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A Novel Mechanism of Endocrine Disruption: Inhibition of Steroidogenic Acute
Requlatory Protein Transcription by Aryl Hydrocarbon Receptor Activation

DioxIN TOXICITY

One detriment to human industrial society is the production and subsequent release of
environmental pollution and contaminants. Organochlorines are a large group of persistent
organic pollutants of industrial origin that are widespread in ecosystems all across the world
including the Great Lakes [1] and the Canadian arctic [2]. Many organochlorines are not only
environmentally persistent but they bioaccumulate or biomagnify in the food chain posing
serious reproductive concerns [3]. A subset of organochlorine compounds are the dioxins, a
class of compounds comprising polychlorinated dibenzo dioxins (PCDDs), polychlorinated
biphenyls (PCBs), and polychlorinated dibenzo furans (PCDFs) which all have a common
spectrum of biologic responses mediated via binding to a specific high-affinity cellular protein,
the aryl hydrocarbon receptor (AhR) [4]. Once bound, the AhR, which is a cytosolic protein,
dimerizes with arnt (AhR nuclear translocator) and this complex then binds to specific
xenobiotic response elements (XREs) present in target genes, of which the best characterized is
the cytochrome P450 1A1 (CYP1AL1) gene [5]. Dioxin-like compounds are identified by their
ability to trigger the induction of CYP1A1 protein via AhR [5] and all of these pollutants have
become ubiquitously present in both marine and freshwater systems. The prototype chemical for
this class is dioxin [2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD)] which has the potential to
disrupt multiple endocrine pathways [4]. All of these compounds are toxic to animals, producing
endocrine and immune dysfunction and carcinogenesis [6-9] with the potential to disrupt
multiple endocrine pathways, but their mode of action is still unclear.

STEROIDOGENESIS IN FISH

The steroid hormones are a key component of the vertebrate endocrine system and are
comprised of three separate groups known as the mineralocorticoids (aldosterone),
glucocorticoids (cortisol) and sex steroids (estrogen and testosterone). Aldosterone is the
primary mineralocorticoid and its function relates to the control of hydromineral balance by
regulating the retention of sodium and potassium. Aldosterone is produced in the zona
glomerulosa of the adrenal gland in mammals but fish lack an adrenal gland. The current
scientific consensus is that there is no reliable evidence of aldosterone in teleosts despite the
presence of mineralocorticoid receptor homologs which have a high affinity for aldosterone [10].
Cortisol is the primary glucocorticoid in fish and it is produced in the interrenal cells of the
anterior kidney (head kidney) where its release is stimulated by adrenocorticotrophic hormone
(ACTH) from the pituitary [11]. Cortisol is involved in the regulation of numerous physiological
processes including intermediary metabolism, ion regulation and immune responses [11] and the
secretion of cortisol is considered a classic response to acute stressor exposure in teleostean
fishes [12]. The sex steroids, testosterone and estrogen, are preferentially produced in males and
females, respectively, and are primarily synthesized in the gonads (testis and ovary). The sex
steroids play key roles in sexual differentiation, maturation and reproduction [13] by binding to
their respective transcriptional receptors, estrogen (ER) and androgen (AR). Cholesterol is the
primary substrate in both steroid and corticosteroid biosynthesis and its transport from the outer
to the inner mitochondrial membrane represents a rate-limiting step in steroidogenesis [14]. The
steroidogenic acute regulatory (StAR) protein, an intracellular cholesterol transport protein, has
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been shown to play a key role in steroidogenesis and is therefore a target for endocrine disruptors
[15].

ENDOCRINE DISRUPTION BY DIOXINS

TCDD reproductive toxicity has been studied extensively, but the results are
contradictory and the mechanisms are elusive. Anti-estrogenic effects following TCDD
exposure include a reduction in rat uterine weights [16], a reduction in hepatocyte vitellogenin
synthesis [17-19], a downregulation of ER-signaling in porcine oviduct cells [20] and a decrease
in egg production and spawning success in zebrafish [21]. A number of studies have also shown
estrogenic effects of TCDD which include reduced ejaculated sperm numbers in prenatally
exposed male rats [22], a gene expression response similar to estrogen in rat uterus [23],
abatement of gene expression responses in mice liver after given an anti-estrogen [24] and
feminization of male fish gonads [25]. Finally, Grochowalski et al. [26] found both estrogenic
and antiestrogenic responses in rat ovarian follicles based on cell type, only adding to the already
confusing and contradictory results.

The effects of dioxin-like compounds on the hypothalamus-pituitary-interrenal (HPI) axis
in fish are not well-characterized and, again, there are somewhat contradictory results. Well
before the StAR protein was identified and characterized [27], it was observed that TCDD
caused a decrease of mitochondrial cholesterol in mammalian adrenal cortical cells, the site of
corticosteroidogenesis in mammals [28, 29]. Since that time, studies have identified various
effects of dioxin-like compounds on the HPI axis including a lower cortisol response in PCB fed
tilapia [30], a lower cortisol response in fasted PCB dosed Arctic charr [31, 32], an abolishment
of ACTH stimulated cortisol production in rainbow trout after treatment with an AhR agonist (-
naphthoflavone) [33], and lastly an increase in cortisol production in human adrenocortical cells
after PCB dosing [34]. The difference between the mammalian and fish cortisol responses to
PCBs indicates species or at least tissue-specific differences in the mechanisms of PCB toxicity.
And while the mechanisms are unknown, it is obvious that dioxin-like compounds are
modulating both steroidogenesis and corticosteroidogenesis.

ENVIRONMENTAL AND ECOLOGICAL SIGNIFICANCE

While the purpose of this work is to gain understanding into mechanisms associated with
AhR activated disruption of steroidogenesis, there are sincere applications and implications in
the field of environmental science and ecology. The end points of steroid biosynthesis pathways
include cortisol and the steroid hormones, testosterone and estrogen. Cortisol once released,
directs, or redirects, energy for optimal performance under conditions where homeostasis may be
at risk. Its primary targets are gills and liver where its major actions are regulation of
hydromineral balance and energy metabolism, respectively [56]. Cortisol promotes the
differentiation of the chloride cells, the main ion-transporting cells of the gills, and increases the
specific activity of ion-transporting enzymes (Na' -K™ -ATPase) in gills, intestine and kidneys
[57]. Cortisol also induces hyperglycemia resulting from gluconeogenesis and glycogenolytic
pathways [11]. Thus, a disruption of corticosteroidogenesis in fish would result in an alteration
of the cortisol response and the associated biochemical and physiological responses critical for
establishing homeostasis after stress. This in turn could lead to physiological dysfunction or
even mortality as the organism’s ability to maintain homeostasis would be severely
compromised. In regions where environmental pollution (PCBs, dioxin, etc.) is particularly
severe, fish show signs of a decreased ability to respond to environmental stressors [31], giving
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importance to this work in the government regulatory and fisheries management fields. While
these types of dysfunctions have implications for individual survival, reproductive impairment
via a disruption of steroidogenesis not only threatens the individual survival [58], but also
threatens the reproductive continuity. Testosterone and estrogen are the key reproductive steroid
hormones and most, if not all, of the physiological changes associated with sexual maturation
and reproduction are derived from their effects. A disruption of steroidogenesis in fish would
result in a loss of reproductive timing and ability, which has population level and even ecological
effects [59].

REFERENCES
1. Hicks, H.E. The Great Lakes: a historical overview. Toxicol Ind Health. 1996. 12:303-313.
2. Fisk, A.T., C.A. de Wit, M. Wayland, Z.Z. Kuzyk, N. Burgess, R. Letcher, B. Braune, R. Norstrom, S.P.

Blum, C. Sandau, E. Lie, H.J.S. Larsen, J.U. Skaare, and D.C.G. Muir. An assessment of the toxicological
significance of anthropogenic contaminants in Canadian arctic wildlife. Sci Total Environ. 2005. 351-
352:57-93.

3. Johnston, T.A., L.M. Miller, D.M. Whittle, S.B. Brown, M.D. Wiegand, A.R. Kapuscinski, and W.C.
Leggett. Effects of maternally transferred organochlorine contaminants on early life survival in a
freshwater fish. Environ Toxicol Chem. 2005. 24:2594-2602.

4. Mandal, P. Dioxin: a review of its environmental effects and its aryl hydrocarbon receptor biology. J
Comp Physiol B. 2005. 175:221-230.

5. Hahn, M. Aryl hydrocarbon receptors: diversity and evolution. Chem Biol Interact. 2002. 141:131-160.

6. Jensen, B., R. Leeman, J. Schlezinger, and D. Sherr. Aryl hydrocarbon receptor (AhR) agonists suppress
interleukin-6 expression by bone marrow stromal cells: an immunotoxicology study. Environ Health.
2003. 16:16.

7. Schwarz, M. and K. Appel. Carcinogenic risks of dioxin: mechanistic considerations. Regul Toxicol
Pharmacol. 2005. 43:19-34.

8. Golden, R., J. Doull, W. Waddell, and J. Mandel. Potential human cancer risks from exposure to PCBs: a
tale of two evaluations. Erratum in: Crit Rev Toxicol. 2004. 34:209. Crit Rev Toxicol. 2003. 33:543-580.

9. Tryphonas, H. Immunotoxicity of polychlorinated biphenyls: present status and future considerations. EXp
Clin Innunogenet. 1994. 11:149-162.

10. Sturm, A., N. Bury, L. Dengreville, J. Fagart, G. Flouriot, M.E. Rafestin-Oblin, and P. Prunet. 11-
Deoxycorticosterone is a potent agonist of the rainbow trout (Oncorhynchus mykiss) mineralocorticoid
receptor. Endocrinology. 2005. 146:47-55.

1. Iwama, G.K., L.O.B. Afonso, and M.M. Vijayan, Stress in Fish, in The Physiology of Fishes, Evans, D.H.
and J.B. Claiborne, Editors. 2006, CRC Press: Boca Raton, FL USA. p. 319-342.

12. Sumpter, J.P., H.M. Dye, and T.J. Benfey. The effects of stress on plasma ACTH, a-MSH, and cortisol

levels in salmonid fishes. Gen Comp Endocrinol. 1986. 62:377-385.

13. Yaron, Z. and B. Sivan, Reproduction, in The Physiology of Fishes, Evans, D.H. and J.B. Claiborne,
Editors. 2006, CRC Press: Boca Raton, FL USA. p. 343-386.

14. Stocco, D.M. The role of the StAR in steroidogenesis: challenges for the future. J Endocrinol. 2000.
164:247-253.

15. Aluru, N. and M. Vijayan. Aryl hydrocarbon receptor activation impairs cortisol response to stress in
rainbow trout by disrupting the rate-limiting steps in steroidogenesis. Endocrinology. 2006. 147:1895-
1903.

16. Gallo, M.A., E.J. Hesse, G.J. Macdonald, and T.H. Umbreit. Interactive effects of estradiol and 2,3,7,8-
tetrachlorodibenzo-p-dioxin on hepatic cytochrome P-450 and mouse uterus. Toxicol Lett. 1986. 32:123-
132.

17. Smeets, J.M., T.R. Rankouhi, K.M. Nichols, H. Komen, N.E. Kaminski, J.P. Giesy, and M. van den Berg.
In vitro vitellogenin production by carp (Cyprinus carpio) hepatocytes as a screening method for
determining (anti)estrogenic activity of xenobiotics. Toxicol Appl Pharmacol. 1999. 157:68-76.

18. Rankouhi, T.R., J.T. Sanderson, 1. van Holsteijn, C. van Leeuwen, A.D. Vethaak, and M. van den Berg.
Effects of natural and synthetic estrogens and various environmental contaminants on vitellogenesis in fish



Scott G. Lynn page 5

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

primary hepatocytes: comparison of bream (Abramis brama) and carp (Cyprinus carpio). Toxicol Sci.
2004. 81:90-102.

Zhao, B., J. Yang, Z. Liu, Z. Xu, Y. Qiu, and G. Sheng. Joint anti-estrogenic effects of PCP and TCDD in
primary cultures of juvenile goldfish hepatocytes using vitellogenin as a biomarker. Chemosphere. 2006.
In press:

Hombach-Klonisch, S., P. Pocar, and T. Klonisch. Dioxin exerts anti-estrogenic actions in a novel dioxin-
responsive telomerase-immortalized epithelial cell line of the porcine oviduct (TERT-OPEC). Toxicol Sci.
2006. 90:519-528.

Heiden, T.K., M.J. Carvan III, and R.J. Hutz. Inhibition of follicular development, vitellogenesis, and
serum 17p-estradiol concentrations in zebrafish following chronic, sublethal dietary exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin. Toxicol Sci. 2006. 90:490-499.

Gray Jr., L.E. Xenoendocrine disrupters: laboratory studies on male reproductive effects. Toxicol Lett.
1998. 102-103:331-335.

Watanabe, H., A. Suzuki, M. Goto, S. Ohsako, C. Tohyama, H. Handa, and T. Iguchi. Comparative uterine
gene expression analysis after dioxin and estradiol administration. J Mol Endocrinol. 2004. 33:763-771.
Boverhof, D.R., J.C. Kwekel, D.G. Humes, L.D. Burgoon, and T.R. Zacharewski. Dioxin induces an
estrogen-like, estrogen receptor-dependent gene expression response in the murine uterus. Mol Pharmacol.
2006. 69:1599-1606.

Wu, W.Z., W. Li, Y. Xu, and J.W. Wang. Long-term toxic impact of 2,3,7,8-tetrachlorodibenzo-p-dioxin
on the reproduction, sexual differentiation, and development of different life stages of Gobiocypris rarus
and Daphnia magna. Ecotoxicol Environ Saf. 2001. 48:293-300.

Grochowalski, A., R. Chrzaszcz, R. Pieklo, and E.L. Gregoraszczuk. Estrogenic and antiestrogenic effect of
in vitro treatment of follicular cells with 2,3,7,8-tetrachlorodibenzo-p-dioxin. Chemosphere. 2001. 43:823-
827.

Clark, B.J., S.-C. Soo, K.M. Caron, Y. Ikeda, K.L. Parker, and D.M. Stocco. The purification, cloning, and
expression of a novel luteinizing hormone-induced mitochondrial protein in MA-10 mouse Leydig tumor
cells. Characterization of the steroidogenic acute regulatory protein (StAR). J Biol Chem. 1994.
269:28314-28322.

DiBartolomeis, M.J., C. Williams, and C.R. Jefcoate. Inhibition of ACTH action on cultured bovine adrenal
cortical cells by 2,3,7,8-tetrachlorodibenzo-p-dioxin through a redistribution of cholesterol. J Biol Chem.
1986. 261:4432-4437.

Jefcoate, C.R., M.J. DiBartolomeis, C.A. Williams, and B.C. McNamara. ACTH regulation of cholesterol
movement in isolated adrenal cells. J Steroid Biochem. 1987. 27:721-729.

Quabius, E.S., P.H.M. Balm, and S.E. Wendelaar Bonga. Interrenal stress responsiveness of tilapia
(Oreochromis mossambicus) is impaired by dietary exposure to PCB 126. Gen Comp Endocrinol. 1997.
108:472-482.

Jorgensen, E., M. Vijayan, N. Aluru, and A. Maule. Fasting modifies Aroclor 1254 impact on plasma
cortisol, glucose and lactate responses to a handling disturbance in Arctic charr. Comp Biochem Physiol C
Toxicol Pharmacol. 2002. 132:235-245.

Aluru, N., E.H. Jorgensen, A.G. Maule, and M.M. Vijayan. PCB disruption of the hypothalamus-pituitary-
interrenal axis involves brain glucocorticoid receptor downregulation in anadromous Arctic charr. Am J
Physiol Regul Integr Comp Physiol. 2004. 287:R787-R793.

Wilson, J., M. Vijayan, C. Kennedy, G. Iwama, and T. Moon. B-naphthoflavone abolishes interrenal
sensitivity to ACTH stimulation in rainbow trout. J Endocrinol. 1998. 157:63-70.

Li, L.-A. and P.-W. Wang. PCB126 induces differential changes in androgen, cortisol, and aldosterone
biosynthesis in human adrenocortical H295R cells. Toxicol Sci. 2005. 85:530-540.

Aluru, N. and M. Vijayan. B-naphthoflavone disrupts cortisol production and liver glucocorticoid
responsiveness in rainbow trout. Aquat Toxicol. 2004. 67:273-285.

Vijayan, M., G. Feist, D. Otto, C. Schreck, and T. Moon. 3,3',4,4'-tetrachlorobiphenyl affects cortisol
dynamics and hepatic function in rainbow trout. Aquat Toxicol. 1997. 37:87-98.

Aluru, N., R. Renaud, J.F. Leatherland, and M.M. Vijayan. Ah receptor-mediated impairment of interrenal
steroidogenesis involves StAR protein and P450scc gene attenuation in rainbow trout. Toxicol Sci. 2005.
84:260-269.

Powell, W., H. Morrison, E. Weil, S. Karchner, M. Sogin, J. Stegeman, and M. Hahn. Cloning and analysis
of the CYP1A promoter from the atlantic killifish (Fundulus heteroclitus). Mar Environ Res. 2004.
58:119-124.



Scott G. Lynn page 6

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Harada, N., T. Utsumi, and Y. Takagi. Tissue-specific expression of the human aromatase cytochrome P-
450 gene by alternative use of multiple exons 1 and promoters, and switching of tissue-specific exons 1 in
carcinogenesis. Proc Natl Acad Sci USA. 1993. 90:11312-11316.

Fujii-Kuriyama, Y. and J. Mimura. Molecular mechanisms of AhR functions in the regulation of
cytochrome P450 genes. Biochem Biophys Res Commun. 2005. 338:311-317.

Sugawara, T., J. Holt, M. Kiriakidou, and J. Strauss III. Steroidogenic factor 1-dependent promoter activity
of the human steroidogenic acute regulatory protein (StAR) gene. Biochemistry. 1996. 35:9052-9059.
Sandhoff, T., D. Hales, K. Hales, and M. McLean. Transcriptional regulation of the rat steroidogenic acute
regulatory protein gene by steroidogenic factor 1. Endocrinology. 1998. 139:4820-4831.

Caron, K., Y. Ikeda, S.-C. Soo, D. Stocco, K. Parker, and B. Clark. Characterization of the promoter region
of the mouse gene encoding the steroidogenic acute regulatory protein. Mol Endocrinol. 1997. 11:138-
147.

Manna, P., X.-J. Wang, and D. Stocco. Involvement of multiple transcription factors in the regulation of
steroidogenic acute regulatory protein gene expression. Steroids. 2003. 68:1125-1134.

Baba, T., J. Mimura, N. Nakamura, N. Harada, M. Yamamoto, K. Morohashi, and Y. Fujii-Kuriyama.
Intrinsic function of the aryl hydrocarbon (dioxin) receptor as a key factor in female reproduction. Mol Cell
Biol. 2005. 25:10040-10051.

Sugawara, T., E. Nomura, N. Sakuragi, and S. Fujimoto. The effect of the arylhydrocarbon receptor on the
human steroidogenic acute regulatory gene promoter activity. J Steroid Biochem Mol Biol. 2001. 78:253-
260.

Liu, G., T. Moon, C. Metcalfe, L. Lee, and V. Trudeau. A teleost in vitro reporter gene assay to screen for
agonists of the peroxisome proliferator-activated receptors. Environ Toxicol Chem. 2005. 24:2260-2266.
Manna, P., I. Huhtaniemi, X.-J. Wang, D. Eubank, and D. Stocco. Mechanisms of epidermal growth factor
signaling: regulation of steroid biosynthesis and the steroidogenic acute regulatory protein in mouse Leydig
tumor cells. Biol Reprod. 2002. 67:1393-1404.

Akingbemi, B., R. Ge, C. Rosenfeld, L. Newton, D. Hardy, J. Catterall, D. Lubahn, K. Korach, and M.
Hardy. Estrogen receptor-o gene deficiency enhances androgen biosynthesis in the mouse leydig cell.
Endocrinology. 2003. 144:84-93.

Hilscherova, K., P. Jones, T. Gracia, J. Newsted, X. Zhang, J. Sanderson, R. Yu, R. Wu, and J. Giesy.
Assessment of the effects of chemicals on the expression of ten steroidogenic genes in the H295R cell line
using real-time PCR. Toxicol Sci. 2004. 81:78-89.

Pocar, P., B. Fischer, T. Klonisch, and S. Hombach-Klonisch. Molecular interactions of the aryl
hydrocarbon receptor and its biological and toxicological relevance for reproduction. Reproduction. 2005.
129:379-389.

Lynn, S. and B. Shepherd. 2003. Cloning of insulin-like growth factor I from yellow perch (Perca
flavescens). National Center for Biotechnology Information.
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=33089961.

Lynn, S., I. Struewing, and B. Shepherd. 2003. Cloning of prolactin from streamside salamander
(Ambystoma barbouri). National Center for Biotechnology Information.
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=33089965.

Lynn, S., A. Scholik, H. Yan, and B. Shepherd. 2004. Cloning of cDNA for HSP70 from fathead minnow
(Pimephales promelas). National Center for Biotechnology Information.
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=43439893.

Rodriguez, B. and T.-M. Huang. Tilling the chromatin landscape: emerging methods for the discovery and
profiling of protein-DNA interactions. Biochem Cell Biol. 2005. 83:525-534.

Wendelaar Bonga, S. The stress response in fish. Physiol Rev. 1997. 77:591-625.

Marshall, W.S. and M. Grosell, Ion Transport, Osmoregulation, and Acid-Base Balance, in The Physiology
of Fishes, Evans, D.H. and J.B. Claiborne, Editors. 2006, CRC Press: Boca Raton, FL USA. p. 177-231.
Caron, K.M., S.-C. Soo, W.C. Wetsel, D.M. Stocco, B.J. Clark, and K.L. Parker. Targeted disruption of the
mouse gene encoding steroidogenic acute regulatory protein provides insights into congenital lipoid adrenal
hyperplasia. Proc Natl Acad Sci USA. 1997. 94:11540-11545.

Vasseur, P. and C. Cossu-Leguille. Linking molecular interactions to consequent effects of persistent
organic pollutants (POPs) upon populations. Chemosphere. 2006. 62:1033-1042.



http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=33089961
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=33089965
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=43439893

