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SUMMARY
In this study, an in silico genome-scale metabolic model of steroidogenesis was used to investigate the effects of hypoxic stress
on steroid hormone productions in fish. Adult female fathead minnows (Pimephales promelas) were exposed to hypoxia for 7days
with fish sub-sampled on days 1, 3 and 7 of exposure. At each time point, selected steroid enzyme gene expressions and steroid
hormone productions were quantified in ovaries. Fold changes in steroid enzyme gene expressions were used to qualitatively
scale transcript enzyme reaction constraints (akin to the range of an enzymeʼs catalytic activity) in the in silico model.
Subsequently, in silico predicted steroid hormone productions were qualitatively compared with experimental results. Key
findings were as follows. (1) In silico gene deletion analysis identified highly conserved ʻessentialʼ genes required for steroid
hormone productions. These agreed well (75%) with literature-published genes downregulated in vertebrates (fish and mammal)
exposed to hypoxia. (2) Quantification of steroid hormones produced ex vivo from ovaries showed a significant reduction for 17estradiol and 17,20-dihydroxypregnenone production after 24h (day 1) of exposure. This lowered 17-estradiol production was
concomitant with downregulation of cyp19a1a gene expression in ovaries. In silico predictions showed agreement with
experimentation by predicting effects on estrogen (17-estradiol and estrone) production. (3) Stochastic sampling of in silico
reactions indicated that cholesterol uptake and catalysis to pregnenolone along with estrogen methyltransferase and
glucuronidation reactions were also impacted by hypoxia. Taken together, this in silico analysis introduces a powerful model for
pathway analysis that can lend insights on the effects of various stressor scenarios on metabolic functions.
Supplementary material available online at http://jeb.biologists.org/cgi/content/full/215/10/1753/DC1
Key words: constraints based, genome scale, steroidogenesis, in silico, in vivo, hypoxia, fathead minnow.

INTRODUCTION

The environmental stress of hypoxia is characterized by the depletion
of dissolved oxygen concentrations (≤2mgl–1) in aquatic ecosystems
(Diaz and Rosenberg, 1995). This process is often caused by
eutrophication of surface waters and the resultant overproductivity
of algal biomass. Increased primary production caused from this
organic load increases oxygen consumption, which in turn results
in depleted dissolved oxygen concentrations (Rydberg et al., 1990).
The growing association of this event with human habitation and
activities (agricultural/industrial) has led to its increasingly global
occurrence, with the severest of cases evoking depletion or collapse
of resident fauna and/or fish stocks (Baden et al., 1990; Coutant
and Benson, 1990; Zaitsev, 1992; Petersen and Pihl, 1995; Diaz
and Solow, 1999; Diaz, 2001; Breitburg, 2002; US EPA, 2002; US
EPA, 2007).
Recent research has shown hypoxia to influence reproductive
viability of fish by disrupting the hormonal regulation of sexual
maturation and spawning (Wu et al., 2003; Dabrowski et al., 2003;
Carter and Wilson, 2006; Thomas et al., 2006; Shang et al., 2006;
Landry et al., 2007; Wang et al., 2008; Wu, 2009). Gene expression
analyses show widespread changes in expression of genes related
to erythropoiesis, angiogenesis, glycolysis (favoring anaerobic
respiration), oxidative phosphorylation and steroid hormone
metabolism (or steroidogenesis) (Gracey et al., 2001; Ton et al.,

2003; Shang et al., 2006; Marques et al., 2008; Martinovic et al.,
2009). Furthermore, adaptive strategies involving the un-coupling
of oxidative phosphorylation and the electron transport chain come
at an energetic cost of lowered production for critical metabolic
cofactors (such as electron carriers of NADH and FADH2) and the
cellular energy budget of ATP (Hochachka, 1980). As a
consequence, widespread metabolic disruptions are expected under
hypoxic stress. This multifactorial nature of adverse effects requires
the application of methods capable of integrating metabolic
complexity, i.e. from the gene regulatory to the biochemical level.
Towards this end, there has been great interest to create mathematical
(or computational) models of the reproductive endocrine axis and
steroidogenesis (Murphy et al., 2005; Breen et al., 2007; Villeneuve
et al., 2007a; Ankley et al., 2009; Murphy et al., 2009; Li et al.,
2011). The main motivator for such efforts is to predict the presence
of diagnostic ‘biomarkers’ representative of a stressor scenario
and/or mode of action, and the extrapolation of these effects to
metabolic disruptions.
Thus far, prominent approaches towards modeling steroidogenesis
in fish have involved constructing a biochemical pathway map to
assist with the generation of mechanistic hypotheses (Villeneuve et
al., 2007a; Ankley et al., 2009), and the use of ordinary differential
equations to relate rate changes of steroid hormone concentrations
within a limited steroidogenic network topology (Murphy et al.,
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2005; Murphy et al., 2009; Breen et al., 2007). Though pioneering
in their attempts, these approaches have tended to combine
enzymatic reactions and assume first-order kinetics for a majority
of sequentially catalyzed reactions. Such simplification can be
expected to cause a ‘loss’ of information on the respective
contributions of sequential reactions in maintaining steroidogenic
flux. Herein, flux is defined as the mass transfer of substrate to
product formation by enzyme-catalyzed reactions (or metabolic
pathways). Furthermore, the time-variant (dynamic) nature of such
constructs requires detailed kinetic knowledge in order to assist with
model parameterizations, which are experimentally and technically
difficult to quantify. In contrast to these methods, this paper presents
a novel computational modeling approach of constraints-based
reconstruction and analysis (COBRA) that utilizes biochemical
reaction stoichiometry to identify ‘optimal’ steady-state (or timeinvariant) flux distributions in a metabolic network. This analysis
involves representing metabolic networks as stoichiometric matrices
that detail interactions amongst various network components, such
as metabolites and enzyme-catalyzed reactions. Such matrices are
then ‘solved’ as series of linear algebraic equations (using linear
programming) with the application of constraints that constitute
physiochemical (maximal reaction rates), topobiological (metabolite
and/or cofactor transport rates), environmental (nutrient availability)
and regulatory (gene expression levels) restrictions (Varma and
Palsson, 1994; Pramanik and Keasling, 1997; Schilling et al., 2002;
Edwards et al., 2002; David et al., 2003; Förster et al., 2003; Reed
et al., 2003; Sheikh et al., 2005; Duarte et al., 2007; Oh et al., 2007;
Nogales et al., 2008). COBRA analysis effectively formulates
metabolic networks as linear programming optimization problems
and enables the conduct of flux analysis to identify reactions (or
flux distributions) required to ‘optimize’ (or to find maximal value
of) a stated ‘objective function’, which can represent metabolite
productions and/or cell growth (Varma and Palsson, 1993; Reed
and Palsson, 2003; Kaufmann et al., 2003; Raman and Chandra,
2009; Orth et al., 2010). Furthermore, the association of genome
annotation (as Entrez gene IDs) for genes transcribing catalytic
enzymes participant in network reactions (using Boolean operators
and incidence matrices) allows for the construction of genome-scale
metabolic models that can incorporate fold changes in gene
expression to altered reaction constraints and metabolic capabilities.
In addition, the effects of simulated (or synthetic) gene deletions
on metabolic capabilities can also be investigated, lending insights
on metabolic robustness (Edwards and Palsson, 2000; Förster et al.,
2003; Ghim et al., 2005; Reed et al., 2006; Colijn et al., 2009; Feist
et al., 2009; Mo and Palsson, 2009; Oberhardt et al., 2009).
In this paper, a genome-scale constraints-based stoichiometric
model of steroidogenesis in zebrafish (Danio rerio) was used to
predict how hypoxia-induced changes in steroid enzyme gene
expression would perturb steroidogenic fluxes and alter steroid
hormone production. Towards this end, a previously constructed
stoichiometric model of zebrafish steroidogenesis was updated with
steroid enzyme gene annotations (Hala et al., 2010). In doing so, a
knowledge gap of associating altered gene expression with metabolic
pathway (or flux) analysis in fish is addressed. Furthermore, the
zebrafish model was used as a generic representation for fish
steroidogenesis, as in this study adult female fathead minnows
(Pimephales promelas) were exposed to hypoxia for a chronic
duration of 7days. During exposure, fish were sub-sampled on days
1, 3 and 7 with ovaries excised for: (1) quantification of steroid
enzyme gene expression changes (using qRT-PCR) of steroidogenic
acute regulatory protein (StAR), cyp11a1, cyp19a1a, hsd3b, hsd20b
and hsd11b, and (2) ex vivo (ovarian) productions of the steroid

hormones progesterone, pregnenolone, 17-hydroxypregnenolone,
17-hydroxyprogesterone,
17-estradiol,
estrone,
11ketotestosterone, testosterone, 11-deoxycortisol and 17,20dihydroxypregnenone were quantified using liquid chromatography
coupled with electrospray ionization in the positive mode with
tandem mass spectrometry (LC-ESI+/MS/MS). In silico analyses
comprised scaling maximal reaction constraints in the model to
relative fold changes in steroid enzyme gene expression. The effects
of these altered constraints on steroidogenic fluxes producing
steroid hormones were then simulated. In silico predictions were
compared and contrasted with in vivo experimentation. This work
describes the first study to apply in silico constraints-based analyses
to predict effects on steroid hormone production using an in vivo
stressor scenario in fish.
MATERIALS AND METHODS
In vivo methods
Fish maintenance and culture

Adult (≥5months old) female fathead minnows, Pimephales
promelas (Rafinesque 1820), were purchased from a commercial
fish supplier (Osage Catfisheries, Osage Beach, MO, USA). All fish
were maintained under flow-through conditions at 25±1°C with a
16h:8h light:dark cycle and fed twice per day with flake food
(Aquatic Eco-Systems, Apopka, FL, USA) and once per day with
brine shrimp, Artemia franciscana (San Francisco Bay Brand,
Newark, CA, USA).
In vivo hypoxia exposure

A 7day chronic hypoxia exposure study was conducted using adult
female fathead minnows. Two tanks were maintained under flowthrough conditions at room temperature with 16 fish resident in each
tank. One tank was used for hypoxia exposure and the other was
maintained as a normoxic control. Oxygen level in the hypoxia tank
was reduced to 5mgl–1 O2 (dissolved oxygen) using an oxygen
controller (Engineered Systems and Designs, ESD model 1600,
Newark, DE, USA) over 18.5h. During this time, fish were
monitored for signs of undue stress and/or mortality (none observed).
Subsequent to the dial-down period and for the duration of the
chronic hypoxia study, the dissolved oxygen concentration was
further reduced to ≤3mgl–1 dissolved O2. Dissolved oxygen
concentrations were maintained by purging nitrogen (Praxair Inc.,
Denton, TX, USA) into the water column using the oxygen
controller. Over the course of the 7day study, dissolved oxygen
concentrations were maintained at 8.18±0.10mgl–1 O2 for normoxic
control and 2.29±0.09mgl–1 O2 (mean ± s.e.m.) for hypoxia
exposure. During this duration, a single mortality was observed in
the hypoxia tank. Five fish were sub-sampled from each tank on
days 1 (24h), 3 (72h) and 7 (168h) of exposure (with the exception
of the normoxic control at day 7, where N6).
Terminal euthanasia and tissue sampling

Fish were euthanized in 200mgl–1 ethyl 3-aminobenzoate
methanesulfonate salt (MS-222, Sigma-Aldrich, St Louis, MO,
USA) buffered with 0.5moll–1 sodium bicarbonate (Sigma-Aldrich).
Fish were dissected to excise ovary tissues (~30–40mg) for ex vivo
culture, with the remainder of tissue snap-frozen in liquid nitrogen
for qRT-PCR analysis.
qRT-PCR analysis of steroid enzyme gene expression

Total RNA was extracted from ovary samples using TRI Reagent
with glass fiber filter purification (RiboPure Kit, Ambion, Austin,
TX, USA). After extraction, total RNA pellets were resuspended
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in RNAsecure and DNase treated using DNA-free (both from
Ambion). The quality and concentrations of RNA were evaluated
using a Take Three application on a BioTek Synergy 2 multimodal
plate reader (Biotek, Winooski, VT, USA) and an Agilent 2100
Bioanalyzer (with an RNA Pico LabChip kit, Agilent Technologies,
Palo Alto, CA, USA). RNA samples were then diluted to
10ngtotalRNAl–1 and stored at –80°C until subsequent use. The
qPCR assays for fathead minnow steroidogenic genes have been
developed and described previously (Filby et al., 2006; Villeneuve
et al., 2007b). All assays were conducted as single-step real-time
PCR assays in a 48-well format using either a TaqMan® RNA-toCTTM 1-Step Kit or the Power SYBR® Green RNA-to-CTTM 1-Step
Kit (Applied Biosystems, Foster City, CA, USA). For TaqMan®
assays, each 25l reaction contained 50ng total RNA, 150nmoll–1
of the appropriate probe, 200nmoll–1 forward primer and
200nmoll–1 reverse primer. For the Power SYBR® Green assay,
20ng of RNA was combined with 100moll–1 forward and reverse
primers and 2⫻ Master Mix in a 10l reaction. Samples were
reverse-transcribed, followed immediately by 40 cycles of PCR
amplification using a StepOnePlus real-time PCR system following
the manufacturer’s thermocycling setup instructions (Applied
Biosystems). qPCR targets were quantified relative to respective
control samples using the Ct method (Livak and Schmittgen,
2001) and normalized to ribosomal protein L8 gene expression
(rpl8).
Ex vivo ovary tissue culture for steroid hormone production

Tissue culture medium comprised 0.94gdl–1 M3769 medium 199,
0.22gdl–1 sodium bicarbonate and 0.01gdl–1 L-glutamine (all
Sigma-Aldrich) in autoclaved MilliQ water. The culture medium
was supplemented with 0.1% (or 1gml–1 final concentration) of
1000gml–1 25-hydroxycholesterol (Sigma-Aldrich) with pH set
to 7.2. A 10ml aliquot of this culture medium was supplemented
with anti-bacterial and anti-fungal agents to provide a ‘rinse’
medium containing 0.2% v/v penicillin G sodium salt (final
concentration of 200unitsml–1), 10% v/v streptomycin sulfate (final
concentration of 200gml–1) and 20% v/v amphotericin B (all
Sigma-Aldrich) at a final concentration of 50gml–1. Dissected
ovarian tissue segments were first weighed (37.1±2.9mg, mean ±
s.e.m.) and then submerged in ‘rinse’ medium for a few seconds
and transferred to 1ml culture medium in solvent (ethanol)-rinsed
borosilicate glass tubes (Fisher Scientific, Pittsburgh, PA, USA).
All tissues were incubated for a period of 24h in an oscillating water
bath maintained at 25°C. Following incubation, tissues were
discarded and culture medium was frozen at –20°C until analysis
for steroid hormones using LC-ESI+/MS/MS.
Steroid hormone quantification using LC-ESI+/MS/MS

Culture medium was thawed on ice, spiked with the internal
standards of d3-17-estradiol, d3-17-hydroxypregnenolone and
d9-progesterone (Toronto Research Chemicals, North York,
ON, Canada). d3-17-Estradiol was used as an internal standard
at 5ngml–1 for 17-estradiol and estrone, d3-17hydroxypregnenolone was the internal standard (10ngml–1)
for 17-hydroxypregnenolone, pregnenolone and 17,20dihydroxypregnenone, and d9-progesterone (10ngml–1) was used
for progesterone, 17-hydroxyprogesterone, testosterone, 11ketotestosterone and 11-deoxycortisol quantification. Once spiked,
samples were extracted twice using 5ml ethyl acetate with pooled
solvent layers dried under a gentle stream of nitrogen. The resultant
residues were reconstituted using three 0.5ml aliquots of ethyl
acetate and transferred to 1.5ml amber glass vials (Fisher Scientific).
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Reconstituted solvent was dried under nitrogen with residue resuspended in 100l of methanol. From this volume, a 50l aliquot
was taken for estrogen quantification using a dansyl chloride
derivatization method detailed by Nelson et al. (Nelson et al., 2004).
The remaining 50l sample was also dried under nitrogen with
residue derivatized using 2-hydrazinopyridine as described in Hala
et al. (Hala et al., 2011). All chromatographic separations were
conducted using a Waters 2695 separations module coupled to a
Waters 2998 UV/VIS detector and a Waters Sunfire C18 column
(2.1⫻50mm, 3.5m particle size; Milford, MA, USA). Electrospray
ionization (positive ion mode) and mass-spectrometric analysis was
conducted using a quadrupole-hexapole-quadrupole instrument
(Micromass Quattro UltimaTM mass detector, Manchester, UK). For
all steroids, instrument-determined (MassLynx software, version 4.1,
Waters Corporation, Milford, MA, USA) criteria were used to set
limits of detection. This included the identification of responses that
did not enable baseline-to-baseline integrations. Chromatographic
conditions and mass spectrometric settings for precursor-to-product
ion mass transitions for all steroids are listed in supplementary
material TablesS1 and S2.
Data analysis

Normality testing was conducted using the Shapiro–Wilk’s test
(P>0.05) with the Kruskal–Wallis test used as non-parametric
alternative to ANOVA. Post hoc testing comprised using Dunn’s
multiple comparison test (non-parametric) or Tukey’s test
(parametric testing) (significance at P≤0.05). All analyses were
conducted using GraphPad Prism (version 5, GraphPad Software,
La Jolla, CA, USA).
In silico methods
Stoichiometric model description

A detailed description of the zebrafish (Danio rerio) steroidogenic
model can be found in Hala et al. (Hala et al., 2010). For brevity,
65 enzyme-catalyzed reactions of steroid hormone metabolism were
sourced from the online database Kyoto Encyclopedia of Genes and
Genomes (KEGG, pathway dre#00140, www.genome.jp/kegg/)
and stoichiometerically represented. All reactions were elementally
balanced with the use of ‘currency’ metabolites constituting various
co-factors such as NADPH/NADP+, NADH/NAD+, H+, O2 and H2O
(Table1). Steroidogenic reactions were mathematically represented
in the stoichiometric matrix (S matrix) as an m ⫻ n matrix, with
m as the row vector of participant metabolites and n as the column
vector of network reactions. For each reaction, negative/positive
integers described the consumption (negative integer) and production
(positive integer) of metabolites. The S matrix allowed the
steroidogenic network to be represented as a system of linear
equations of the form: Sv0, where S is the stoichiometric matrix
(m ⫻ n), v is vector of network reactions (n ⫻ 1), and the vector
of metabolite consumption and production rates (n ⫻ 1) is taken
as zero, yielding a steady-state assumption (and homogenous
system). Inequality constraints for network reactions (vector v) were
set as qualitative limits of lower and upper bounds for reaction rates
as: i≤vi≤i, where i and i represent the lower and upper bounds,
respectively, for a particular network reaction (vi) (Varma et al.,
1993). All reactions in the model were parameterized with a
maximal upper bound of 40fmolmg–1h–1, which corresponded to
the uptake rate of 25-hydroxylcholesterol into female fathead
minnow ovaries (Breen et al., 2007). This was chosen because 25hydroxycholesterol was used as substrate (and cholesterol substitute)
during ex vivo cultures of ovarian tissues and the application of
uniform constraints to all reactions avoided bias amongst model
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Table 1. List of 65 steroidogenic reactions (V1–V65) and the cholesterol import reaction (EX_M1) along with cofactor balancing (using
currency metabolites)
FVA calculated flux
Reaction no.

Reaction description

E2

E1

Cholesterol (external) r cholesterol (internal) (StAR)
Cholesterol + O2 + NADPH + H+ r 22 -hydroxycholesterol + NADP+ + H2O
(cyp11a1)
V2
22 -Hydroxycholesterol + O2 + NADPH + H+ r 20;22-dihydroxycholesterol +
NADP+ + H2O (cyp11a1)
V3
20;22-Dihydroxycholesterol + O2 + H+ + NADPH r pregnenolone +
isocaproaldehyde + 2H2O + NADP+ (cyp11a1)
V4
Pregnenolone + O2 + H+ + NADPH r 21-hydroxypregnenolone + H2O +
NADP+ (cyp21a2)
V5
Pregnenolone + O2 + H+ + NADPH r 17 -hydroxypregnenolone + H2O +
NADP+ (cyp17a1)
V6
Pregnenolone + NAD+ } progesterone + NADH + H+ (hsd3b and hsd3b1)
V7
21-Hydroxypregnenolone + NAD+ r 11-deoxycorticosterone + NADH + H+
(hsd3b and hsd3b1)
V8
17 -Hydroxypregnenolone + NAD+ } 17 -hydroxyprogesterone + NADH +
H+ (hsd3b and hsd3b1)
V9
17 -Hydroxypregnenolone + NADPH + H+ + O2 r 17 ;21dihydroxypregnenolone + NADP+ + H2O (cyp21a2)
V10
17 ;21-Dihydroxypregnenolone + NADPH + H+ + O2 r 11 ;17 ;21trihydroxypregnenolone + NADP+ + H2O (cyp11b2)
V11
11 ;17 ;21-Trihydroxypregnenolone + NAD+ r cortisol + NADH + H+
(hsd3b and hasd3b1)
V12
17 ;21-Dihydroxypregnenolone + NAD+ r 11-deoxycortisol + NADH + H+
(hsd3b and hsd3b1)
V13
17 -Hydroxyprogesterone + NADPH + O2 + H+ r 21-deoxycortisol + NADP+
+ H2O (cyp11b2)
V14
17 -Hydroxyprogesterone + NADPH + O2 + H+ r 11-deoxycortisol + NADP+
+ H2O (cyp21a2)
V15
17 -Hydroxyprogesterone + NADH + H+ r 17 ;20 -dihydroxypregn-4-ene3-one + NAD+ (hsd20b)
V16
21-Deoxycortisol + NADPH + O2 + H+ r cortisol + NADP+ + H2O (cyp21a2)
V17
11-Deoxycortisol + NADPH + H+ + O2 r cortisol + NADP+ + H2O (cyp11b2)
V18
Cortisol + NAD+ r cortisone + NADH + H+ (hsd11b2 and hsd11b3)
V19
Progesterone + O2 + NADPH + H+ r 17 -hydroxyprogesterone + NADP+ +
H2O (cyp17a1)
V20
Progesterone + O2 + NADPH + H+ r 11 -hydroxyprogesterone + NADP+ +
H2O (cyp11b2)
V21
Progesterone + O2 + NADPH + H+ r 11-deoxycorticosterone + NADP+ +
H2O (cyp21a2)
V22
11-Deoxycorticosterone + O2 + NADPH + H+ r corticosterone + NADP+ +
H2O (cyp11b2)
V23
Corticosterone + NADPH + H+ + O2 r 18-hydroxycorticosterone + NADP+ +
H2O (cyp18)
V24
Corticosterone + NAD+ r 11-dehydrocorticosterone + NADH + H+ (hsd11b2
and hsd11b3)
V25
18-Hydroxycorticosterone + NADP+ r aldosterone + NADPH + H+ (hsd)
V26
11 -Hydroxyprogesterone + NADPH + H+ + O2 r 21-deoxycortisol + NADP+
+ H2O (cyp17a1)
V27
11 -Hydroxyprogesterone + NADPH + H+ + O2 r corticosterone + NADP+ +
H2O (cyp21a2)
V28
17 -Hydroxypregnenolone + NADPH + H+ + O2 r dehydroepiandrosterone
+ acetaldehyde + NADP+ + H2O (cyp17a1)
V29
17 -Hydroxyprogesterone + NADPH + H+ + O2 r androstenedione +
acetaldehyde + NADP+ + H2O (cyp17a1)
V30
Dehydroepiandrosterone + NAD+ r androst-4-ene-3;17-dione + NADH + H+
(hsd3b and hsd3b1)
V31
Androst-4-ene-3;17-dione + NADPH + H+ r 5 -androstane-3;17-dione +
NADP+ (hsd5a1 and hsd5a2 and hsd5a3)
V32
Androst-4-ene-3;17-dione + NADPH + H+ r 5 -androstane-3;17-dione +
NADP+ (hsd5b)
V33
5 -Androstane-3;17-dione + NADH + H+ r androsterone + NAD+ (hsd3a)
V34
5 -Androstane-3;17-dione + NADH + H+ r etiocholan-3 -ol-17-one + NAD+
(hsd3a)
V35
Etiocholan-3 -ol-17-one + UDP-glucuronate r etiocholan-3 -ol-17-oneglucuronide + uridine 5⬘-diphosphate (glta)
Table continued on next page
EX_M1
V1
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Table 1. Continued
FVA calculated flux
Reaction no.

Reaction description

E2

E1

11-KT

Test

11-DC

17;20-DP

Androsterone + UDP-glucuronate r androsterone glucuronide + uridine 5⬘diphosphate (glta)
V37
Dehydroepiandrosterone + NADH + H+ r 3 ;17 -dihydroxyandrost-5-ene +
NAD+ (hsd17b3)
V38
3 ;17 -Dihydroxyandrost-5-ene + NAD+ r testosterone + NADH + H+
(hsd3b and hsd3b1)
V39
Testosterone + O2 + NADPH + H+ r 11 -hydroxytestosterone + NADP+ +
H2O (cyp11b2)
V40
11 -Hydroxytestosterone + NAD+ r 11-ketotestosterone + NADH + H+
(hsd11b2 and hsd11b3)
V41
11-Ketotestosterone + UDP-glucuronate r 11-ketotestosterone-glucuronide
+ uridine 5⬘-diphosphate (glta)
V42
Androstenedione + H+ + NADH } testosterone + NAD+ (hsd17b2 and
hsd17b3 and hsd17b4)
V43
Androstenedione + NADPH + H+ + O2 r 11 -hydroxyandrostenedione +
NADP+ + H2O (cyp11b2)
V44
11 -Hydroxyandrostenedione + NAD+ r 11-ketoandrostenedione + NADH +
H+ (hsd11b2 and hsd11b3)
V45
11-Ketoandrostenedione + NADH + H+ r 11-ketotestosterone + NAD+
(hsd17b3)
V46
Androstenedione + H+ + O2 + NADPH r 19-hydroxyandrostenedione +
NADP+ + H2O (cyp19a1a)
V47
19-Hydroxyandrostenedione + H+ + O2 + NADPH r 19-oxoandrostenedione
+ NADP + 2H2O (cyp19a1a)
V48
19-Oxoandrostenedione + H+ + 2O2 + NADPH r estrone + NADP+ + 2H2O +
CO2 (cyp19a1a)
V49
Estrone + UDP-glucuronide r estrone glucuronide + UDP (glta)
V50
Estrone + NADPH + H+ } 17 -estradiol + NADP+ (hsd17b2, hsd17b4,
hsd17b1 and hsd17b12a)
V51
Estradiol + NADPH + H+ + O2 r 2-hydroxy-estradiol + NADP+ + H2O (cyp)
V52
2-Hydroxyestradiol + S-adenosyl-L-methionine r 2-methoxy 17 -estradiol +
S-adenosyl-L-homocysteine (met)
V53
2-Methyl 17 -estradiol + UDP-glucuronate r 2-methyl 17 -estradiol-3glucuronide + UDP (glta)
V54
17 -Estradiol + UDP-glucuronate r estradiol 3-glucuronide + UDP (glta)
V55
Estrone + NADH + H+ r 17 -estradiol + NAD+ (hsd17a)
V56
Estrone + NADPH + H+ + O2 r 16 -hydroxyestrone + NADP+ + H2O (cyp)
V57
Estrone + NADPH + H+ + O2 r 2-hydroxyestrone + NADP+ + H2O (cyp)
V58
2-Hydroxyestrone + S-adenosyl L-homocysteine r 2-methoxyestrone + Sadenosyl L-homocysteine (met)
V59
2-Methoxyestrone + UDP-glucuronate r 2-methoxyestrone 3-glucuronide +
UDP (glta)
V60
Testosterone + H+ + O2 + NADPH r 19-hydroxytestosterone + NADP+ +
H2O (cyp19a1a)
V61
19-Hydroxytestosterone + O2 + H+ + NADPH r 19-oxotestosterone + 2H2O
+ NADP+ (cyp19a1a)
V62
19-Oxotestosterone + O2 + H+ + NADPH r estradiol + formate + H2O +
NADP+ (cyp19a1a)
V63
17 -Estradiol + NADPH + O2 + H+ r estriol + NADP+ + H2O (cyp)
V64
Estriol + NAD+ S-adenosyl-L-methionine 16 -hydroxyestrone + NADH + H+
(hsd17b2, hsd17b4, hsd17b1 and hsd17b12a)
V65
Estriol + UDP-glucuronate r estriol 16-glucuronide + glucuronide (glta)
a
See supplementary material Table S3 for a full list of isozyme/isoform complexes considered for steroid glucuronosyltransferase-catalyzed reactions.
All reactions were sourced from the Kyoto Encyclopedia of Genes and Genomes (KEGG pathway dre#00140).
Shaded boxes refer to pathway redundancy by representing all steroidogenic reactions involved with producing the selected steroid hormones (or objective
functions) of: 17 -estradiol (E2), estrone (E1), 11-ketotestosterone (11-KT), testosterone (Test), 11-deoxycortisol (11-DC) and 17 ,20 dihydroxypregnenone (17,20-DP) [calculated by flux variability analysis (FVA)].
Enzyme annotations: cyp, cytochromeP450; hsd, hydroxysteroid dehydrogenase; glt, glucuronosyltransferase; met, methyltransferase.
V36

reactions, allowing reaction stoichiometry to be the main determinant
of flux distributions. The lower bound for irreversible reactions was
set to zero, which constrained any attainable flux value for ‘forward’
reactions to span from zero to a maximal value of 40fmolmg–1h–1.
In contrast, reversible reactions were constrained with a lower bound
of –40fmolmg–1h–1, constraining reversible reactions to a magnitude
similar to that of forward reactions.

Flux analysis of steroid hormone production

Once constrained, an ‘optimum’ solution for selected ‘objective
functions’ (or steroid hormones) were calculated using flux balance
analysis (FBA). FBA quantified the maximal value of a steroid
hormone produced (subject to cholesterol uptake rate and reaction
constraints) and also enabled the identification of fluxes (or reactions)
required for its optimal production. FBA helps with pathway analysis,
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Table 2. List of zebrafish steroidogenic enzyme, conjugation enzyme and cholesterol import protein gene open reading frame (ORF)
identifiers used to annotate the genome-scale steroidogenic model
Enzyme class
1. Cytochrome P450s (cyp) (oxidation/reduction)
2. Hydroxysteroid dehydrogenases (hsd)
(dehydrogenase/reduction)

3. Methyltransferases (met) (conjugation/excretion)
4. Glucuronosyl transferases (zgc and glt)
(conjugation/excretion)
5. StAR (cholesterol import)
n.a., not annotated.

Transcript protein (Entrez gene ID)

Source

cyp11a (n.a.), cyp11a1 (80374); cyp11b2 (791124); cyp17a1
(399692); cyp18 (n.a.); cyp19a1a (30390); cyp21a2 (793249)
hsd3a (n.a.); hsd3b (80373); hsd3b1 (373131; 553532); hsd5a1
(767715); hsd5a2 (550398); hsd5a3 (560717); hsd11b2 (334098);
hsd11b3 (393293); hsd17b1 (402842); hsd17b2 (449537);
hsd17b3 (393335); hsd17b4 (393105); hsd17b12a (327417);
hsd20a (n.a.); hsd20b (337696)
met (553534; 564925; 791999; 436884)
zgc1 (550352), zgc2 (553952), zgc3 (570913), zgc4 (641488),
glt8d1 (492466), glt8d3 (556315), glt8d4 (567541), glt25d1
(565862), glt25d2 (100003546)
StAR (63999)

ZFIN, PubMed

as it identifies reactions required for producing a selected steroid
hormone (or objective function) (Varma and Palsson, 1994; Reed and
Palsson, 2003; Kaufmann et al., 2003; Raman and Chandra, 2009).
Furthermore, pathway redundancy required to produce a selected
steroid hormone was also investigated by conducting flux variability
analysis (FVA) (Table1). FVA allowed analysis of all feasible flux
distributions (or reactions) that satisfy the optimization criteria for a
stated objective function. This helped to identify the sets of reactions
that can reach the same quantitative objective function value already
maximized by FBA, hence informing of the redundancy in
steroidogenesis for producing a selected steroid hormone (Mahadevan
and Schilling, 2003; Becker et al., 2007).
Genome annotation

For each reaction enzyme in the model, open reading frame (ORF)
identifiers (as Entrez gene IDs) from online databases such as KEGG,
the Zebrafish Information Network (ZFIN; zfin.org) and PubMed were
associated with steroidogenic reactions using Boolean operators and
an incidence matrix (Feist et al., 2009). Where ORF identifiers were
unavailable, enzyme synthesis was taken to be spontaneous. In total,
33 gene annotations were used, of which 19 were cytochrome P450
(cypP450) and hydroxysteroid dehydrogenase (hsd) enzymes, 13 were
steroid conjugation/excretion reactions (methyltransferases and
glucuronosyltransferases) and one was for the cholesterol import
protein, StAR (Table2). Boolean operators were used to define singlegene, isozyme and isoform complexes (i.e. using ‘AND’, ‘OR’
formalism) (supplementary material TableS3). Such genome
annotation, also known as gene–protein–reaction (G–P–R)
associations, can help to identify genes required for transcribing
steroidogenic enzymes participant in network reactions. For example,
an enzyme transcribed by an isozyme complex (or multiple genes
associated by ‘AND’ formalism) is dependent on all genes being
functional, as the deletion of a single gene will stop its production
(and activity in the steroid network). This also holds true for single
genes, where gene expression of a transcript enzyme is essential for
its functionality in network reactions. The converse is true for isoform
complexes, where multiple subunits are capable of transcribing a
single enzyme; hence the deletion of a single gene in this complex
has no influence on the enzyme’s activity.
Gene deletion analysis

The incorporation of G–P–R associations allowed for the assessment
of essential genes whose deletions resulted in a cessation of steroid
hormone production (Table3). Gene essentiality analyses were
conducted for the production of 17-estradiol, estrone, 11ketotestosterone, testosterone, 11-deoxycortisol and 17,20-

ZFIN, PubMed

KEGG
KEGG, ZFIN

ZFIN

dihydroxypregnenone. These steroid hormones were selected as they
represented androgens (testosterone and 11-ketotestosterone),
estrogens (17-estradiol and estrone), corticosteroid (11deoxycortisol) and progestin (17,20-dihydroxypregnenone) with
physiologically relevant functions pertaining to reproductive
development and maturation in fish (Kime, 1987; Kime, 1993). An
essential gene deletion resulted in a reaction constraint (upper and
lower bound) for a critical hormone-catalyzing enzyme being set
to zero, in effect terminating catalysis through that particular
reaction (Becker et al., 2007).
Hypoxia and the alteration of reaction constraints

Hypoxia-induced changes in steroidogenic gene expressions (as
quantified from in vivo experimentation) were used to modify reaction
constraints relative to fold changes in gene expressions, i.e. mean
up/down fold change resulted in a transcribed enzyme’s reaction
bounds to be altered as i⬘i+(i⫻fold change) for upregulation or
i⬘i–(i⫻fold change) for downregulation, where i is the maximal
reaction bound (of 40fmolmg–1h–1) and i⬘ represents the altered
reaction bound after scaling to the fold change in the corresponding
gene expression (see Table4 for gene expressions and supplementary
material TableS4 for altered reaction bounds).
Hypoxic stress and simulation of altered steroid hormone
productions

Consequent to the scaling of reaction constraints relative to fold
changes in steroidogenic enzyme gene expressions, FBA was used
to quantify optimal production for the selected steroid hormones
(or objective functions) of 17-estradiol, estrone, 11ketotestosterone, testosterone, 11-deoxycortisol and 17,20dihydroxypregnenone (Fig.1).
Effects of hypoxia on disrupted steroidogenic reactions

A random sampling algorithm, the artificial centering hit-and-run
(ACHR), was also used to sample the range and distribution of flux
values for each steroidogenic reaction comprising the model. This
comprised sampling 2000 data points corresponding to the steadystate flux constraints for each of the 65 steroidogenic enzymecatalyzed reactions and one cholesterol import reaction (StAR
mediated). The sampling resulted in a vector of 2000 data points per
network reaction. Furthermore, the range of flux values sampled was
determined by the (reaction) constraints applied to the network with
the ACHR algorithm, allowing sampled data points (per reaction) to
converge to uniform distributions (Thiele et al., 2005). These sampled
points enabled the generation of correlation coefficients for all
network reactions, with highly correlated reactions indicating
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Table 3. Comparison of in silico predicted essential genes required for the production of the selected hormones of 17 -estradiol (E2),
estrone (E1), 11-ketotestosterone (11-KT), testosterone (Test), 11-deoxycortisol (11-DC) and 17 ,20 -dihydroxypregnenone (17,20DP), with literature-published downregulated genes (shaded segments) in vertebrates (fish and mammal) exposed to hypoxia

Gene

Enzyme

E2

E1

11-KT

Test

11DC

17;20-DP

Shang et al.,
2006
(zebrafish)

Martinović et al.,
2009 (zebrafish)

Myers et al.,
2005 (ovine)

30390
cyp19a1a
63999
StAR
80373
hsd3b
80374
cyp11a1
327417
hsd17b12a
334098
hsd11b2
337696
hsd20b
373131
hsd3b1
393105
hsd17b4
393293
hsd11b3
393335
hsd17b3
399692
cyp17a1
402842
hsd17b1
436884
met
449537
hsd17b2
492466
glt8d1
550352
zgc1
550398
hsd5a2(srd5a2)
553532
hsd3b1
553534
met
553952
zgc2
556315
glt8d3
560717
hsd5a3(srd5a3)
564925
met
565862
glt25d1
567541
glt8d4
570913
zgc3
641488
zgc4
767715
hsd5a1(srd5a1)
791124
cyp11b2
791999
met
793249
cyp21a2
100003546
glt25d2
Shading indicates in silico predicted essential genes required for selected steroid hormone synthesis, and literature-published genes downregulated under
hypoxia exposure.
Only genes annotated with Entrez gene IDs were included in the gene deletion analysis. A full list of correspondence between gene annotations and
enzyme catalyzed reactions are listed in supplementary material Table S3.

functional associations, as stoichiometrically related reactions and
those constrained to similar magnitudes can exhibit correlations in
their respective flux distributions. These reactions interestingly
correlate with functional ‘modules’ or reaction cascades that are also
functionally associated with one another (Price et al., 2004; Becker
et al., 2007). Furthermore, changes in coefficients subject to perturbed
reaction constraints were indicative of altered flux distributions
within the network. This analysis has been successfully used to
characterize altered metabolic capabilities under various disease states
(such as diabetes and ischemia) in human cardiac mitochondria (Thiele
et al., 2005). ACHR-generated correlation coefficients were also
visualized as heat maps for days 1, 3 and 7 of hypoxia exposure
(Fig.2). Two-way ANOVA was conducted on these sampled points
to investigate whether hypoxic stress (main variate) constituted a
significant change in flux constraints (versus steroidogenic reactions
as covariate). To perform this statistical test, the 2000 sampled points
(per reaction) were summarized by averaging every 100 points to
yield 20 data points per reaction. This enabled a more convenient
representation of the sampled data sets for normality testing and
statistical analyses (i.e. N20 flux values per reaction). Finally,
principal component analysis (PCA) was also conducted to highlight
characteristic groupings amongst reactions (Fig.3). Prior to the PCA,
data minimization was conducted by representing sets of highly

correlated reactions with a single reaction. This avoided ‘overcrowding’ of the scatter diagram and the presentation of redundant
data sets.
Computational and statistical analyses

All in silico simulations were performed in MATLAB (version
R2009a, MathWorks, Natick, MA, USA) using the COBRA toolbox
(version 1.3.3, opencobra.sourceforge.net). PAST software (version
2.07, folk.uio.no/ohammer/past/) was used to generate correlation
Table4. Mean fold changes (relative to normoxic controls)
quantified using qRT-PCR for steroidogenic enzyme genes in
ovarian tissues sampled from female fathead minnows on days 1, 3
and 7 of hypoxia exposure
Steroidogenic gene
StAR
cyp11a1
hsd3b
hsd20b
hsd11b
cyp19a1a
Data are means ± s.e.m.
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Day 1 (N5)

Day 3 (N5)

Day 7 (N5)

7.6±3.1
10.9±7.6
1.00±0.2
9.1±3.5
3.8±1.8
–0.4±0.1

1.3±0.2
7.1±2.5
1.6±0.2
8.0±4.8
7.2±2.1
–1.4±0.6

8.6±5.6
16.4±7.2
1.8±0.8
1.2±0.3
3.7±0.7
–0.5±0.3
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In silico production (fmol mg–1 h–1)

10

E2
E1

8

11-KT
Test
11-DC

6

17,20-DP

4
2
0
Day 1

Day 2

Day 3

Fig.1. In silico predicted optimal production (fmolmg–1h–1) for 17-estradiol
(E2), estrone (E1), 11-ketotestosterone (11-KT), testosterone (Test), 11deoxycortisol (11-DC), and 17,20-dihydroxypregnenone (17,20-DP). All
production was calculated using flux balance analysis after re-constraining
reaction constraints representative of days 1, 3 and 7 of hypoxia exposure
in adult femal fathead minnow.

coefficients for reactions and for PCA (Hammer et al., 2001). Heat
maps for the visualization of correlation coefficients were generated
using R (version 2.12.1, www.r-project.org) with color reduction
used to exhibit strongest correlation coefficients by uniformly
posterizing all heat-map images with GNU Image Manipulation
Program (GIMP) software (version 2.6, www.gimp.org) and using
gradient setting level 3. GraphPad Prism (version 5) was used for
statistical analyses (two-way ANOVA).
RESULTS
In vivo effects
Effects on steroidogenic enzyme gene expression

Expression changes (relative to normoxic controls) for the six
steroidogenic enzyme genes showed upregulation for StAR, cyp11a1,
hsd3b, hsd20b and hsd11b at days 1, 3 and 7 of exposure, with a
downregulation for only cyp19a1a (Table4). Despite fold changes
respective to normoxic controls, no statistically significant differences
in expression were observed (Kruskal–Wallis test, P>0.05).
Effects on steroid hormone production

Ovarian production (ex vivo) of steroid hormones showed a
significant reduction for 17-estradiol and 17,20dihydroxypregnenone after 24h exposure (day 2) (Mann–Whitney
test, P≤0.05; Table5). Reduced 17-estradiol production was
consistent with the lowered cyp19a1a gene expression (Table4).
However, decreased 17,20-dihydroxypregnenone production was
contrasted to a fold up-regulation of hsd20b gene expression at day
1 (Tables4, 5). Overall for day 1 of exposure, lowered productions
for a majority of steroid hormones (as a percentage of normoxia
controls) were also evident for: progesterone (33%), pregnenolone
(44%), 17-hydroxypregnenolone (50%), estrone (75%), 11ketotestosterone (33%) and 11-deoxycortisol (36%). Though
interestingly, for days 3 and 7, increased productions are evident
for a majority of these hormones, with only 17-estradiol proving
an exception with consistently lowered productions evident
(Table5). Furthermore, testosterone and 11-ketotestosterone
productions showed negative correlation to one another throughout
exposure, with testosterone production decreasing (167 to 71%) and
11-ketotestosterone production increasing (33 to 150%) from days
1 to 7 (Table5). This trend is suggestive of physiological
compensation.

In silico predictions
Essential genes susceptible to hypoxia

Network-wide steroidogenic gene deletions identified genes required
for producing selected steroid hormones (Table3). These included
genes involved with: cholesterol import [EX_M1 (StAR)] and
catalysis to pregnenolone [V1, 2 and 3 (cyp11a1)], catalysis of
pregnenolone to 17-hydroxypregnenolone [V5 (cyp17a1)] and
progesterone [V6 (hsd3b and hsd3b1)], catalysis of progesterone to
17-hydroxyprogesterone [V19 (cyp17a1)], and catalysis of 17hydroxypregnenolone to 17-hydroxyprogesterone [V8 (hsd3b and
hsd3b1)] (Tables1, 3). The remainder of genes comprised those
required for pathway-specific production of the selected steroid
hormones. For example, 17-estradiol and estrone showed cyp19a1a
to be essential for the catalysis of testosterone to the estrogens (V50,
60, 61 and 62). Pathway-specific essential genes were also identified
for 11-ketotestosterone, testosterone, 11-deoxycortisol and 17,20dihydroxypregnenone (Tables1, 3). There was good agreement
between in silico determined essential genes and those found to be
downregulated during hypoxic stress in vertebrates. An initial
assessment estimated 50% agreement; however, a consideration of
the Boolean operator rule conferring isozyme specificity for hsd3b
[i.e. hsd3b (80373) and hsd3b1 (373131 and 553532)] resolved this
to 75% agreement. Uniformity of essentiality for StAR and cyp11a1
are intuitive, as these two genes constitute cholesterol import and
initial catalysis to pregnenolone (Table1). Agreement with the
literature for pathway-specific genes was only evident for cyp19a1a
(17-estradiol and estrone production), hsd11b2 (11ketotestosterone production) and hsd17b3 (11-ketotestosterone and
testosterone production). This result implies the ability of the model
to accurately predict reaction fluxes (or enzyme-catalyzed pathways)
involved with producing steroid hormones, which in turn identifies
genes essential for transcribing enzymes participant in these
reactions. The agreement with literature demonstrates the correlation
of genes essential for maintaining steroidogenic fluxes in the model
with those impacted by hypoxia.
Effects of hypoxia on steroid hormone production

Altered fold changes for steroid enzyme gene expression (Table4)
were used to re-constrain the reaction bounds for associated
steroidogenic reactions (supplementary material TableS4). These
re-constrained reactions comprised only 33% of enzyme-catalyzed
reactions constituting the steroid network and the transport reaction
of cholesterol import. Effects of altered constraints on steroid
hormone production were investigated by conducting FBA to
calculate the optimal production for selected steroid hormones
(Fig.1). In silico predictions showed no production for 17-estradiol
and estrone on day 3 of exposure, with no changes in production
for the other steroid hormones. Effects on estrogen (17-estradiol
and estrone) production were due to the magnitude of
downregulation of cyp19a1a on day 3 (Table4), which was large
enough to confer a negative upper bound for cyp19a1a-catalyzed
reactions, resulting in the allocation of a null maximal upper bound.
No changes for the production of the other hormones were consistent
with ex vivo quantifications, except that for 17,20dihydroxypregnenone, where a disparity between hsd20b gene
upregulation (Table4) and lowered 17,20-dihydroxypregnenone
production was evident from ex vivo culture (Table5).
Disrupted steroidogenic reactions

The effects of hypoxia on network reactions were analyzed by
stochastically sampling (using ACHR) the range and distributions
of reaction constraints for each steroidogenic reaction. These
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Fig.2. Heat maps showing changes in reaction correlation coefficients for all 65 enzyme-catalyzed reactions and the cholesterol transport reaction (uptake
via StAR) at: (A) day 1, (B) day 3 and (C) day 7 of hypoxia exposure in adult female fathead minnow. Reaction constraints were scaled relative to fold
changes in gene expression quantified at the respective day of hypoxia exposure.

sampled flux values constituted ‘limits’ to the catalytic bounds
attainable by a reaction as a result of re-constraining. Statistical
analysis of the returned sampled points showed no significant
difference between days 1 and 7 of exposure (two-way ANOVA,
P>0.05). However, day 3 was found to be significantly different
from days 1 and 7 (P≤0.05), with Bonferroni’s post hoc testing
indicating 97 and 95% of reactions to be significantly different

between days 1 and 3 and days 3 and 7, respectively. Changes in
correlation coefficients between reactions were visualized as heat
maps for days 1, 3 and 7 of exposure (Fig.2). Correlation coefficients
are indicative of functional associations, as highly correlated
reactions tend to associate with pathways producing physiologically
relevant steroid hormones (Hala et al., 2010). Hence changes in
correlational associations implied altered metabolic functions. The
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PC2

Fig.3. Principal component analysis of steroidogenic
reaction fluxes during hypoxia exposure. The
application of an 95% variance ellipse shows
characteristic reactions that fall as outliers: EX_M1,
cholesterol import (StAR); 1, cholesterol catalysis to
pregnenolone (cyp11a1); 53, 2-methoxy-17-estradiol
catalysis to 2-methoxy-17-estradiol-3-glucuronide
(glucuronosyltransferase); 54, 17-estradiol to 17estradiol-3-glucuronide; 58, 2-hydroxy-estrone to 2methoxy-estrone (methyltransferase); and 59, 2methoxy-estrone to 2-methoxy-estrone-3-glucuronide
(glucuronosyltransferase). Insets show magnified
portions of the PC plot in order to highlight outliers.

PC1

heat maps provided a visual representation of altered fluxes. PCA
of ACHR sampled points showed that cholesterol import (EX_M1)
and catalysis to pregnenolone (V1 is representative of V2 and 3)
along
with
estrogen
methyltransferase
(V58)
and
glucuronosyltransferase (V53, 54 and 59) reactions fell as outliers
to a 95% variance ellipse around sampled reactions (Fig.3).
DISCUSSION

In this paper, steroidogenic enzyme gene expression changes from
in vivo exposure of fathead minnows to hypoxia was used to
parameterize a genome-scale constraints-based model of steroid
hormone metabolism. In silico analyses were subsequently
conducted to predict altered steroid hormone production and
simulate disrupted reaction fluxes.
Effects of hypoxia on gene expression – in vivo and in silico
analysis

In silico gene-deletion analysis shortlisted genes involved with
catalyzing the initiating reactions of steroidogenesis as being essential

for the production of selected steroid hormones, i.e. cholesterol uptake
(StAR) and catalysis to pregnenolone (cyp11a1), pregnenolone
catalysis to progesterone (hsd3b) and 17-hydroxypregnenolone
(cyp17a1), and progesterone catalysis to 17-hydroxyprogesterone
(cyp17a1). Model predictions showed good agreement with previous
studies of genes downregulated under hypoxic stress (Myers et al.,
2005; Shang et al., 2006; Martinovic et al., 2009). Martinovic et al.
(Martinovic et al., 2009) and Shang et al. (Shang et al., 2006) provide
evidence of downregulation for hydroxysteroid dehydrogenase
enzymes (hsd3b, hsd11b2 and hsd17b3), cyp450 enzyme (cyp11a,
cyp19a and cyp19b) and the cholesterol import protein (StAR) in
juvenile and adult zebrafish. In addition, ovine exposure to hypoxia
has also been shown to downregulate cyp450 expression (cyp17 and
cyp11a) (Myers et al., 2005). In this study, fold downregulation was
only seen for cyp19a1a expression, which correlated with lowered
17-estradiol production from ex vivo cultures of ovarian tissues
(statistically significant reduction only at day 1). This downregulation
of cyp19 gene expression is consistent with other studies using fish
and even human placental cells (Jiang et al., 2000; Mendelson et al.,

Table 5. Quantified changes in the ex vivo production (fmol mg–1 h–1) of: progesterone (Prog), pregnenolone (Pregnen), 17hydroxypregnenolone (17OH-Pregnen), 17-hydroxyprogesterone (17OH-Prog), 17-estradiol (E2), estrone (E1), 11ketotestosterone (11-KT), testosterone (Test), 11-deoxycortisol (11-DC) and 17,20-dihydroxypregnenone (17,20-DP) from ovary
tissues of female fathead minnows (Pimephales promelas) cultured under normoxia and hypoxia
Day 1

Day 3

Steroid
hormone
Prog

Day 7

Normoxia
Hypoxia
% of
Normoxia
Hypoxia
% of
Normoxia
Hypoxia
% of
(N=5)
(N=5)
normoxia
(N=5)
(N=5)
normoxia
(N=6)
(N=5)
normoxia
0.030
0.010
33
0.010
0.010
100
0.020
0.030
150
(0.015–0.030)
(0.010–0.020)
(0.005–0.020)
(0.010–0.040)
(0.018–0.040)
(0.020–0.050)
Pregnen
0.090
0.040
44
0.020
0.070
350
0.030
0.030
100
(0.040–0.170)
(0.010–0.080)
(0.005–0.025)
(0.005–0.130)
(0.018–0.055)
(0.010–0.210)
17OH0.020
0.010
50
0.020
0.020
100
0.020
0.030
150
(0.010–0.275)
(0.010–0.015)
(0.010–0.030)
(0.010–0.080)
(0.018–0.025)
(0.020–0.040)
Pregnen
17OH-Prog
0.020
0.040
200
0.030
0.030
100
0.020
0.030
150
(0.015–0.040)
(0.015–0.050)
(0.015–0.205)
(0.025–0.095)
(0.018–0.065)
(0.020–0.060)
E2
0.070
0.030*
43
0.120
0.030
25
0.200
0.050
25
(0.055–0.435)
(0.020–0.040)
(0.025–0.175)
(0.030–0.065)
(0.090–0.425)
(0.035–0.240)
E1
0.040
0.030
75
0.050
0.050
100
0.065
0.230
354
(0.030–0.090)
(0.025–0.045)
(0.035–0.105)
(0.025–0.150)
(0.035–0.195)
(0.065–0.335)
11-KT
0.030
0.010
33
0.020
0.010
50
0.020
0.030
150
(0.015–0.065)
(0.010–0.095)
(0.010–0.025)
(0.010–0.025)
(0.020–0.043)
(0.020–0.040)
Test
0.120
0.200
167
0.280
0.290
104
0.170
0.120
71
(0.050–0.525)
(0.195–0.465)
(0.070–0.830)
(0.150–0.365)
(0.080–0.553)
(0.04–0.275)
11-DC
0.110
0.040
36
0.060
0.110
183
0.025
0.030
120
(0.015–0.140)
(0.005–0.090)
(0.025–0.120)
(0.020–0.265)
(0.010–0.075)
(0.020–0.045)
17,20-DP
1.610
0.280*
17
1.200
0.590
49
0.975
0.720
74
(0.450–2.155)
(0.190–0.350)
(0.760–1.455)
(0.485–1.490)
(0.455–1.338)
(0.540–0.920)
Data are shown as median values with 25th–75th percentile ranges in parentheses.
Relative ratios as a percentage of steroid productions for hypoxia relative to normoxia are also shown (% of normoxia). Asterisks indicate a statistically significant difference from the normoxic
control (P<0.05).
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2005; Shang et al., 2006; Martinovic et al., 2009). As of yet, no clear
mechanistic explanation has emerged as to how hypoxic stress perturbs
cyp19 activity. It is postulated that hypoxia-inducible transcription
factor-1 (HIF-1) heterodimerizes with the aryl hydrocarbon nuclear
translocator (ARNT) and inhibits cross-talk between ARNT and the
aryl hydrocarbon receptor (AhR), whose interactions are capable of
inducing cyp450 activities (Wu et al., 2003). In the present study, the
agreement between lowered cyp19a1a expression and 17-estradiol
production was in contrast to that of the progestin 17,20dihydroxypregnenone, where a significantly reduced production (day
1) was contrary to hsd20b gene upregulation. Hsd20b constitutes an
essential enzyme responsible for the conversion of 17hydroxyprogesterone to 17,20-dihydroxypregnenone and its
activity has been shown to be highly inducible by gonadotropins
(Nagahama, 1994; Nagahama and Yamashita, 2008). However, the
association between the stimulation of gene expression and enzyme
catalytic activity may not necessarily correlate or be consistent across
various species. For example, zebrafish (Danio rerio) hsd20b gene
expression shows constitutive activity, with no evident inductions by
gonadotropins, whereas studies with rainbow trout (Oncorhynchus
mykiss) and New Zealand longfin eel (Anguilla dieffenbachii) have
shown hsd20b enzyme activity to be inducible by the supply of
precursor steroids (such as 17-hydroxyprogesterone) rather than
modulation by gonadotropins (Lokman and Young, 1995; Vizziano
et al., 1996; Wang and Ge, 2002). Effects on steroidogenic reactions
‘upstream’ of hsd20b catalysis could account for lowered substrate
availability and, in turn, lowered production of 17,20dihydroxypregnenone seen in our study. It is difficult to substantiate
these hypotheses as, overall, upregulations were seen for steroidogenic
enzyme genes (StAR, cyp11 and hsd3b) catalyzing precursor steroids,
and the ex vivo production of the precursor steroid 17hydroxyprogesterone showed a 200% increase relative to normoxia
at day 1 of exposure. At present, 17-hydroxyprogesterone is the
only perceived precursor metabolite for hsd20b activity and the
production of 17,20-dihydroxypregnenone. However, interspecific
differences in the catalysis of 17,20-dihydroxypregnenone cannot
be discounted, especially when the lowered production rates for
pregnenolone (44%), progesterone (33%) and 17hydroxypregnenolone (50%) are considered. The lowered
progesterone production is of interest as it can constitute a direct
stoichiometric precursor for 17,20-dihydroxypregnenone
production (via a cyp450-mediated mono-oxygenation reaction). The
investigation of such a direct catalysis pathway from progesterone to
17,20-dihydroxypregnenone provides for an interesting avenue of
further research. Furthermore, gonadotropin levels were not measured
as part of this study, making it difficult to associate potential changes
in luteinizing hormone levels with hsd20b gene expression.
Effects of hypoxia on steroid hormone production – ex vivo
and in silico analysis

This study reports a comprehensive coverage of changes in steroid
hormone production under hypoxic stress. Sub-sampling of fish
throughout the duration of hypoxia exposure showed trends in steroid
production that were indicative of compensatory responses. For
example, progesterone, pregnenolone, 17-hydroxypregnenolone,
estrone, 11-ketotestosterone, 11-deoxycortisol and 17,20dihydroxypregnenone all showed lowered production at day 1 (i.e.
after 24h exposure), with subsequent increases in production (nonsignificant) at days 3 and 7. Such compensatory trends have been
demonstrated by Villeneuve et al. (Villeneuve et al., 2009) for the
increased production (ex vivo) of 17-estradiol (and increased cyp19a
gene expression) from female fathead minnow ovaries subsequent to
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exposure to the aromatase (cyp19a1a) inhibitor fadrozole. In addition
to this effect, the authors also demonstrated increased StAR and
cyp11a1 gene expression, which could increase the overall rate of
steroid biosynthesis, contributing to a compensatory response
(Villeneuve et al., 2009). The potential presence of such a
compensatory mechanism under hypoxic stress offers an explanation
for the overall fold upregulations seen for steroid enzyme genes in
this study (including that of StAR and cyp11a1). These increases may
be compensating for lowered steroid hormone production.
Furthermore, the negative correlation between decreasing testosterone
and increasing 11-ketotestosterone production over the course of
hypoxia exposure offers insight into the potential compensatory flux
‘redistribution’. It can be postulated that lowered cyp19a1a activities
and increasing production of precursor steroid metabolites are creating
a ‘bottleneck’ at testosterone production and, in turn, causing its
utilization (or catalysis) via alternative pathways (cyp11b1 and
hsd11b catalyzed) to 11-ketotestosterone production. The
quantification of increased hsd11b gene expression lends some
support to this hypothesis, as it is involved in the catalysis of 11hydroxytestosterone to 11-ketotestosterone (reaction V40; Table1).
11-Ketotestosterone constitutes a potent androgen involved in
stimulating reproductive development and maturation (prior to
spawning) in male fish; consequently, its titers are not normally
measured in female fish. However, in the present study, 11ketotestosterone production was quantified from ovary tissue as it is
stoichiometrically related to testosterone catalysis (V39 and 40;
Table1), lending a catalytically feasible pathway for its production
in female fish. Furthermore, detectable concentrations of 11ketotestosterone have been quantified in the plasma of adult female
fathead minnows (Hala et al., 2011). Moreover, to our knowledge,
there are no reported studies investigating the effects of hypoxia on
11-ketotestosterone titers in female fish, whereas studies with male
fish show decreased concentrations after long-term (30days) hypoxia
exposure (Landry et al., 2007). This study is the first to quantify
changes in 11-ketotestosterone production from the ovary tissue of
female fish exposed to hypoxia.
Mean fold changes in steroid enzyme gene expression (relative
to normoxic controls) were used to qualitatively scale the catalytic
bounds (or constraints) of transcript enzymes participant in network
reactions. This approach has been successfully used to predict the
effects of pharmaceutical and environmental stressors on fatty acid
biosynthesis using a stoichiometric model for Mycobacterium
tuberculosis (Colijn et al., 2009). It is arguable that the regulation
of metabolic fluxes can occur mainly via the modulation of enzyme
activities rather than enzyme synthesis (Vriezen and van Dijken,
1998). However, it is very difficult to obtain detailed kinetic
knowledge for large numbers of reactions as would be required for
such metabolic models. Although the steroidogenic model does not
account for regulatory dynamics, this is not a limitation of the
model’s efficacy to compute functional states. Reaction
stoichiometry and reaction constraints (lower and upper bound) serve
to limit the allowable and attainable flux combinations representative
of an organism’s phenotype. Furthermore, as discussed previously
for the lack of correlation between hsd20b gene expression and
enzyme activity, substrate supply can potentially be a key
determinant influencing metabolic flux.
Overall, in silico predicted rates of steroid hormone production
showed agreement with ex vivo production. The cessation of in silico
predicted estrogen production at day 3 of exposure was due to the
magnitude of downregulation for cyp19a1a, conferring a null
reaction bound to aromatase (cyp19a1a)-catalyzed reactions. The
dependence of reaction constraints on gene expression is evident

THE JOURNAL OF EXPERIMENTAL BIOLOGY

1764 D. Hala and others
for 17,20-dihydroxypregnenone production, as the juxtaposition
of high expression (hsd20b) and lowered production of 17,20dihydroxypregnenone (ex vivo) was not predicted by in silico flux
analysis. Furthermore, in silico predictions of steroid hormone
production showed a lack of sensitivity to the relative fold changes
‘between’ various hypoxia days for the selected genes. For example,
mean hsd20b expression levels varied from 9.1- to 1.2-fold
upregulation from day 1 to day 7 of hypoxia exposure (Table4),
with no representative alterations in predicted 17,20dihydroxypregnenone production. However, this was not the case
for cyp19a1a. Hsd20b and cyp19a1a offer interesting insights into
model performance as they catalyze ‘terminal’ reactions in the
model, i.e. any changes in their respective gene expression should
scale equivalently with the reaction constraints responsible for
steroid hormones produced by the model. From this analysis it would
appear that in silico predictions of metabolite production show
greater response to the minimization of flux constraints consequent
to fold downregulations of gene expression.
Effects of hypoxia on reaction fluxes – in silico predictions of
disrupted reactions

Analysis of ACHR sampled reaction constraints showed that ≥95%
of reactions differed between day 3 versus days 1 and 7 of exposure.
Considering that only 33% of reactions were re-constrained, such
network-wide differences could be attributed to the stoichiometric
dependencies amongst reactions. Reactions that are sequentially
associated with one another tend to represent functional modules
that also stoichiometrically correlate with one another (Price et al.,
2004). Hence changes in the constraints for a particular reaction
can also influence associated fluxes. PCA elegantly showed that
cholesterol import (EX_M1) along with the initiating reaction of
steroidogenesis, i.e. cholesterol conversion to pregnenolone
(represented by V1), and estrogen methyltransferase and UDPglucuronosyltransferase reactions (V53, 54, 58 and 59) constituted
outliers to a 95% variance ellipse encompassing the majority of
reactions. The hydrolysis of cholesterol esters to free cholesterol
and consequent uptake into the mitochondria (mediated by StAR)
is considered to be a key ‘rate’-limiting step for steroidogenesis
(Stocco and Clark, 1996). The effect of hypoxia on cholesterol
mobilization and availability can be a potential mechanism for
effects on steroid hormone production. The exclusion of reactions
associated with the conjugation and excretion of 17-estradiol and
estrone by methyltransferase and UDP-glucuronosyltransferase
enzymes was reflective of the minimized constraints through
cyp19a1a-catalyzed reactions that in turn impacted ‘downstream’
reactions utilizing estrogens. This is of interest, as altered
concentrations of steroid glucuronides are diagnostic markers for
disrupted steroid synthesis via xenobiotic insult, limited steroid
hormone availability and even hypoxic stress (Ankley et al., 1986;
Strasser et al., 1997; Magnanti et al., 2000). This result demonstrates
the ability of in silico analysis to predict impacted reactions that are
stoichiometrically ‘connected’ to one-another, lending to the nonintuitive assessment of ‘distal’ sites of disruption(s).
In addition to these simulated effects, this dependence of steroid
hormone production on the availability of various cofactors or
‘currency’ metabolites (representing the redox budget) was also
tested in silico by nulling exchange (or transport) reactions
responsible for their availability for enzyme-catalyzed steroidogenic
reactions within the network. Flux analysis showed that NADPH,
H+ and O2 availability was essential for the production of the selected
steroid hormones, as a termination in their availability resulted in
null production (data not shown). Simulations also showed (to a

lesser extent) that NADH was important for 11-ketotestosterone and
11-deoxycortisol production, with terminated availability resulting
in a 59 and 63% loss of production, respectively (data not shown).
Taken in such context, it remains to be investigated whether
hypoxic stress is also capable of altering the relative molar ratios
of such cofactors with consequent effects on steroidogenic fluxes.
CONCLUSIONS

In this study, an in silico model of steroidogenesis was used to
simulate and predict the effects of hypoxic stress on steroid hormone
production in fish. Computational analyses highlighted the model’s
ability to predict essential genes and steroidogenic fluxes (or
pathways) required for steroid hormone production. Furthermore,
under hypoxic stress, the model predicted disrupted estrogen
production, which agreed with lowered 17-estradiol production
from experimentation. Flux analysis also revealed that reactions
involved with cholesterol uptake (transport reaction) and catalysis
to pregnenolone, along with estrogen conjugation and excretion
reactions (enzyme catalyzed), were impacted by hypoxic stress and
implicated their role(s) in hypoxia-mediated effects on
steroidogenesis. The findings of this study suggest further avenues
of research and experimentation.
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