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Synopsis In the environment, there are aquatic pollutants that disrupt androgen signaling in fish. Laboratory and

field-based experiments have utilized omics technologies to characterize the molecular mechanisms underlying andro-

gen-receptor agonism/antagonism. Transcriptomics and proteomics studies with 17b-trenbolone, a growth-promoting

pharmaceutical found in water systems surrounding cattle feed lots, and androgens such as 17a-methyltestosterone and

17a-methyldihydrotestosterone, have been conducted in ovary and liver of fish that include the fathead minnow (FHM)

(Pimephales promelas), common carp (Cyprinus carpio), Qurt medaka (Oryzias latipes), and zebrafish (Danio rerio). In

this mini-review, we survey recent omics studies in fish and reveal that, despite the diversity of species and tissues

examined, there are common cellular responses that are observed with waterborne androgenic treatments. Recurring

themes in gene ontology include apoptosis, transport and oxidation of lipids, synthesis and transport of hormones,

immune response, protein metabolism, and cell proliferation. However, we also discuss other mechanisms other than

androgen receptor (AR) activation, such as responses to toxicant stress, estrogen receptor agonism, aromatization of

androgens into estrogens, and inhibitory feedback mechanisms by high levels of androgens that may also explain mo-

lecular responses in fish. To further explore androgen-responsive protein networks, a sub-network enrichment analysis

was performed on protein data collected from the livers of female FHMs exposed to 17b-trenbolone. We construct a

putative AR-regulated protein/cell process network in the liver that includes B-lymphocyte differentiation, xenobiotic

clearance, low-density lipoprotein oxidation, proliferation of smooth muscle cells, and permeability of blood vessels. We

demonstrate that construction of protein networks can offer insight into cell processes that are potentially regulated by

androgens.

Androgens and androgen mimics
are a significant source of
endocrine-disrupting chemicals

Historically, xeno-androgens have been given less at-

tention in ecotoxicology compared to environmental

estrogens. Recently, however, there have been a

growing number of studies that have characterized

the effects of exogenous androgens. The studies in

teleost fishes were designed to address the toxicolog-

ical and physiological impacts of androgen exposure

on aquatic organisms at different levels of biological

organization (i.e., gene-to-steroid physiology to sec-

ondary sex characteristics) (Jensen et al. 2006; Seki

et al. 2006; Garcia-Reyero et al. 2009). As a result,

adverse outcome pathways of xeno-androgenic expo-

sures and molecular signaling pathways regulated via

the androgen receptor (AR) are becoming better de-

fined for teleost fishes.

Some of the earlier research in North America that

investigated androgens in aquatic environments at a

mechanistic level was spurred by studies on the mas-

culinization of the female mosquitofish (Gambusia

affinis holbrooki) in response to kraft mill effluent

(KME) in FL, USA (Howell et al. 1980; Davis and

Bartone 1992). Following up on these earlier studies,

Cody and Bortone (1997) sampled mosquitofish in

Escambia County, FL (USA) after exposure to KME.
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Upon visual examination of fish caught at polluted

sites, there were 736 (Elevenmile Creek) and 167

(Eightmile Creek) mosquitofish that showed elonga-

tion of the anal fin, suggesting that the KME was

having a masculinizing effect on female fish. The

elongated fin is a gonopodium that is characteristic

of maturing males and it is used for internal fertili-

zation in this live-bearing species. Later studies con-

firmed using an in vitro human androgen receptor

(hAR) binding assay that androgenic-like activity in

the river could explain the masculinization of female

fish inhabiting water downstream of plants produc-

ing KME (Parks et al. 2001). It was then concluded

that the masculinization was in part related to an-

drogenic properties of the effluent. Androstenedione

was identified in the water and efforts to isolate the

chemical(s) inducing elongation of the anal fin in

females were employed using toxicity identification

evaluations with fractionation; however, the experi-

ment revealed that the fraction that induced the

masculinization was different than the one contain-

ing cis-androstenedione (Durhan et al. 2002). Thus,

the chemicals stimulating elongation of the anal fin

remained elusive.

Despite the lack of a direct association between an-

drogen and biological responses in some studies, there

are known environmental pollutants that have a well

documented androgenic effect by binding to the AR.

Perhaps the best documented sources of environmental

androgens are growth promoters used in the beef-cattle

industry. Pharmaceuticals, such as 17b-trenbolone

(TB), are potent growth stimulators and are used to

increase tissue mass in cattle. Not all of the pharma-

ceutical is metabolized in the animal, and nonme-

tabolized steroid can be excreted from the cattle,

entering the surrounding water systems via runoff

from the feedlots. In a 2-year experiment conducted

in feeding pens, cattle were implanted with a single

hormone (i.e., estrogens, androgens, progesterone)

and soil, feces, and runoff were monitored for steroids

(Bartelt-Hunt et al. 2012). The concentrations of the

steroids in the implants were representative of those

typically used in the beef-production industry. More

than 90% of runoff samples collected from the pens

after rainstorm events contained androsterone and

4-androstenedione. Moreover, testosterone (T) and

TB were detected in some runoff samples at concentra-

tions as high as �450 and 270 ng/L, respectively. The

environmental impacts of pharmaceuticals used as

growth promoters in cattle have been reviewed by

Kolok and Sellin (2008) and the evidence is accumu-

lating that feedlots have the potential to be a significant

source of androgens in aquatic environments.

Multiple biological endpoints are altered
by exposure to androgen

Exogenous androgens have a multitude of biological

effects in both male and female fish. Biological end-

points range from the morphological to the molecu-

lar level and studies have documented the presence

of ovotestis (Sone et al. 2005) decreases in levels of

plasma sex steroids (Ankley et al. 2003, 2004;

Martinović et al. 2008), depressed vitellogenin

(VTG) production (Miracle et al. 2006; Dorts et al.

2009; Hemmer et al. 2011), and increases in the

expression of mRNA for AR isoforms in fin tissues

(Sone et al. 2005) in female fish. In addition to the

physiological disruptions reported in these studies,

there can also be higher-level ecological impacts,

such as skewed sex ratios biased toward males. In a

study by Bogers et al. (2006), fathead minnow

(Pimephales promelas) (FHM) embryos exposed to

nominal concentrations of 0.10, 0.32, and 1.0mg

methyldihydrotestosterone (MDHT)/L showed in-

creases in nuptial tubercles as well as skewed sex

ratios toward males. Exposure to 0.32 mg MDHT/L

resulted in 80% males and 20% mixed gonads after

114 dpf. There can be significant effects of androgens

on reproductive fitness (via impaired steroidogene-

sis) and population viability via unbalanced sex

ratios. While studies have investigated population

changes in response to estrogens (Kidd et al. 2007),

the long-term effects of xeno-androgens on popula-

tion structure have yet to be investigated in the nat-

ural environment.

In ecotoxicology, reproductive tests using small

fish have been developed to detect androgenic effects

of aquatic pollutants. Biological endpoints such as

secondary sex characteristics and biomarkers for

exposure to androgen have been adopted into the

protocols of the Organization for Economic Co-

operation and Development (OECD) for environ-

mental testing for uncharacterized chemicals.

Perhaps the bio-molecule best documented as an in-

dicator of androgenic exposure is spiggin, a kidney

protein that is naturally produced by male three-

spined stickleback (Gasterosteus aculeatus) during

nest-building during reproduction. There are now

optimized androgenic/anti-androgenic bioassays for

screening that are designed to assess the responses

of spiggin to the test chemical (Jolly et al. 2006,

2009). These bioassays include both cell-based

approaches and in vivo experiments to measure spig-

gin protein using polyclonal antibodies for the pro-

tein. In the FHM, the presence of nuptial tubercles

(a male secondary sex character) in females following

waterborne exposures to aquatic pollutants is also
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widely used as a bioassay for androgenic mode of

action (MOA). Similarly, the gonadopodium of mos-

quitofish also continues to be used as a morpholog-

ical bioassay for androgenic activity of polluted

water, for example sewage effluent (Hou et al.

2011). Despite the continued refinement and appli-

cation of bioassays for androgens in fish, molecular

biomarkers at the gene and protein level (with the

exception of spiggin) remain somewhat elusive in

ecotoxicology. Suppression of bio-molecules typically

used as indicators of exposure to xenoestrogen

(VTG, zona radiata proteins) is used as a surrogate

to characterize the effects of chemicals with a sus-

pected androgenic MOA (Hemmer et al. 2008).

Omics approaches are able to address this gap in

identifying potential androgen biomarkers and char-

acterizing AR-regulated pathways in fish. Omics

methods, for example transcriptomics and proteo-

mics, can assess biological responses to exposures

based upon global signature patterns of response.

In this mini-review, we highlight some of the studies

using omics approaches in fish to identify androgenic

pathways. Anti-androgens are also important in de-

fining androgenic pathways. There are a number of

model anti-androgens that have been used to inves-

tigate AR disruption in fish at the molecular level,

including flutamide and vinclozolin (Garcia-Reyero

et al. 2009; Martyniuk et al. 2009; Martinović-

Weigelt et al. 2011). Anti-androgenic responses of

genes and proteins are compared to those evoked

by androgens, and reciprocal regulation of bio-

molecules is thought to be indicative of an

AR-mediated effect. However, data arising from

model anti-androgens are not covered here. There

has been extensive transcriptomics investigation of

model anti-androgens such as flutamide in the

FHM (Perkins et al. 2011). Flutamide may have

other modes of action in fish that may not be di-

rectly associated with AR signaling (Garcia-Reyero

et al. 2009); therefore, we focus here only on those

data collected with model androgens.

Transcriptomic approaches in the
investigation of androgens

Microarray analyses have provided unique insight

into androgen-regulated pathways in fish. The ova-

ries and livers of females have been the primary tis-

sues investigated for androgenic responses at the

levels of genes and proteins (Table 1). The ovary is

a major producer of androgen in both female and

male fish and the liver is a reproductive tissue that

synthesizes VTG; thus, the importance of these

tissues and how they are impacted by androgens is

the focus of the majority of studies. Microarray anal-

ysis following exposures to androgens have been con-

ducted in small-bodied and large-bodied fish species

including FHM, Atlantic cod (Gadus morhua),

common carp (Cyprinus carpio), Qurt medaka

(Oryzias latipes), and zebrafish (Danio rerio). These

studies have investigated endogenously produced an-

drogens such as T and 11-ketotestosterone (11-KT)

as well as pharmaceutical androgens (methyl-testos-

terone [MT] and TB). The concentrations of andro-

gens used in the transcriptomics studies are within

physiological and ecological relevance; for example T

and 11-KT can fall within the range of 1–500 ng/mL

blood depending upon the species and whether the

fish is reproductive or not (Páll et al. 2002; Onuma

et al. 2003); runoff from cattle feedlots can also be in

the ng/L range for pharmaceuticals (Bartelt-Hunt

et al. 2012).

Upon surveying these microarray and proteomics

studies, common molecular themes emerge during

the functional enrichment of gene ontology and

during analyses of pathways (Table 1). Many of the

studies reported that lipids are impacted by andro-

gens (metabolism, transport, LDL oxidation) as well

as by processes related to reproduction (steroidogen-

esis, hormone transport, steroid metabolism, and sex

differentiation). Multiple studies also identified the

immune response, protein metabolism, proteolysis,

proliferation of muscle, and regulation of the cell

cycle (including DNA replication) as significant bio-

logical processes affected by exposure to androgens.

There is good evidence that many of these biolog-

ical processes are AR regulated in both fish and

mammalian tissues, for example muscular develop-

ment, lipid metabolism, and immune responses.

However, there are additional considerations that

are required to determine whether or not molecular

responses in fish are directly related to an androgenic

MOA. For example, stress-related responses are asso-

ciated with different types of androgens, and molec-

ular data suggests that there are changes in biological

molecules involved in DNA repair, mutagenesis,

apoptosis, xenobiotic clearance, protein ubiquitina-

tion, and heat-shock proteins (Table 1). In a recent

study by Karim et al. (2011), a protein interactome

for general environmental stress using data collected

from fish and mammalian models revealed that

energy metabolism pathways, redox reaction, mito-

chondrial electronic transport chain, fatty acid bio-

synthesis, and pathways such as interleukin signaling,

delta-notch signaling, and MAPK signaling are asso-

ciated with general and oxidative stress. Molecular

responses that are a result of general toxicity or a

result of a chemical’s MOA are difficult to tease

Exploring androgen-regulated pathways in teleost fish 697
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apart, especially in the liver where one of the ma-

jor functions is the detoxification of xenobiotics.

Additional comparisons to other chemical stressors

that do not have a defined androgenic MOA will

better resolve the molecular response to xenobiotics

in general compared to androgens.

A second consideration arises from the fact that

androgens can be metabolized into estrogenic metab-

olites, including aromatization into E2. In addition,

some androgens may also weakly bind to estrogen re-

ceptors, activating E2-regualted pathways (Hornung

et al. 2004; Frye et al. 2008). The studies surveyed

here used both nonaromatizable (TB and MDHT)

and aromatizable (T) androgens and this can further

complicate the interpretation of responses of genes

and proteins. In male FHMs exposed to TB, there

was a significant increase in plasma E2 at 50 mg TB/L

and, although not significant, a variable induction

of VTG (Ankley et al. 2003). An increase in VTG

is an E2-mediated response and this suggests that

TB may be metabolized into other estrogenic metab-

olites in fish. It has not been directly demonstrated

in fish to the best of our knowledge, but TB may

be aromatized into an estrogenic metabolite in very

small quantities. This has been demonstrated in

mammals, although that amount of aromatization

is relatively low (Pottier et al. 1981). A second hy-

pothesis is that the reduction of plasma E2 at lower

concentrations of TB (Ankley et al. 2003) may reflect

an inhibitory feedback loop involving the hypothala-

mic-pituitary gonadal axis, and TB is suppressing E2

levels. Perhaps in support of the hypothesis that es-

trogenic metabolites are affecting the transcriptome

after androgen treatments, biological pathways such

as immune pathways, lipid biosynthesis and metab-

olism pathways, DNA replication, DNA repair, and

DNA metabolism (Table 1) are processes also af-

fected by potent estrogens (e.g., 17a-ethinylestradiol)

(Martyniuk et al. 2007; Garcia-Reyero et al. 2009).

However, these biological processes can also be

altered indirectly, due to suppression of circulating

plasma E2 as a result of androgen treatments. Thus,

the temporal relationship between aromatization of

androgens into estrogenic metabolites and the sup-

pression of E2 by androgens will greatly influence the

estrogen/androgen ratio, resulting in transcriptional

and translational responses that are not fully under-

stood. Carefully designed experiments comparing

nonaromatizable and aromatizable androgens to es-

trogens may help to identify transcriptomics

responses that are due to direct AR binding com-

pared to those molecular responses due to ER

binding.

Proteomics and metabolomics
approaches to the investigation of
environmental androgens

Environmental proteomics is advancing rapidly in

studies of fish ecotoxicology and there are new

data being generated on chemical MOA using quan-

titative proteomic methods such as 2D gel electro-

phoresis. There are some recent reviews on the topic

of proteomics in ecotoxicology (Martyniuk and

Denslow 2009; Forné et al. 2010; Sanchez et al.

2011; Martyniuk et al. 2012) and this topic will not

be covered here. In addition to gel-based methods,

environmental proteomics has successfully imple-

mented high throughput, non-gel-based technologies,

such as isobaric tagging for relative and absolute

quantitation (iTRAQ), to study the responses by

fish to aquatic pollutants, including AR agonists/an-

tagonists (Martyniuk et al. 2009). Quantitative pro-

teomics using high-resolution mass spectrometers

such as the Velos Orbitrap can generate significant

amounts of information about protein changes in

fish tissues. The advantages of non-gel-based over

gel-based methods include increased identification

and quantitation of proteins, but the cost for

non-gel-based approaches with high resolution

mass spectrometers can be relatively high and this

approach has yet to be widely adopted in

ecotoxicology.

Although not specifically focused on environmen-

tal applications, studies in fish have used gel-based

proteomics methods to characterize changes in the

proteome in the testes of fish, providing insight

into reproductive processes that underlie maturation

of sperm. This also provides a reproductive baseline

for studying perturbation in the endocrine system in

fish. Differential proteins, expressed in the testis of

Senegalese sole (Solea senegalensis), that are corre-

lated with poor fertilization and poor sperm produc-

tion include alpha 2-macroglobulin (protease

inhibitor), ferritin, cytoskeletal components such as

keratin 8 (Krt8) and keratin S8 type I, glyceraldehyde

3-phosphate dehydrogenase, leukemia related protein

16 (Lrp16), chaperone gp96, and apolipoproteins

A-IV 1 (Apoa4-1) (Forné et al. 2009). In general,

proteins involved in cytoskeletal organization and

catabolic processes, as well as in redox or antioxidant

activity, were identified and it is hypothesized that

these processes are important for sperm production.

Physiological studies such as this one are useful for

ecotoxicology and for understanding AR-mediated

protein expression because plasma androgens in-

crease during sexual development and protein

changes that correspond to changes in sex steroid
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levels are good candidates for further exploration as

bio-indicators of exposure to androgen.

Similar to proteomics, metabolomics is becoming

increasingly used in ecotoxicology and has been used

to study the pharmaceutical TB in FHMs. A signif-

icant advantage of using metabolomics is that it can

be non-invasive, and biological material such as

urine and blood can be rapidly assessed for metabo-

lite content. Another advantage of metabolomics

methods over transcriptomics and proteomics is

that metabolites have known functions in the context

of biochemical pathways. Using 1H NMR spectros-

copy, Ekman et al. (2011) recently investigated the

hepatic metabolome of FHMs after TB exposure and

after 1 day, females exposed to 500 ng TB/L showed

increases in the amino sulfonic acid taurine. The au-

thors speculate this may be related to increased hepa-

toprotective capacity, consistent with data from

genes and proteins that indicate that stress responses

are activated in the livers of fish after exposure to

androgens. FHM urine has also been profiled for

metabolites that are associated with androgen and

anti-androgens (Collette et al. 2010) and there is

high potential for using fish urine as a screening

tool for endocrine disruptors. However, compared

to transcriptomics and metabolomics, proteomics

still lacks information regarding androgen action in

fish and future studies should fill in this gap if we

are to utilize multiple bio-molecular endpoints to

better associate early molecular changes to xeno-

androgen exposure.

One challenge arising from the use of omics data

is the integration of molecular data (expression and

abundance of genes, proteins, metabolites) into

regulatory networks that are informative and biolog-

ically meaningful. There are new algorithms to

manage omics data that have greatly enabled network

elucidation such as reverse engineering (Perkins et al.

2011). Protein networks can also be constructed

using sub-network enrichment analysis (SNEA) that

identifies key protein hubs or regulators for an

enriched subset of proteins. This approach has

recently been used to probe the effects of new po-

tential hormones such as secretoneuron in the pitu-

itary of goldfish (Trudeau et al. 2012). Therefore, we

re-analyzed the protein data set from Martyniuk

et al. (2009) using SNEA and constructed a putative

androgen-regulated protein network in the liver.

Martyniuk et al. (2009) treated female FHMs with

5 mg TB/L for 48 h and these animals showed

depressed production of plasma VTG after treat-

ment. Therefore, there was a physiological response

(i.e., phenotypic anchor) that could be used as a

correlate to protein responses in the liver. In order

to accommodate the SNEA, three iTRAQ data sets

were merged from Martyniuk et al. (2009) and

TB-regulated proteins were annotated with mamma-

lian homologs using NCBI. Proteins were imported

into Pathway Studio 9.0 (Ariadne, Rockville, MD,

USA). Mammalian ResNet 9.0 (�900,000 articles)

was used for extracting relationships among entities.

All annotated proteins for the TB treatment are pro-

vided in Supplementary Appendix 1. Based on pro-

tein name and alias, there were 152 proteins that

mapped to known homologs and 12 that did not

successfully map. The objective of SNEA is to

create a central seed from all functional entities in

the database in order to find common protein

Table 2 Sub-network enrichment analysis for TB-regulated proteins in relation to cell processes, regulation of disease, expression

targets, and protein-binding partners

Relationship Name

No. of measured

neighbors Median change P-value

Proteins/chemicals-regulating cell

processes

B lymphocyte differentiation 7 �1.61 0.007

Xenobiotic clearance 17 1.12 0.012

LDL oxidation 5 1.34 0.015

Smooth muscle cell proliferation 8 1.33 0.019

Lipid metabolism 9 1.33 0.022

Mitochondrial damage 14 1.13 0.029

Blood vessel permeability 6 1.35 0.038

DNA degradation 14 1.34 0.041

Proteins/chemicals-regulating

diseases

Hypersensitivity 5 1.34 0.018

Emphysema 5 1.13 0.022

Genotoxicity 5 �1.67 0.024

Body weight 5 �1.67 0.029

Expression targets RAC-alpha serine/threonine–protein kinase 6 �1.62 0.024

Thioredoxin 5 1.35 0.036

Binding partner Heat shock protein A8 5 �1.39 0.041
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effectors. The data from proteins were used to per-

form SNEA for expression targets, binding partners,

and post-translation modification targets of proteins.

In addition, the database was queried to determine

whether or not the regulated proteins were preferen-

tially involved in regulating a cell process or were

associated with a disease.

Significant cell processes that were affected by

TB-regulated proteins included lymphocyte differen-

tiation (decreasing 61%), xenobiotic clearance

(increasing 12%), LDL oxidation (increasing 34%),

proliferation of smooth muscle cells (increasing

33%), permeability of blood vessels (increasing

35%), and DNA degradation (increasing 34%)

while disease states that involved TB-regulated pro-

teins included hypersensitivity (increasing 34%) and

genotoxicity (decreasing 67%) (Table 2). Many of

the cell processes identified by SNEA have also

been recently identified in a protein stress interac-

tome for fish and mammals including xenobiotic

Fig. 1 Protein network constructed using sub-networks that are altered by waterborne exposure to 17b-trenbolone in livers of

the fathead minnow liver. Abbreviations are as follows: ABP1, amiloride binding protein 1 (amine oxidase [copper-containing]);

ACADL, acyl-CoA dehydrogenase, long chain; ACADM, acyl-CoA dehydrogenase, C-4 to C-12 straight chain; AHCY, adenosylho-

mocysteinase; ALDH1A1, aldehyde dehydrogenase 1 family, member A1; ANPEP, alanyl (membrane) aminopeptidase; CAT, catalase;

CELA1, chymotrypsin-like elastase family, member 1; CYCS, cytochrome c, somatic; EEF2, eukaryotic translation elongation factor 2;

FABP1, fatty acid binding protein 1, liver; FABP2, fatty acid binding protein 2, intestinal; FABP3, fatty acid binding protein 3, muscle and

heart (mammary-derived growth inhibitor); FKBP1A, FK506 binding protein 1A, 12kDa; GAPDH, glyceraldehyde-3-phosphate dehy-

drogenase; GSTA1, glutathione S-transferase alpha 1; GSTA5, glutathione S-transferase alpha 5; HIST1H1C, histone cluster 1, H1c;

HMGB3, high mobility group box 3; HSD17B10, hydroxysteroid (17-beta) dehydrogenase 10; HSPA8, heat shock 70kDa protein 8;

HSPD1, heat shock 60kDa protein 1 (chaperonin); MAT1A, methionine adenosyltransferase I, alpha; MIF, macrophage migration

inhibitory factor (glycosylation-inhibiting factor); MYH11, myosin, heavy chain 11, smooth muscle; P4HB, prolyl 4-hydroxylase, beta

polypeptide; PPIA, peptidylprolyl isomerase A (cyclophilin A); PPIB, peptidylprolyl isomerase B (cyclophilin B); PRDX1, peroxiredoxin 1;

PRDX2, peroxiredoxin 2; RGN, regucalcin (senescence marker protein-30); SCP2, sterol carrier protein 2; SET, SET nuclear

oncogene; SOD1, superoxide dismutase 1, soluble; SOD2, superoxide dismutase 2, mitochondrial; SPTAN1, spectrin, alpha, non-

erythrocytic 1 (alpha-fodrin); TKT, transketolase; TPT1, tumor protein, translationally-controlled 1; TXN, thioredoxin; YBX1, Y box

binding protein 1.
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clearance, metabolism, and effects on fatty acid bio-

synthesis and lipid oxidation (Karim et al. 2011).

This suggests that in the FHM liver, there is a gen-

eralized proteomic response to a toxic chemical.

A protein network was built using all significant

sub-networks of cellular function (Figure 1). The en-

richment P-value for protein seeds was set at P50.05

and eight protein sub-networks were included in the

protein network.

The FHM TB-regulated protein network and the

cellular functions mapped onto the network are con-

sistent with transcriptomics data. Microarray studies

in fish have also found effects on the immune system

(Hook et al. 2006; Moens et al. 2007), lipid metab-

olism (Dorts et al. 2009), and muscular development

(Garcia-Reyero et al. 2009) at the transcriptomics

level with androgen treatments in ovary and liver.

However, as pointed out previously, the direct mech-

anism of TB action is not entirely understood. Other

proteins that are affected by androgens include those

that are related to expression targets and bind-

ing partners of thioredoxin and heat-shock protein

A8, respectively, as well as those proteins in-

volved in xenobiotic clearance. We demonstrate

that construction of protein networks can offer

novel insights into cell processes regulated by andro-

gens and this approach can generate new hypotheses

about potential biomarkers of androgenic activity.

Conclusions

There are now experimental data collected from all

three of the major omics methods used in ecotoxi-

cology; transcriptomics (León et al. 2008; Dorts et al.

2009; Garcia-Reyero 2009), proteomics (Martyniuk

et al. 2009), and metabolomics (Collette et al.

2010; Ekman et al. 2011) after androgenic exposures

in fish. These studies include both endogenous hor-

mones (11-KT) and pharmaceuticals that are andro-

gen-receptor agonists (e.g., 17b-trenbolone). These

studies have contributed significantly to our under-

standing of AR-mediated pathways in teleost tissues

and have identified some of the most commonly ob-

served responses to xeno-androgens, although in

many cases the direct mechanism of action for

androgens remains elusive.

With increased characterization of pathways using

transcriptomics, proteomics, and metabolomics,

novel bioassays will continue to be developed for

the chemical screening of androgens. There are al-

ready well-utilized bioassays in fish that include the

androgen-sensitive MDA-kb2 cell line (Blake et al.

2010) and androgen-sensitive bioassays based on cul-

tures of primary cells and tissue slices from the

three-spined stickleback (G. aculeatus) (Björkblom

et al. 2007). Programs such as the European Union

Registration, Evaluation and Authorisation of

Chemicals (REACH) have focused on the develop-

ment of rapid, toxicological screening assays and

omics technologies, while currently cost-prohibitive

for high throughput screening, can provide a signif-

icant amount of information on chemical MOA.
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