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Several lines of evidence suggest that retinoids are involved in the toxicity of dioxin like 
compounds. First, altered retinoid levels in the organism is a very sensitive response following 
dioxin exposure, that has been observed in all examined species both in experimental situations and 
in the environment. Secondly, many physiological processes, including growth, maintenance of 
epithelial tissues, and reproduction, are similarly affected by exposure to dioxins and deficiency of 
retinoids. Thirdly, TCDD and retinoic acid elicit a number of common responses both /// vivo and 
in vitro. Finally, there are interactions between the retinoic acid and aryl hydrocarbon receptor 
signalling pathways. 

Existing data support the notion that dioxins exert their toxicity through a common mechanism of 
action, and that binding to the Ah-receptor is the first step in this process. The subsequent steps 
are less well known, but it is believed that binding of the liganded receptor to DNA may affect a 
large number of biochemical processes, and that this could be responsible for the different types of 
effects that have been observed. Such a mechanism of action is compatible with the observed 
diverse pattem of toxic effects, the species-, strain- and tissue-specific responses, and the lack of 
toxicity in most cell systems in vitro. 

Until recently, the effects of most concern for the general population were cancer, reproductive 
failure and immune deficiency. More recent data suggest that prenatal and perhaps also eariy 
postnatal exposure may induce severe developmental consequences at even lower exposure levels. 
Resulting behavioural and leaming deficits as well as reproductive problems seem to p(;rsist also 
later in life. 

Retinoids, or vitamin A, play a central and continuing role in many aspects of life. During 
embryogenesis and foetal development, retinoids have a central role in the patteming of cells along 
the anterior-posterior axis, and later in the anterior/posterior specification of the limb. * In adult 
life, retinoids support normal growth and metabolism, vision, maintenance of numerous epithelial 
tissues, reproduction and overall survival. ̂ ^ It has been known for a long time that there is a 
complex metabolic mashinery for the transport, storage and metabolism of retinoids, but it was not 
unfil 1987 that h became clear that effects of retinoids are mediated via nuclear hormone 
receptors.^' ̂ ^ Following that finding, intense research during the last decade has demonstrated an 
enormous complexity in retinoid-signalling at the molecular level. It is now known that effects of 
retinoids are mediated via two families of nuclear retinoic acid receptors, i.e. RARs and RXRs, 
each composed of three subtypes. Multiple forms of each of the receptor subtypes, recsptor 
ligands (all-trans retinoic acid and 9-cis retinoic acid), response elements (RAREs), and 
intracellular binding proteins (CRBP and CRABP) add to the complexity. Furthermore, in order to 
bind to DNA, RARs and several other members of the nuclear receptor family require 
heterodimerization with RXR. Thus, by acting through RXRs, retinoids are critically involved in 
additional signalling pathways, including the thyroid hormones and vitamin D3. Furthet-more, 
through their receptors, retinoids act in concert with many other signalling systems including 
growth factors, growth factor receptors, and oncogenes. So, beyond the classical action of retinol 
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and its metabolites in nutrition and vision, retinoids are ftindamental regulators of gene expression 
in most vertebrate groups. 

Already in the seventies it was observed that symptoms of persistent organohalogen exposure are 
similar to those in vitamin A deficient animals. • •' The most prominent similarities include 
impaired growth, defective reproduction, developmental abnormalities, impaired immune fimction, 
and lesions of epithelial linings. ^^ Experimental studies have since confirmed that dioxin like 
compounds are very potent modifiers of retinoid processing. 

In contrast to the classical hormones, which are synthesized, processed, and/or released in 
response to physiological cues, vitamin A is a nutrient and most, if not all, organisms are 
dependent on its dietary intake, either as carotenoids from plants or as retinyl esters from animals. 
Dietary sources of vitamin A are absorbed and packaged as retinyl esters of chylomicrons for 
secretion into lymph (Figure 1 A). Most of the newly absorbed chylomicron retinyl esters are 
cleared from plasma and are taken up by liver hepatocytes (Figure IB). After hydrolysis and 
reesterification, retinyl esters are stored in lipid droplets in both hepatocytes and liver stellate cells. 
Stored retinyl esters are mobilised and delivered to target tissues as retinol bound to retinol-
binding protein in serum. The signal triggering the release of stored retinyl esters is not known. In 
target tissues, retinol could be converted into storage forms, active metabolites, or cataholic 
products (Figure IC). Lecitiniretinol acyl transferase (LRAT) and retinyl ester hydrolases (REH) 
are the two enzyme systems involved in retinoid storage processes. Retinoid-specific alcohol and 
aldehyde dehydrogenases catalyze the reversible conversion of retinol into retinal, and the 
irreversible conversion of retinal into retinoic acid, respectively. Both retinol and retinoic acid 
undergo reversible and irreversible interconversions to more polar metabolites, some of which are 
functional, and some which are inactive cataholic products. The cytochrome P450 system is 
involved in these reactions and intense research is ongoing to define retinoid-specific cytochrome 
P450 isozymes and reactions in various tissues. In addition to the retinoid-specific enzymes, there 
are several intracellular retinoid-binding proteins which are likely to be important in regulating the 
level of the ligand-binding metabolites, all-trans and 9-cis retinoic acid. 

Under normal dietary conditions retinoids are present at relatively high concentrations and are 
therefore potentially available to all cells all the time. However, the efficient retinoid machinery 
ensure proper uptake, storage, transport and conversion into the right concentration of active 
metabolite both on a temporal and local scale. 

Studies in the rat has demonstrated that TCDD severely modifies the overall metabolism of 
vitamin A."''^^ Hepatic accumulation of dietary vitamin A is inhibited and elimination of 
endogenous stores of vitamin A is increased. These effects could be related to the severely 
decreased LRAT-activity in the hepatic stellate cells of TCDD-exposed animals.'̂ ^ Studies in the 
rat also demonstrate a marked increase in renal vitamin A levels and a more moderate increase in 
serum vitamin A levels of TCDD-exposed animals. '̂ ^ The renal vitamin A content is normally very 
low and increases only when liver vitamin A stores are nearing exhaustion. Serum vitamin A 
concentrations are normally tightly regulated within a narrow homeostatic range, which is thought 
to be determined by the release of retinol from the liver via regulation of vitamin A needs in extra 
hepatic tissues. Thus, even a moderate alteration in semm retinoid concentrations indicates a 
significant change in the overall dynamics of vitamin A metabolism. In the TCDD-exposed rat, the 
sharp increase in renal LRAT-activity is correlated, both on a time- and a dose-scale, to the 
increase in semm levels of retinoic acid. '"̂ ^ This finding is particularly interesting since it has been 
suggested that the LRAT-gene contains a retinoic acid response element. '̂ ^ Together, these data 
suggest that TCDD affects the proposed sensitive feedback system between hepatic and renal 
vitamin A pools that is also linked to the pool of circulating vitamin A. 
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Figure L Intestinal absorption of dietary vitamin A (A), and hepatic (B) and cellular (C) 
metabolism of retinoids. Abbrevations: retinol (ROH), retinal (RAL), retinyl ester (RJB), retinoic 
acid (RA), retinol binding protein (RBP), cellular retinol binding protein (CRBP), cellular 
retinoic acid binding protein (CRABP), transthyretin (TTR), lecithin :retinol acetyltransferase 
(LRAT), retinyl ester hydrolase (REH), dehydrogenase (DHase), retinoic acid receptor (RAR), 
retinoid X receptor (RXR). Modified fix)m Blomhoff ê  af'̂  and Gigu^re'l 
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Different kinds of evidence support the notion that disturbed retinoid processing could be involved 
in dioxin toxicity. First, hepatic retinoid reduction is among the most sensitive responses following 
subchronic exposure to dioxins in the rat. •* Furthermore, the decrease in hepatic retinoid levels is 
seen in all experimentally used rodent species. '̂ ^ If equally toxic doses are given to different 
rodent species, the most pronounced effect on liver vitamin A is observed in the most sensitive 
species. However, there are differences between species, with regard to the effect on renal vitamin 
A levels. Finally, there is a good correlation between toxic potency and ability to reduce hepatic 
vitamin A among PCDD, PCDF and PCB congeners. '̂ ) 

In conclusion, TCDD and related compounds alter critical steps in the retinoid metabolism. 
Possible mechanisms, that may act alone or in concert, behind the modified tissue levels of 
retinoids include esterification and hydrolyse activities as well as oxidation and glucuronidation 
reactions. The observed alterations in tissue retinoid levels and metabolism could result in critical 
changes in cell function due to alterations in the regulation and/or expression of retinoid 
responsive genes. Altered expression of retinoid responsive genes as a consequence of dioxin 
exposure could result in a number of the characteristic toxicity symptoms, and these might vary 
depending on cell type and developmental stage. 

Literature cited 
(1) Means, A.L.; Gudas, LJ. Annu. Rev. Biochem. 1995,64, 201-233. 
(2) Wolf, G. Human nutrition, a comprehensive treatise. Plenum Press; New York, 1980; p. 97. 
(3) Giguere, V.; Ong, E.S.; Segui, P.; Evans, R.M. Nature 1987, 330, 624-629. 
(4) Petkovich, M.; Brand, N.J.; Kmst, A.; Chambon, P. Natttre 1987, 444-450. 
(5) Kimbrough, R. Crit. Rev. ToxicoL 1974, 2, 445-498. 
(6) Thunberg, T.; Ahlborg, U.G.; Johnsson, H. Arch. ToxicoL 1979, 42,-265-274. 
(7) Zile, M. Proc. Soc. Exp. BioL Med. 1992, 201, 141 -153. 
(8) Blomhoff, R.; Green, M.H.; Green, J.B.; Berg, T.; Nomm, K.R. PhysioL Rev. 1991, 71, 

951-990. 
(9) Giguere, V. Endocrine Rev. 1994, 15, 61-79. 
(10) Kelley, S.K.; Green, M.H.; Green, J.B.; Nilsson, C; Hakansson, H. FASEBJ. 1996, 10, 

A467 (abs. no. 2694). 
(11) Kelley, S.K.; Green, M.H.; Green, J.B.; Nilsson, C; Hakansson, H. Hie Toxicologist, 1997, 

36, 214, (abs. no. 1087). 
(12) Hakansson, H.; Ahlborg, U.G../. Nutr. 1985, 115, 759-771. 
(13) Nilsson, C; Hanberg, A.; Trossvik, C; Manzoor, E.; Hakansson, H. Environ. ToxicoL 

PharmacoL 1996,2, 17-23. 
(14) Nilsson, C; Hanberg, A.; Trossvik, C; Hakansson, H. The Toxicologist, 1997, 36, 214, 

(abs. no. 1088). 
(15) Matsuura, T.; Ross, AC. Arch. Biochem. Biophys. 1993, 301, 221-227. 
(16) Van Birgelen, A.P.J.M.; Van der Kolk, J.; Fase, KM.; Bol, I.; Poiger, H.; Brouwer, A.; Van 

den Berg, M. ToxicoL AppL PharmacoL 1995, 132, 1-13. 
(17) HSkansson, H.; Johansson, L.; Manzoor, E.; Ahlborg, U.G. J. Nutr Sci. VitaminoL 1991, 

37, 117-138. 
(18) HSkansson, H.; Johansson, L.; Ahlborg, U.G.; Poiger, H. Chemosphere 1990, 20, 1147-

1150, 

ORGANOHALOGEN COMPOUNDS 
Vol. 34(1997) 405 


