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Chapter 19
THE MECHANISM OF ACTION OF DIOXIN

Fumio Matsumura
Pesticide Research Center
Michigan State University.

TOXIC EFFECT OF TCDD

There is no question that TCDD is a very unique poison. The first time I gave TCDD to
animals I expected to see some immediate symptoms. We waited and waited and we
could not see usual signs of toxicity. The animals did look a little quieter but there was
neo obvious toxicity until about thirty days later; at that point the animals just died. In
addition, we could find no clear-cut dose response. Even when we gave high doses, not
all anjmals died and we had no idea what the difference was among the population. Not
only are there differences within species, there are very large differences between
species as Dr. McConnell pointed out (McConnell, 1984).

TCDD is alsa different in not showing organ specific toxicity. Although it does produce
organ damage, the target organs differ from species to species (Moore, 1973). In
addition, you cannot say what effect leads to the death of the animal. If you give
something like DDT, the animal starts showing convulsions so you suspect that the
nervous system must be affected. But in the case of TCDD you cannot say why they die,

It is really a mysterious compound.

ENZYME INDUCTION

Now, some good news. There has been significant progress in one areca; the area of
induction. TCDD is a very potent inducer of certain detoxification enzymes, particularly
in the liver, which is the detoxifying organ for foreign compounds. When you administer
a smalf quantitiy of TCDD you notice that the liver (hepatocyte) microsomes start
increasing. This is the first step in the increase of the detoxification enzymes which
reside in the microsome. Several groups, especially Dr. Poland's and Dr. Nebert's groups,
have contributed to the understanding of TCDD's mechanism of action. It appears that
TCDD binds with a receptor in the cytosolic portion of the cell and this complex
migrates into the nucleus, This somehow activates the synthesis of the detoxifying

" enzymes: cytochrome Pk48 and related systems. There is a pleiotropic response; that is,

one change (TCDD-receptor complex) jeads to many, many different changes (induction
of many proteins) (Poland et al., 1974; Nebert, 1979).

Although phenomenal progress has been made in this area, there is one problem:
induction, per se, probably has pothing to do with toxicity. There are many other
compounds, such as DDT, phenobarbital, 3-methylcholanthrene, which are good inducers
but do not cause the same symptoms as TCDD (Madhukar and Matsumura, 1981). They
are toxic but they do not cause weight loss, chloracne and other signs of toxicity which
are specific to TCDD-type compounds. The best evidence for the lack of rejationship of
induction and toxicity is the case of the guinea pigs. Guinea pigs are the most sensitive
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animals to TCDD but liver induction is not seen. In fact, when you look at the liver of ¥i day
the guinea pigs, you hardly sce any effects of TCDD even at the time of death (Gupta et col
al.,, 1973; McConnell ct al, 1978). This is not to say that induction, studies are de
ummportant, they reflect some profound biochemical changes that are taking place, . ani
However, what | would like to emphasize here is that we still do not have the whole .. | apf
picture. - der
ocK
PLASMA MEMBRANE ALTERATIONS At
- unt
In the absence of a clear understanding of TCDD's toxicity, our group started Jooking at = sen
the problem from a different angle. Around 1975-77, 1 had the pleasure to work with Dr. low
. Dick Peterson and his group which had found that the excretion of neutral substrate in ens
the liver was hampered by TCDD (Yang et al,, 1977). This phenomenon was confirmed by poi:
Dr. Curt Klaassen's group. Not knowing about the mechanisms of neutral substrate < the
- transport in the liver, we suspected that it could be due to sodium-potassium ATPase, ) et:
We found that after about |10 days of TCDD administration the leve! of ouabain transport ’
starts to decrease. AT the same time, sodium-potassium and magnesium ATPase also
stact decreasing. [t was a beautiful correfation. Unfortunately, we aiso found that o RE(
sodium-potassium ATPase had nothing to do with the transport of neutral substrate, -
since by using steroid hormone analogs the ouabain transport activity could be uncoupled As
from that of ATPases (Peterson et al,, 1979a; Peterson et al., 1979b). lipo
inte
However, we later realized that sodium-potassium ATPase is a good marker for plasma Thu
membrane; i.e., cell surface membrane as opposed to any other membrane, This came to be 1
our attention when we were studying the isolated hepatocytes. When you start culturing and
the hepatocytes from an animal treated with TCDD, you realize that those cells do not . dect
stick to each other in contrast to normal hepatocyte cultures where the cells are : eta
attached to each other. In addition, normal celis start forming a monolayer so that when &
you pour off the supernatant, you can see beautiful layers formed. This is not observed | Alth
in cells from TCDD-treated animals, Thus we started to suspect that there was some lipog
-2t L change in the plasma membrane around 1979. from
R case
b, f - At that point, we started to look at the plasma membrane and fortunately there is a good decr
SR H biochemical method for isolating relatively pure plasma membrane from the rat liver. woul
SO | When we examined SDS gel-electrophoretograms of the plasma membrane proteins we " indir
‘ noticed that some of the protein bands started disappearing after TCDD treatment. there
S There wasn't much effect in the first few days but by the tenth day, intensities of some TCD
P bands started decreasing. We used one band, at 48,000, as a marker, because it is a obse
:5 structural protein which always gives two or three percent of the total protein. We ares
seen

sometimes used markers at the microsomal enzymes and, so that if there is any
contamination there, we will find it. Using these markers, you can see a great decrease but 3
in some of the bands, particularly after day 20. It was clear that some profound changes :

were taking place in the plasma membranes (Brewster et al., 1982). T;'C;'
of T(
expo:
. LIPOPROTEIN ACTIVITY 198141:
- ' sim
i At the same time, other Investigators were looking at various biochemical changes in the in thi
L guinea pig in an attempt to better understand the mechanism of toxicity. One noticeable
) sign of TCDD's toxicity is an unusual accumulation of cholesteryl ester and triglyceride Wea
. carrying lipoproteins in the serum; particularly low-density lipoproteins (LDL) and very whict
: : low-density lipoproteins (VLDL) (Sw:ft et al,, 1981). In light of the known alterations in and t
3 plasma membranes due to TCDD administratlon, and the presence of low-density incre
- lipoprotein receptors in liver cell plnsma membranes, we decided to look at this -:
4 phenomenon more closely. ﬁ In ad
' s ' R receg
4 We administered TCDD by injection to the guinea plgs and Isolated their hepatocytes ten "i;,. 3 insuli
; =
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ver of . "days later, We first looked at the uptake of low-density lipoprotein by these cells as
pla et compared to cells from untreated animals. We found that there was a significant
s are decrease in both the rate of uptake and total uptake in the cells from the TCDD-treated
place. : animals. The next step was to try to see why this reduction in uptake was occurring. To
wheole N approach this, we looked at how the diiferent liver cell fractions responded 1o low-

density lipoprotein. It was clear that the greatest reduction in lipoprotein uptake
occurred in the plasma membrane fraction {Bombick et al., 1934}

A further refinement was to isolate the plasma membranes from both TCDD-treated and
untreated guinea plgs and also treated and untreated rats (which also show increased

ing at ’ serum cholesterol in response to TCDD administration). There was a clear decrease in
th Dr. low-density lipoprotein binding in both guinea pig and rat hepatic plasma membranes. To
ate in ensure that these decreases were not due to changes in nutritional status (i.e. TCDD
ed by poisoned animals eat less),we also looked at untreated animals which were fed exactly
.trate " the same amount of food as the treated ones. Again, the results were the same (Bombick
Pase. et al., 1984).

1sport i

: also i
. that ¥ RECEPTOR SYSTEMS

trate,

upled As a check on these findings, we decided to look at the internalization of low-density

lipoprotein receptors in hepatocytes. It is known that when low-density lipoprotein
interacts with its receptor, it is then carried inside the cell where it is metabolized.

asma Thus, if there is less uptake and thus fewer lipoprotein-receptor complexes, there should

ne to be less low-density lipoprotein internalized. Studies of cells from TCDD-treated animals

uring and untreated animals showed that this was, indeed, the case. There was a significant

3 not decrease in internalization in the treated as compared to the untreated animals (Bombick

i are et al., 1984).

when :

rrved Although it appears clear that there is an association between TCDD and low-density l

some lipoprotein receptor activity, it might be argued that this is a secondary effect rcsu]nng $
from the increased cholesterol levels (L.e., "down regulation”), We do not feel this is the !
case for a number of reasons. One is the low level of TCDD at which the binding H

good decreases occur in the guinea pig and the lack of overt toxic signs at these levels. It !

iver. would thus appear we are seeing the early toxic effects of TCDD rather than some i

s we indirect action. Second, if the reduction of LDL receptors is due to down regulanon :

ent; there should be a decrease in VLDL production by the liver, whereas VLDL levels in !

ome TCDD treated guinea pigs are elevated, rather than depressed. There are a number of i1

is a observations which support our theory that serum low-density lipoprotein can Increase as :

Ve a resuit of a reduction in the activity of low-density lipoprotein receptors. This has been ’

any seen not only in animals such as rabbits (e.g., Watanabe rabbit) {Goldstein et al., 1983)

case but also in humans who have a genetxc disorder known as familial hypercholesterolemia. :

ges :
These results are obviously of interest in providing clues as to the mechanism of action ;
of TCDD. Morcover, they also tie In with the possible hypercholcsterolcmxa in humans !
exposed to TCDD that was mentioned earlier In Dr. Suskind’s presentation {(Suskind,
1984). Although this link is based on epidemiclogical data from limited populations, the
similarity of effect found in experimental animals suggests the need for further studies i

the in this area. H

able

ride We are continuing to look at the plasma membrane to see if we can detect other changes

ery which might reflect TCDD's mode of action. We have looked at several enzyme systems

sln and have found that many are affected, mostly depressed. One which seems to show an

;i\tky increase in activity Is the group of protein kinases.

In addition, we are looking at receptor systems other than the low-density fipoprotein
receptors. Again, we find effects which seem to be related to TCDD, For example, the
insulin receptor seems to be stimulated at lower doses but depressed at higher ones. The

ten
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epidermal growth factor (EGF) receptor also scemed to show a marked depression after Poli
TCDD administration. Indeed, EGF receptor was the one which was. most sensitive, i.e., ] aryl
that showed an effect at the lowest TCDD dose so far as we have studied. We are cyu
presently following up on that {inding. “nol
Even if we do find these changes, we are still faced with the task of determining if these Sus)

are related to toxicity and, if so, in what way. What we are seeing so far are little hints

or clues to keep us going. We are far from an understanding of the unigue action of ] Swit

TCDD but we are hoping that the combined efforts of many biochemical toxicologists 4 Cha

will eventually provide the answers we seek. tetr
A
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