0£0.0
78 7 8 9.2+ 3. 1%* 12.1 + 3.5%%* 0.5+0.6 1.0+ 0.7%* 0.0+0.0 0.0£0.0
104 10 10 10.4 £ 3.1%* 9.8 +£3.8%* 21+1.0 1.3+1.3% 0.4+ 0.6* 1.0+1.3

***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Fisher's exact test).

for both sexes. Since the first appearance of eosinophilic
AHF in the high-dose group (at week 26) was much earlier
than that in the controls (at week 78), the eosinophilic pre-

neoplastic lesions could be induced by DDT as a result of
DNA damage of hepatocytes exposed to oxidative stress as
described before. It is conceivable that DDT may acceler-
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Table 15. Mean area of altered hepatocellular foci (AHF) in F344 rats from a 2-year feeding study of p,p~DDT

29

No. of rats Mean area of AHF (mm’): Mean + SD (No. of rats with AHF)
Dose Duration : -
examined Eosinophilic Tigroid basophilic Clear cell
(ppm)  (weeks) P g P
Male Female Male Female Male Female Male Female

26 6 6 - - 0.02+0.004 (2) 0.03+£0.004(2) - -

0 52 6 6 - - 0.06+0.053) 0.13+£0.09(4) 0.02+0.02(5) -
78 8 8 0.16 (1) - 0.09+0.03(8)  0.11+0.03 (8) 0.05+0.02(5) 0.04+0.01(3)
104 10 10 0.33+0.16 (8) 046+0.18(3) 0.16£0.04(9) 0.17+0.08 (10) 0.08+0.04(9) 0.09+0.08 (5)

26 6 6 - - 0.03 (1) 0.02 (1) 0.03 (1) -

5 52 6 6 - - 0.03 (1) 0.09+0.03 (6) 0.03+0.01 (4) -
78 8 8 0.60+0.63 (2) 0.04 (1) 0.09+0.05(@) 0.08+£0.03(8)* 0.05£0.03(6) 0.05+0.02(2)

104 10 10 044+0.57 (7) 038+0.39(4) 0.11+0.04 (9** 0.14+0.03(10) 0.08+0.04 (10) -

26 6 6 - - 0.06 (1) 0.03+0.003(3) 0.03 (1) -

50 52 6 6 - - - 0.09+0.02 (6) 0.05+£0.02(4) -

78 8 7 021£0.17 (8) 0.32(1) 025+049(@8) 0.10£0.04(7) 0.09+0.06 (8) -
104 10 10 0.58+0.54 (9) 035+£021(2) 0.11+0.06(9)* 0.15+0.03(10) 0.18+£0.24 (10) 0.05+0.03 (2)

26 6 6 0.05+0.03 (4) - - 0.07+0.06 (2) - -

500 52 6 6 0.06+0.03 (6) 0.06+0.02(2) - - - -

78 7 8 0.32+0.18 (7) 026+0.13(8) 0.07+£0.02(3) 0.09+0.06 (6) - -
104 10 10 0.90+043 (10)** 1.02+0.70 (10) 0.17+0.10(10) 0.08+0.02 (8)** 041+£0.53(4) 0.03+0.01 (4)

-: Not available because of no AHF.
***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Fisher's exact test).

Table 16. Area fraction of liver occupied by altered hepatocellular foci (AHF) in F344 rats from a 2-year feeding study of p,p-DDT

b Durati No. of rats Area fraction occupied by AHF (%): Mean = SD
0se uration examined - - T -
(ppm)  (weeks) Eosinophilic Tigroid basophilic Clear cell
Male Female Male Female Male Female Male Female
26 6 6 0.00 +0.00 0.00 +0.00 0.01+0.01 0.02+0.03 0.00 + 0.00 0.00 + 0.00
0 52 6 6 0.00 +0.00 0.00 +0.00 0.08£0.16 0.26+0.42 0.04 £ 0.04 0.00 + 0.00
78 8 8 0.02 +0.05 0.00+0.00 0.18+£0.10 1.06 £ 0.54 0.04 £ 0.05 0.02+0.03
104 10 10 0.51+041 0.25+0.44 0.98+0.70 1.82+1.16 0.16+0.18 0.08+0.13
26 6 6 0.00 +0.00 0.00 +0.00 0.005+0.012 0.01+0.01 0.01+0.01 0.00 + 0.00
5 52 6 6 0.00 + 0.00 0.00 +0.00 0.01£0.02 0.41+0.26 0.04 £ 0.04 0.00 + 0.00
78 8 8 0.31+0.77 0.01£0.02 0.21 +0.11 0.85+0.52 0.06 = 0.07 0.02 +0.04
104 10 10 1.07+1.85 0.20+0.38 0.54+0.42 1.93 +0.45 0.19+0.16 0.00 + 0.00*
26 6 6 0.00 + 0.00 0.00 +0.00 0.02 +0.05 0.03+0.03 0.005+0.011  0.00+0.00
50 52 6 6 0.00 +0.00 0.00 +0.00 0.00+0.00 0.47+0.12 0.06 £+ 0.09 0.00 + 0.00
78 8 7 0.60+0.39*  0.18+0.48 0.34+0.48 0.89+0.53 0.12+0.08 0.00 + 0.00
104 10 10 510+4.74*  0.32+0.71 0.41+0.32 2.54+0.76 0.42+0.52 0.02 +0.04
26 6 6 0.04 +£0.05**  0.00 £ 0.00 0.00 +0.00 0.03+0.07 0.00 £ 0.00 0.00 + 0.00
500 52 6 6 0.23+0.09** 0.08 £0.14 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00 + 0.00
78 7 8 2.72+£1.05%* 3.01+1.84** 0.03+0.05* 0.10+0.10**  0.00 +0.00 0.00 = 0.00
104 10 10 9.254+6.28%* 825+4.53** 0.31+0.19 0.10+£0.09**  0.14+0.30 0.03+0.03

***. Significantly different from control at p < 0.05 and p < 0.01, respectively (Fisher's exact test).

ate the occurrence of initiated cells by oxidative stress, lead-
ing to the early appearance of eosinophilic AHF and
promotes the growth of eosinophilic preneoplastic lesions
through its mitogenic activity in combination with the
inhibitory effect on GJIC as mentioned before. In other
types of AHF, tigroid basophilic AHF decresed in number

and size in females in the high dose group. A similar result
was also reported in rats treated with phenobarbital (33).

As to neoplasia, the overall incidences of hepatocellular
adenomas and carcinomas in the high-dose group during the
study were 55% and 35% for males and 40% and 5% for
females, respectively (Table 17). Morphologically, the hepa-
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Table 17. Incidence of hepatocellular tumors in F344 rats from
a 2-year feeding study of p,p-DDT

Dose  Duration Adenoma Carcinoma
(ppm)  (weeks) Male Female Male Female

26 0/6 0/6 0/6 0/6

52 0/6 0/6 0/6 0/6

0 78 0/8 0/8 0/8 0/8
104 0/35 0/33 0/35 0/33
Total® 0/40 0/40 0/40 0/40

26 0/6 0/6 0/6 0/6

52 0/6 0/6 0/6 0/6

5 78 0/8 0/8 0/8 0/8
104 0/30 0/27 0/30 0/27
Total 0/40 0/40 0/40 0/40

26 0/6 0/6 0/6 0/6

52 0/6 0/6 0/6 0/6

50 78 0/8 0/7 0/8 0/7
104 5/36* 0/32 0/36 0/32
Total 5/40% 0/40 0/40 0/40

26 0/6 0/6 0/6 0/6

52 0/6 0/6 0/6 0/6

500 78 6/7%* 1/8 0/7 0/8
104 20/33**%  16/33**  [3/33** 2/33
Total 22/40%*  16/40**  14/40** 2/40

% Total number of animals examined (No. of scheduled deaths
after 104 weeks + No. of unscheduled deaths).

* **. Significantly different from control at p <0.05 and p<0.01,
respectively (Fisher’s exact test).
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Fig. 3. Liver concentrations of DDT, DDE, and DDD in F344 rats
at high-dose (500 ppm) in a 2-year feeding study. (M) male; (F)
female.

tocellular adenomas contained typically eosinophilic hepato-
cytes (Fig. 4D) which were similar to those of eosinophilc
AHF described above and often had basophilic phenotypes
in small numbers. Basophilic cell type of adenomas was
also noted but only in a few animals. On the other hand, the
hepatocellular carcinomas contained hepatocytes with eosin-
ophilic or basophilic cytoplasm and typically had admixture
of both phenotypes (Fig. 4E). The population of basophilic

Fig. 4. Centrilobular hepatocellular hypertrophy in a male F344
rat treated with DDT at 500 ppm for 26 weeks (A), H&E stain,
%x112; An eosinophilic focus with ground glass appearance in a
male F344 rat treated with DDT at 500 ppm for 78 weeks (B),
H&E stain, x54; GST-P positive focus in a male F344 rat treated
with DDT at 500 ppm for 52 weeks, which was eosinophilic type
of focus in H&E-stained section (C), GST-P stain, x112; Hepato-
cellular adenoma comprising eosinophilic hepatocytes with pale
pink or ground glass appearance cytoplasm in a male F344 rat
treated with DDT at 500 ppm for 104 weeks (D), H&E stain, x85;
Hepatocellular carcinoma containing both eosinophilic and
basophilic phenotypes of hepatocytes with trabecular pattern in
a male F344 rat treated with DDT at 500 ppm for 104 weeks (E),
H&E stain, x85.

cells in the carcinomas was much higher than that in adeno-
mas or large eosinophilic AHF. Since the hepatocytes within
the majority of adenomas were morphologically similar to
those of eosinophilic AHF and there was no increase in
other types of AHF, it was suggested that the eosinophilic
AHF could develop into neoplasms without passing an
intermediate stage (37). However, large eosinophic AHF
and adenomas sometimes contained small number of baso-
philic cells within the lesions. The presence of basophilic
cells might be an indication of malignant transformation of
hepatocytes within the lesions since the population of baso-
philic phenotypes is largest in the hepatocellular carcino-
mas (37). A similar type of nongenotoxic hepatocarcinogen,
phenobarbital (PB), also has been shown to induce eosino-
philic altered foci and hepatocellular tumors containing
eosinophilic cells (GGT positive) (33). However, it should
be recognized that the occurrence of eosinophilic AHF is
not limited to PB and DDT because many other chemicals



Table 18. Microarray assay of hepatoproliferative lesions in male F344 rats from a 2-year feeding study of p,p-DDT

Gene/protein name

Protein kinase C-eta

Uncouplingprotein 2, mitochondrial
Phosphorylase B kinase catalytic subunit
Guanine nucleotide-binding protein G-s, o subunit

G protein -5 subunit
CDK106

Follistatin
Lipoprotein lipase

Ubiquitin-conjugating enzyme E2D3

p53-activated gene 608
Sodium channel 32

Protein disulfide isomerase A6 precursor
Protein phosphatase type 1a., catalytic subunit
Potassium channel gene 1 (Kir6)

Dopamine receptor D2

Toxicity and Carcinogenicity of DDT 31
Fold change (ratio to normal control value)*
Function Hypertorophy Eosinophilic AHF Adenoma
500 ppm Oppm 500 ppm 500 ppm
Cell proliferation (CP) 3.6 3.2 3.1 2.5
CP 2.0 - 2.0 -
CP - - 22 -
Cp 2.5 - 2.6 2.3
CP 2.0 - 35 -
CP (Downerg. TGF-B) - - 2.0 2.0
CP (Downerg. TGF-B) - - 0.5 -
CP (TGF-B) - - 0.5 -
CP (Cell cycle) - - 0.5 -
Apoptosis (Apo) - - 2.3 2.0
Apo (suppre) 2.9 2.2 32 24
Apo (suppre) - - 0.5 -
Apo (suppre) 0.5 - 0.4 -
Anti-oxidative 32 2.7 3.1 2.5
Anti-oxidative 2.7 3.0 2.1 22

*: Values of 2.0 or more and 0.5 or less represent up-regulation and down-regulation, respectively.

—: Within normal range.

including genotoxic agents also induced such eosinophilic
preneoplastic lesions (37,38). In addition, it has been sug-
gested that the development of hepatocellular tumors in rats
and mice after long-term exposure to CAR activators such
as PB and DDT seems to be rodent-specific and not rele-
vant to human (24).

With respect to sex difference in tumor development, it is
generally believed that males have a higher incidence of
hepatic tumors than females in rodents as well as in humans
(39). Factors contributing to this sex difference have not
been clearly demonstrated, but it may be due to the differ-
ence of hormonal pattern which is of primary importance
for determining the metabolic activation of carcinogens and
also due to the sex chromosome in its role as a carrier of
genetic messages (39). In our 2-year rat study, the inci-
dence of hepatocellular tumors, especially carcinomas, was
much higher in males than females. This sex difference
might be partly due to the higher concentrations of DDT
and its metabolites (DDE and DDD) in the liver of males
(Fig. 3) which may result in higher production of oxidative
stress through metabolic activation. In fact, the levels of
LPO and 8-OHdG were much higher in males than females.
In addition, the higher incidence of spontaneous eosino-
philic foci in male F344 rats (40) may contribute to the sex
difference. In other words, the male liver may have a prefer-
able microenvironment for occurrence of eosinophilic AHF.
The reduced body weight gain in the high-dose group
which was more evident in females than males (5) was also
considered as an influential factor for tumor development,
but it seems to have no correlation with the occurrence of
hepatocellular tumors in F344 rats (41).

Gene expression in target sites. Analysis of gene
expression by microarray following laser-captured micro-
dissection was performed on the target tissues including
hepatocellular hypertrophy, eosinophilic AHF, and hepato-
cellular adenoma observed in the high-dose and/or control
rats. The results are summarized in Table 18. As shown in
Table 18, various genes relating to cell proliferation, apop-
tosis or anti-oxidative function were up-regulated or down-
regulated in the target sites and the most prominent changes
were noted in the eosinophilic AHF from the high-dose rat.
These gene expressions might be corresponding changes to
the mitogenic activity of DDT and/or oxidative stress gen-
erated though the metabolic activation. However, we need
further accumulation of gene expression data to arrive at
conclusion since the information from our results is quite
limited.

CONCLUSIONS

DDT and its metabolites may have an endocrine disrupt-
ing potential affecting reproductive system although the
effects may vary among animal species in correlation with
exposure levels. Epidemiologic studies revealed either posi-
tive or negative associations between exposure to DDT and
tumor development, but there has been no clear evidence
that DDT causes cancer in humans. In experimental ani-
mals, tumor induction by DDT has been shown in the liver,
lung, and adrenal. The mechanisms of hepatic tumor devel-
opment by DDT has been studied in rats and mice. DDT is
known as a non-genotoxic hepatocarcinogen and has been
shown to induce microsomal enzymes through activation of
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constitutive androstane receptor (CAR) and to inhibit gap
junctional intercellular communication (GJIC) in the rodent
liver. The results from our previously conducted 4-week
and 2-year feeding studies of p,p~-DDT in F344 rats indi-
cate that DDT may induce hepatocellular eosinophilic foci
as a result of oxidative DNA damage and leads them to
hepatic neoplasia in combination with its mitogenic activ-
ity and inhibitory effect on GJIC. Oxidative stress could be
a key factor in hepatocarcinogenesis by DDT.
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