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synthesized. 

2,3,7,8- Tetrachlorodibenzo-p-dioxin 
(TCDD) is an unwanted contaminant 
formed during the synthesis of the 
herbicide 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T) (1) (Fig. 1). This con- 
taminant, TCDD, is perhaps the most 

potent small-molecule toxin known; the 
oral LD,,o (mean lethal dose) in guinea 
pigs is 1 jtg per kilogram of body 
weight (3 X 10-9 mole/kg) (2). The 

widespread use of 2,4,5-T as a defoliant 
in Vietnam (1, 2) and the discovery of 
the teratogenic potency of TCDD (3) 
have caused concern about the potential 
public health hazard created by contam- 
ination of the environment with TCDD. 
The chemistry of the toxin has been 

C7\C J L^U 5 cI ci 0 

Fig. 1. Structure of 2,3,7,8-tetrachlorodi- 
benzo-p-dioxin. 
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Aside from (remote) possibilities, such as 
Venus not spinning about its axis of maxi- 
mum moment of inertia, the discrepancy may 
be explained by errors in the values used for 
K and cr(0) or by an unrealistic bound for 
the tracking data, or by a combination. 
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15. The earth-spacecraft radio tracking data will 
also be sensitive to variations in the gravity 
potential, but only to the harmonics of 
relatively low degree and order. For these, 
the tracking data can serve to check the 
results from the direct observations of the 
surface at two frequencies, and perhaps to 
calibrate K (0,X). 

16. Research at the Haystack Observatory is 
supported by NSF grant GP-25865 and 
NASA grant NGR 22-174-003, contract NAS 
9-7830. 
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extensively investigated, but little is 
known about its biological actions (1, 
4). 

In 1964, Bleiberg et al. (5) reported 
an outbreak of occupationally related 
acne and porphyria cutanea tarda 

(PCT) among workers in a factory 
where 2,4,5-T was being produced. The 
acne was shown to be directly attributa- 
ble to TCDD (6). Porphyria cutanea 
tarda is an acquired defect in hepatic 
porphyrin metabolism characterized by 
uroporphyrinuria, photosensitivity as 
manifested by blisters, and mechanical 

fragility of the skin (7). The etiology 
of PCT in these factory workers is un- 

clear, but upon reinvestigation of the 

factory in 1969, we discovered that the 
PCT had disappeared in all workers 

following the institution of procedures 
to reduce TCDD contamination (8). 
Hepatic porphyria can be produced 
experimentally by a number of drugs, 
all of which have the ability to stimu- 
late the activity of the initial enzyme 
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in heme synthesis, 8-aminolevulinic 
acid synthetase (ALA synthetase) (9, 
10). Stimulation of this enzyme is 

thought to represent induction, that is, 
enhanced protein synthesis (9). 

We report here that TCDD is an 
inducer of ALA synthetase, and is at 
least three orders of magnitude more 

potent than any other compound 
known to produce experimental por- 
phyria. 

The chick embryo was chosen as 
the experimental animal because (i) it 
is highly sensitive to the toxic effects 
of TCDD (11), (ii) induction of ALA 

synthetase in the liver is well charac- 
terized in the chick embryo (12), and 
(iii) the egg is a closed system, which 
reduces the risk of laboratory con- 
tamination. 

Halogenated dibenzo-p-dioxins were 
dissolved in p-dioxane. Fertile chicken 

eggs, 15 to 20 days of gestation, were 
injected with 25 I1l of the chemical so- 
lution or of solvent alone, through a 
small hole punched into the shell over 
the air sac. After the appropriate time 
interval, the animals were killed, and 
the activity of hepatic ALA synthetase 
was assayed (13). The TCDD pro- 
duced a dose-related increase in ALA 
synthetase activity (Fig. 2). Even at 
the lowest dose tested, 4.66 X 10-12 
mole per egg (1.5 ng), there was sig- 
nificant (P < .05) doubling of enzyme 
activity. Enzyme activity increased more 
than 35-fold at the highest dose tested, 
1.55 X 10-9 mole per egg (0.5 ,ug). 
The in vitro addition of TCDD to 
a reaction mixture containing control 
liver did not increase enzyme activity. 
The stimulation of ALA synthetase in 
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Fig. 2. The induction by TCDD of ALA 
synthetase: dose-response relationship. 
Chicken eggs of 17 days' gestation were 
injected with 25 tl of solvent (control), 
or of solvent containing various doses of 
TCDD. The embryos were killed 48 hours 
later and assayed for hepatic ALA syn- 
thetase activity (13). The points repre- 
sent the mean - standard error of three 
or four groups of pooled livers. 
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2,3,7,8-Tetrachlorodibenzo-p-dioxin: A Potent Inducer 

of 8-Aminolevulinic Acid Synthetase 

Abstract. 2,3,7,8-Tetrachlorodibenzo-p-dioxin, a toxic contaminant frequently 
formed during the synthesis of the herbicide 2,4,5-trichlorophenoxyacetic acid, was 
shown to be a potent inducer of hepatic 8-aminolevulinic acid synthetase in the 
chick embryo. As little as 4.66 X 10-12 mole of the contaminant per egg pro- 
duces a significant increase in the activity of the enzyme. Induction of the enzyme 
is related to the dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin and, in contrast to 
that produced with other drugs, is prolonged in time, with 70 percent of the maxi- 
mum induced activity present 5 days after a single dose. This contaminant is 

implicated as the likely causative agent in an outbreak of porphyria cutanea tarda 
in workers in a factory where 2,4,5-trichlorophenoxyacetic acid was being 
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Fig. 3. Time course of induction of ALA 
synthetase. Chicken eggs of 20 days' ges- 
tation were injected with 25 ,ul of solvent 
containing 4.66 X 10-~1 mole of TCDD 
( ) or of solvent alone (0). At the 
indicated intervals, the embryos were 
killed, and their livers were assayed for 
ALA synthetase activity (13). Each point 
represents the mean ? standard error of 
four groups of pooled livers. 

vivo can be prevented by the simultane- 
ous administration of actinomycin D 
(30 E'g) or cycloheximide (10 Ijg), at 
doses which did not kill the embryos. 
Hence, the stimulation of ALA syn- 
thetase produced by TCDD and other 
drugs probably represents increased 
synthesis of the enzyme, and not activa- 
tion or decreased degradation (14). 

The time course of enzyme induction 
(Fig. 3) has an initial lag phase, prob- 
ably representing drug absorption and 
synthesis of messenger RNA, and then 
a rapid rise in enzyme activity reach- 
ing near maximum levels by 6 hours. 
In contrast to other porphyrigenic com- 
pounds that have been tested in this 
system (for example, allylisopropylacet- 
amide and diethyl-l,4-dihydro-2,4,6- 
trimethylpyridine - 3, 5 - dicarboxylate), 
which have transient effects on ALA 

synthetase, the induction by TCDD 
was prolonged. Embryos (15 days old) 
given 4.66 X 10-1" mole of TCDD 
per egg (150 ng) still had 70 percent of 
their maximum induced enzyme ac- 
tivity after 5 days. The prolonged dura- 
tion of induction is a reflection of the 
long biological half-life of TCDD (15). 

Studies with other halogenated 
dibenzo-p-dioxins suggest that the halo- 
gen atoms must occupy at least three 
of the 2,3,7, and 8 positions on the 
ring, in order to induce ALA synthe- 
tase. The 2,3,7-trichloro- and 2,3,7- 
tribromo-isomers are potent inducers, 
while 2,3-dichloro-, 2,7-dichloro-, 2,8- 
dichloro-, 1,3,6,8-tetrachloro-, and 1,2, 
3,4,-tetrachloro-isomers all fail to in- 
duce at doses up to 2.5 jug per egg. Of 
the limited number of halogenated di- 
benzo-p-dioxins which have been tested 
for lethality and the ability to produce 
acne (16), those which are toxic at 
low doses also induce ALA synthetase. 

Induction of ALA synthetase by 
TCDD is the first specific biochemical 
action identified for this toxic com- 
pound. The relationship between en- 
zyme induction and the delayed hepatic 
necrosis presumably responsible for the 
lethality of TCDD is not known. How- 
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ever, it seems most likely that the out- 
break of PCT in workers in the factory 
producing 2,4,5-T is attributable to in- 
duction of hepatic ALA synthetase by 
TCDD. While other chlorinated com- 
pounds present in the factory were 
found to stimulate ALA synthetase ac- 
tivity in our system, TCDD is by far 
the most potent inducer, and the re- 
versal of the porphyria occurred when 
TCDD contamination was reduced. We 
suggest routinely monitoring the urinary 
porphyrins in workers in factories pro- 
ducing 2,4,5-T to assess their exposure 
to TCDD. 

ALAN POLAND 

EDWARD GLOVER 

Departmlent of Pharmacology and 

Toxicology, University of Rochester 
School of Medicine and Dentistry, 
Rochester, New York 14642 

References and Notes 

1. "Report on 2,4,5-T. A Report of the Panel 
on Herbicides of the President's Science 
Advisory Committee" (Government Printing 
Office, Washington, D.C., NMarch 1971). 

2. "Report of the Advisory Committee on 2,4,5-T 
to the Administrator of the Environmental 
Protection Agency" (Government Printing Of- 
fice, Washington, D.C., May 1971). 

3. K. D. Courtney, D. W. Gaylor, M. D. Hlogan, 
I1. L. Falk, R. R. Bates, I. Mitchell, Science 
168, 864 (1970); G. L. Sparschu, F. L. Dunn, 
V. K. Rowe, Food Cosmet. Toxicol. 9, 405 
(1971). 

4. N. P. Buu-fHoi, P.-H. Chanh, G. Sequd, 
M. C. Azum-Gelade, G. Saint-Ruf, Naturwis- 
senschaften 59, 173 (1972); N. P. Buu-Ho', 
D.-P. I cin, G. Saint-Ruf, J. Servoin-Sidoine, 
C.R. Acad. Sci. Paris Ser. D 272, 1447 (1971). 

5. J. Bleiberg, M. Wallen, R. Brodkin, I. Appel- 
baum, Arch. Dermatol. 89, 793 (1964). 

6. L. Schwartz, L. Tuilpan, D. J. Birmingham, 
Occupational Diseases of the Skin (Lea & 
Febiger, Philadelphia, 1957), p. 336; J. Kim- 
mig and K. 1I. Schulz, Nattlrwissenschaften 
44, 337 (1957); K. H. Schulz, Arch. Klin. 
Exp. Derntatol. 206, 589 (1957). 

7. -H. Marver and R. Schmid, in The Metabolic 
Basis of Inherited Disease, J. Stanbury, J. 
Wyngaarden, D. Frederickson, Eds. (McGraw- 
Hill, New York, ed. 3, 1972), p. 1124. 

8. A. Poland, D. Smith, G. Metter, P. Possick, 
Arch. Environ. Health 22, 316 (1971). 

9. S. Granick, J. Biol. Chem. 241, 1359 (1966). 
10. -- and S. Sassa, in Metabolic Regulation, 

H. J. Vogel, Ed. (Academic Press, New York, 
1971), vol. 5. 

11. G. R. Higginbotham, A. Huang, D. Firestore, 
H. J. Verrett, J. Ress, A. D. Campbell, 
Nature 220, 702 (1968). 

12. A. Kappas, C. S. Song, R. Levere, R. Sachson, 
S. Granick, Proc. Nat. Acad. Sci. U.S.A. 61, 
509 (1968). 

13. Our determination of ALA synthetase activity 
differs from the method of Marver et al. 
(17) in two significant ways: (i) Disodium 
ethylenediaminetetraacetate does not signifi- 
cantly inhibit ALA dehydratase in the chick, 
as it does in the rat (18), so this enzyme is 
removed by cell fractionation, and an enriched 
incubation media is used to sustain mito- 
chondrial metabolism; (ii) the aminoacetone 
(AA)-pyrrole is removed by extraction with 
dichloromethane instead of by ion-exchange 
chromatography. We are grateful to S. Sassa 
and S. Granick of Rockefeller University for 
this method. Livers from three to five embryos 
were pooled, weighed, and homogenlzea In 
three volumes of buffer (18). The homogenate 
was centrifuged at 10,000g for 20 minutes, 
and the pellet was resuspended in the initial 
volume of buffer. The activity of ALA syn- 
thetase was assayed in a portion of the resus- 
pended pellet, which was equivalent to 75 mg 
of liver in a final incubation volume of 1.2 ml, 
pH 7.4. The incubation medium contained 
75 mM glycine, 75 mM sodium citrate, 188 
mM sucrose, 75 mM Na.,HPO4, 75 mM tris- 
(hydroxymethyl)aminomethane, 15 mM MgCI.,, 
and 2 mMA pyridoxal-5'-phosphate. The sam- 
ples were incubated for 60 minutes at 37?C, 
and the reaction was terminated by the ad- 
dition of trichloroacetic acid at a final con- 
centration of 5 percent; the reaction mixture 
was then centrifuged. We added 0.25 volume 
of 2M sodium acetate containing 9 percent 
acetylacetone to a portion of the supernatant. 
The samples were heated at 85?C for 10 
minutes to form the ALA- and AA-pyrrole 
(18). The pH of the samples was adjusted to 
7.0 with 1M sodium phosphate buffer (pH 
11.0), and AA-pyrrole was extracted with 1 
ml of dichloromethane. This procedure re- 
moved 92 percent of the AA-pyrrole and less 
than 9 percent of the ALA-pyrrole. A sample 
of the aqueous phase was then added to an 
equal volume of modified Ehrlich's reagent 
(19) and the absorbancy of the chromogen 
was determined after 15 minutes, at 556 nm, 
with an extinction coefficient of E56,, =58.5 
to calculate the concentration of ALA (20). 

14. N. Hayashi, B. Yoda, G. Kikuchi, Arch. 
Biochem. Biophys. 131, 83 (1969); J. Biochen. 
67, 859 (1970); D. Tyrrell and G. S. Mark, 
Biochem. Pharmacol. 21, 2077 (1972). 

15. W. N. Piper, J. Q. Rose, P. J. Gehring, paper 
presented at the meeting of the American 
Chemical Society, Washington, D.C., Septem- 
ber 1971. 

16. V. K. Rowe, J. M. Norris, B. A. Schwetz, 
G. L. Sparschu, P. J. Gehring, paper pre- 
sented at the meeting of the American 
Chemical Society, Washington, D.C., Septem- 
ber 1971. 

17. H. S. Marver, D. P. Tschudy, M. G. Perlroth, 
A. Collins, J. Biol. Chenm. 241, 2803 (1966). 

18. --- , G. Hunter, Anal. Biochem. 14, 53 
(1966). 

19. D. Mauzerall and S. J. Granick, J. Biol. 
Chem. 219, 435 (1956). 

20. F. DeMatteis, Biochem. J. 124, 767 (1971). 
21. We thank G. Lynn, Dow Chemical Co., and 

A. Pohland, U.S. Food and Drug Administra- 
tion, who generously provided samples of 
TCDD and other halogenated dibenzo-p- 
dioxins. Supported by NIH Special Postdoc- 
toral Fellowship 5 F03 ES46196, Merck Grant 
for Faculty Development, and NIH Center 
Grant for Toxicologic Research and Training 
2P11-GM15190-06A1. 

22 September 1972; revised 20 November 1972 

2 FEBRUARY 1973 477 


	Cit r183_c292: 


