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ABSTRACT

Teleost fushi tarazu factor-1 (FTZ-F1) is a potential regulator
of steroidogenesis. The present study shows sex-specific regula-
tion of Arctic char fushi tarazu factor-1 (acFF1) and steroido-
genic genes during reproductive maturation and in response to
hormone treatment. A link between gonadal expression of
acFF1, steroidogenic acute regulatory protein (StAR), and cyto-
chrome P450-11A (CYP11A), was observed in the reproductive
maturation process, as elevated acFF1 mRNA and protein levels
preceded increased StAR and CYP11A transcription. Sex-specif-
ic differences were observed as estrogen treatment resulted in
down-regulated levels of acFF1 mRNA in testis and male head
kidney, whereas no significant effect was observed in females.
11-Ketotestosterone (11-KT) down-regulated CYP11A and 3b-
hydroxysteroid dehydrogenase (3bHSD) in head kidney and up-
regulated CYP11A in testis. StAR remained unaffected by hor-
mone treatment. This suggests that acFF1 is controlled by 17b-
estradiol, whereas the effects on CYP11A and 3bHSD are me-
diated by 11-KT. Coexpression of acFF1, StAR, and CYP11A was
observed in head kidney, in addition to gonads, indicating cor-
relation between these steroidogenic genes. StAR and acFF1
were also coexpressed in liver, suggesting a potential role in
cholesterol metabolism. Although these results indicate con-
served steroidogenic functions for FTZ-F1 among vertebrates,
they also raise the question of additional roles for FTZ-F1 in
teleosts.

gene regulation, seasonal reproduction, steroid hormones

INTRODUCTION

Fushi tarazu factor-1 (FTZ-F1) is an orphan nuclear re-
ceptor that was initially described as an activator of the
Drosophila segmentation gene fushi tarazu (ftz) [1, 2].
FTZ-F1 homologues have since been recognized in numer-
ous species, and FTZ-F1 now constitutes a distinct family
(NR5A) in the superfamily of nuclear receptors [3]. The
FTZ-F1 family includes two major subgroups of related
genes with separate functions and expression patterns
among higher vertebrates. The NR5A2 subgroup contains
the liver receptor hormone-1 (LRH-1) or a-feto protein
transcription factor (FTF), which regulates the expression
of the a-feto protein [4] and is involved in cholesterol me-
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tabolism [5] in mammals. The NR5A1 subgroup contains
the steroidogenic factor-1 (SF-1) or adrenal 4-binding pro-
tein (Ad4BP) genes. SF-1 is an important regulator of ste-
roidogenesis in mammals because it controls the transcrip-
tion of several cytochrome P450 (CYP) enzymes involved
in steroidogenic pathways [6, 7]. The mechanism of FTZ-
F1 function in lower vertebrates such as amphibians and
fish have not been completely elucidated. The expression
patterns of teleost FTZ-F1 homologues partly correlate to
mammalian patterns [8, 9], but their roles in reproductive
mechanisms have not been determined.

SF-1 knockout mice develop without steroidogenic tis-
sues and lack expression of a number of components in-
volved in steroidogenesis [10, 11], of which one is the ste-
roidogenic acute regulatory protein (StAR) [12]. StAR is a
mitochondrial phosphoprotein that delivers cholesterol to
the inner mitochondrial membrane, where steroid hormone
biosynthesis is initiated. Mammalian expression of StAR is
restricted to steroidogenic tissues and is rapidly induced by
trophic hormones and cAMP [13]. A targeted disruption of
the mouse gene that codes for StAR resulted in lower ste-
roid levels, confirming its essential role in steroidogenesis
[12]. Regulation of murine StAR gene expression is depen-
dent on SF-1 [14]. In humans, SF-1 has been shown to
interact with Sp-1 and cAMP in the regulation of StAR
gene expression [15]. A recently isolated zebrafish StAR
cDNA revealed high sequence similarity to other vertebrate
StAR homologues [16]. However, a potential conservation
of StAR expression and function between mammals and
teleosts has not yet been determined.

Once StAR has delivered cholesterol to the inner mem-
brane of the mitochondria, the initial step in steroid hor-
mone biosynthesis is the conversion of cholesterol to preg-
nenolone, which is carried out by cholesterol side-chain
cleavage P450 (CYP11A). Mammalian CYP11A genes are
transcriptionally regulated by SF-1 in vitro [17–19], and
SF-1 expression precedes CYP11A expression during go-
nadal development [20]. However, SF-1 knockout mice still
express CYP11A [11]. In lower vertebrates, CYP11A has
been identified only in rainbow trout (Oncorhynchus my-
kiss) [21], southern stingray (Dasyatis americana) [22], and
channel catfish (Ictalurus punctatus; GenBank accession
number AF063836), and function and expression patterns
have been poorly investigated. Following conversion, preg-
nenolone is further modified into steroid hormones in the
cytosol. One of the key enzymes in the early conversion
steps is 3b-hydroxysteroid dehydrogenase (3b-HSD). SF-1
is a crucial component in steroidogenesis and regulates a
majority of the enzymes that govern steroid biosynthesis in
gonads and adrenal glands. 17b-Estradiol (E2) treatment
has been implicated in repressing SF-1 expression in mam-
mals [23] and reptiles [24], and if the functions of FTZ-F1
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FIG. 1. Arctic char possess two FTZ-F1 homologues. A) Digestion with
BstZI (C↓GGCCG) distinguishes between FTZ-F1a and FTZ-F1b. Total
RNA extracted from Arctic char testis was reverse transcribed and ampli-
fied by PCR using oligonucleotides designed against vertebrate FTZ-F1
sequences. The amplified product was fractionated by electrophoresis
through a 2% (w/v) agarose gel before (1) and after (2) BstZI digestion. B)
Two acFF1 transcripts (3.6 and 2.7 kb) detected by Northern hybridization
with [a32P]dCTP-radiolabeled cDNA. C) The acFF1 proteins (44 and 45.5
kDa) were detected using an FF1 primary antibody (rabbit), and a horse-
radish-coupled anti-rabbit secondary antibody, and were visualized with
enhanced chemiluminescence.

homologues are conserved among vertebrates, such a re-
pression may be involved in the feminization observed in
salmonid fish following E2 treatment [25, 26]. Modulation
of sex ratios and steroidogenic activity by hormone treat-
ments have been studied previously in salmonid fish, and
E2 has been proven to be a powerful feminizing agent in
these studies [25, 26]. The mechanism underlying this ef-
fect has, however, not been elucidated.

Because the mechanisms of teleost FTZ-F1 during re-
production and in steroidogenesis are poorly understood,
our aim was to determine whether teleost FTZ-F1 is linked
to reproductive maturation and whether it is under hormon-
al regulation. In order to study the expression of compo-
nents involved in the initial steps of steroidogenesis we
isolated partial FTZ-F1, StAR, CYP11A, and 3bHSD
cDNA homologues from Arctic char (Salvelinus alpinus).
Using these, we determined the tissue expression patterns
of the FTZ-F1 genes and compared them with the expres-
sion of the putative downstream genes. Thereafter, we de-
termined their expression during reproductive maturation.

Finally, in order to achieve a better understanding of the
role of these genes, we analyzed their regulation in re-
sponse to steroid-hormone treatment.

MATERIALS AND METHODS

Arctic Char Maintenance
Adult Arctic char were kept in 1600-L aquaria supplied with a contin-

uous flow of aerated water at a temperature and a photoperiod that fol-
lowed natural conditions. The fish had ad libitum access to commercial
trout food. The Ethical Review Committee in Umeå, Sweden, approved
the use of animals for all studies described in this report (approvals A83-
98 and A75-01).

Isolation of Arctic Char FF1 homologues, StAR, CYP11A,
and 3bHSD

Total RNA was extracted from Arctic char testes using TRI reagent
(Sigma-Aldrich, Tyresö, Sweden) and treated with 1 unit of DNAse I
(Promega, Madison, WI) for 1 h at 378C. Thereafter, cDNA was synthe-
sized from 1 mg of total RNA using 500 ng of random hexamer primer
(Promega) and the SuperScript reverse transcriptase kit (Gibco BRL, Täby,
Sweden). Amplification was performed using forward and reverse oligo-
nucleotides based on conserved regions of vertebrate FTZ-F1 sequences.
For FF1 the primers were 59-TGTAAGGGCTTCTTCAAGCGC-39 (for-
ward), and 59-GGAGAACAGTGTCTGGTCAGCC-39 (reverse 1). Am-
plification was performed at 958C for 30 sec, 548C for 30 sec, and 728C
for 1 min for a total of 40 cycles. Independent detection of Arctic char
FF1a (acFF1a) and acFF1b was made possible due to the presence of a
BstZI restriction site in the acFF1b sequence. For CYP11A, the primers
were 59-GACTGCATCTCTCTGATG-39 (forward), and 59-CTCCACCT-
GACGCTGTTT-39 (reverse 1). Amplification was performed at 958C for
30 sec, 588C for 30 sec, and 728C for 1 min for a total of 40 cycles. For
3bHSD, the primers were 59-GTGTGTGTGGTRACAGGAGC-39 (for-
ward) and 59-RTGTAGTARAAGTTYCCWCC-39 (reverse). Amplification
was performed at 958C for 30 sec, 528C for 45 sec, and 728C for 1 min
for a total of 40 cycles. All amplified products were ligated into pGEM-
T (Promega) and recombinant plasmids were isolated using the Wizard
Plus SV Miniprep System (Promega). Cycle sequencing was performed
using the DYEnamic ET Terminator Cycle Sequencing Premix Kit (Amer-
sham Pharmacia Biotech, Uppsala, Sweden). The reactions were resolved
on an ABI Prism 377 DNA Sequencer (Perkin Elmer, Upplands Väsby,
Sweden) and the data obtained were analyzed using EditView version
1.0.1 (Perkin Elmer). These clones were employed for generating probes
for all subsequent analyses. The sequence data have been deposited in the
GenBank database under the following accession numbers: acFF1a,
AF468978; acFF1b, AF468977; StAR, AF468973; CYP11A, AF468974;
3bHSD, AF468975; and 18S rRNA, AF469620.

Northern Blot Analysis
Northern analyses of poly(A)1 RNA (3 mg) extracted from Arctic char

testes by the QuickPrep Micro mRNA Purification Kit (Amersham Phar-
macia Biotech) were performed according to the method described by
Sambrook et al. [27]. Membranes were probed using random primed [a-
32P]dCTP-radiolabeled cDNAs encoding Arctic char FF1b, which was iso-
lated and sequenced as described above. Hybridizations were performed
at 508C O/N (63 SSC, 0.1% SDS [w/v], 100 mg ml21 tRNA, and 53
Denhardt solution). The membranes were washed twice for 30 min at 378C
and at 508C in 13 SSC/0.1% SDS (w/v), and hybridizing signals were
exposed to Hyperfilm-MP film (Amersham Pharmacia Biotech) at 2708C.
The films were visualized using a Curix 60 Film Developer (AGFA-Ge-
vaert AB, Kista, Sweden).

Tissue Distribution of Messenger RNA
Total RNA was extracted from male (n 5 4) and female (n 5 4) Arctic

char tissues using TRI reagent and processed for polymerase chain reaction
(PCR) amplification. For FF1a and FF1b, the primers were 59-TGTAAG-
GGCTTCTTCAAGCGC-39 (forward 1), and 59-CCGGTCTCGCTTGTA-
CATGGG-39 (reverse 2). Amplification was performed at 958C for 30 sec,
568C for 30 sec, and 728C for 30 sec for a total of 40 cycles, followed by
digestion with BstZI at 508C for 2 h (Fig. 1A). StAR and CYP11A were
amplified as described above. 18S rRNA was amplified using Classic In-
ternal Standard Primers (Ambion Inc., Austin, TX) according to the man-
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ufacturer’s instructions. All PCR products were fractionated by elector-
phoresis on 2% (w/v) agarose gels in 13 TAE buffer and transferred onto
Hybond-Nfp membranes (Amersham Pharmacia Biotech) by capillary
transfer in 203 SSC according to the method described by Sambrook et
al. [27]. Hybridizations were performed using random primed [a-
32P]dCTP-labeled cDNA at 658C O/N (63 SSC, 0.1% SDS [w/v], 100
mg/ml21 tRNA, and 53 Denhardt solution). The membranes were washed
twice for 30 min at 428C and 658C in 0.13 SSC/0.1% SDS (w/v) and
exposed to Hyperfilm-MP film (Amersham Pharmacia Biotech) at 2708C.
The films were visualized using a Curix 60 Film Developer (AGFA-Ge-
vaert AB). Polymerase chain reactions from the most representative male
and female were transferred onto membranes, and were probed and de-
tected as described above. Tissues were sampled in April.

Antibody Production
A peptide sequence (MYKRDRALKQQKKAL) located in the FTZ-

F1 box of the acFF1 protein was synthesized, linked to a BSA carrier, and
used to create an immune response in rabbit (Agrisera, Vännäs, Sweden).
The rabbit was immunized three times, and serum was collected and stored
at 2808C until used further. The antibody was evaluated for specificity
and sensitivity using Western blot and ELISA techniques. An antibody
dilution of 1:1000 was used to detect peptide quantities as little as 3 ng.

Western Blot Analysis
Protein preparations from various tissues were obtained by homoge-

nization of 50 mg of tissue in 500 ml of sample buffer containing 63 mM
Tris pH 6.8, 10% glycerol, 17.5% SDS, and 5% b-mercaptoethanol. Sam-
ples were boiled for 1 min and centrifuged at 3000 3 g for 5 min to
separate protein and debris. The supernatants were collected, and protein
concentrations were decided by the Lowry method. Ten micrograms of
total protein from each tissue, male and female respectively, were run on
12% SDS-PAGE gels and transferred to a polyvinylidene difluoride mem-
brane. The membranes were blocked in 3% powdered milk for 1 h before
adding primary antibody 1:1000 in blocking solution for 5 h at 48C. After
primary antibody incubation, the membranes were washed three times for
15 min in Tris-buffered saline-Tween 20 (TBST) before adding secondary
horseradish peroxidase-coupled anti-rabbit antibody (Amersham Pharma-
cia Biotech), diluted 1:2500. After three 15-min subsequent washes in
TBST the Western blots were developed using enhanced chemilumines-
cence Western blotting detection reagent (Amersham Pharmacia Biotech)
and exposed to Hyperfilm-MP film (Amersham Pharmacia Biotech). The
films were visualized using a Curix 60 Film Developer (AGFA-Gevaert
AB).

Semiquantitative Reverse Transcription-PCR Analyses
on Hormone Treatment and Reproductive Maturation

Juvenile Arctic char (20–50 g) were injected i.p. with 11-ketotestos-
terone (11-KT), testosterone (T), and E2 dissolved in peanut oil (1.0 mg/
kg). Control fish remained uninjected or were injected with peanut oil.
After 4 days (96 h), the fish were killed and dissected. The tissues removed
were kept at 2708C for RNA preparation. The sex of each fish was de-
termined by examining their excised gonads with a microscope before
freezing. Each test group contained at least four animals of each sex. Total
RNA was extracted, cDNA was synthesized, and reverse transcription
(RT)-PCR was conducted as described above. The semiquantitative anal-
yses were carried out as previously described [9] and the number of cycles
was determined to be 18 for 18S, 26 for FF1a/b, 40 for CYP11A, 40 for
StAR, and 38 for 3bHSD for logarithmic amplifications. The Phosphor-
Imager quantifications were made using a Storm 860 (Molecular Dynam-
ics, Sunnyvale, CA) and analyzed with Mulitquant software (Molecular
Dynamics). For semiquantitative mRNA measurements during reproduc-
tive maturation, four males and four females were sampled at five time
points (n 5 4) from March until November. and analyzed as described
above.

Enzyme-Linked Immunosorbent Assay
Levels of acFF1 in gonads were determined by ELISA during repro-

ductive maturation. The protein was prepared and quantified as described
above. An excess of total protein (5 mg) in Na2CO3 buffer (pH 9.6) was
used to coat the 96 wells of a MaxiSorp plate (Nalge Nunc International,
Roskilde, Denmark). The wells were blocked for 1 h with 3% milk powder
in PBS before adding the FF1 antibody (1:1000) in PBS. Incubations of
primary antibody were conducted at 48C for 4 h. Horseradish peroxidase

secondary antibodies (Amersham Pharmacia Biotech) were added (1:2000)
in PBS, followed by a color reaction with 1-Step Turbo TMB-ELISA
(Pierce, Rockford, IL) and analysis in a spectrophotometrical plate reader
at 450 nm. Four males and four females were used for each of four sam-
pling points, and each sample was loaded in triplicate. The molar quan-
tification was accomplished by comparing absorbance to a peptide stan-
dard curve. A triplicate negative control (muscle tissue) was used to ex-
clude background cross-reaction.

Hormone Assays
Plasma levels of E2 were determined by radioimmunoassay (Coat-a-

Count, DPC, Los Angeles, CA). Triplicate measurements were made for
each group, except for the first group, for which single measurements were
made. Plasma levels of 11-KT were determined by ELISA using an 11-
KT Kit (Biosense, Bergen, Norway).

Statistics
Data from all quantitative analyses are shown as means 6 SEM. Anal-

ysis of variance was applied to each series of data followed by the Student
t-test determination of significance. In the figures, significance is illustrated
as *P , 0.1 or **P , 0.01.

RESULTS

Arctic char FTZ-F1, StAR, CYP11A, and 3bHSD
mRNA sequences were amplified by RT-PCR from testic-
ular tissue. Sequence analyses of several independent
clones demonstrated that Arctic char possess two FTZ-F1
variants (designated acFF1a and acFF1b; Fig. 1A). The
partial cDNAs were both 783 base pairs (bp) in length and
exhibited a 95% identity to each other at both the nucleo-
tide and amino acid levels. Analysis of testicular poly(A)1
RNA indicated that acFF1 mRNA consists of multiple tran-
scripts. Gene products of 3.6 kilobases (kb) and 2.7 kb were
detected (Fig. 1B). The approximate sizes of the two pro-
teins detected with the acFF1 antibody were 44 and 45.5
kDa (Fig. 1C), which is similar to FTZ-F1 proteins in other
species.

A single gene transcript of StAR was detected both by
sequencing clones and by Northern blot analysis. The par-
tial cDNA obtained by RT-PCR was 754 bp, and the mRNA
detected in Northern analyses indicated that the full-length
message was 1.8 kb (data not shown). A single type of
CYP11A was also generated by RT-PCR. This cDNA frag-
ment was 769 bp. Northern blot analysis of CYP11A
showed two mRNAs of 1.4 kb and 1.2 kb (data not shown).

Tissue Distribution of acFF1, StAR, and CYP11A

Complementary DNA from gonads, liver, and head kid-
ney were examined by PCR to determine the tissue distri-
bution of acFF1a, acFF1b, StAR, and CYP11A. Expression
of acFF1a and acFF1b was detected in all tissues exam-
ined, in both sexes (Fig. 2A). Individual differences be-
tween fish were observed; however, the most representative
fish of each sex was used to illustrate tissue distribution.
Expression of StAR was detected in gonads, head kidney,
and liver in both sexes (Fig. 2A). The tissue distribution of
CYP11A was restricted to gonads and head kidney in male
and female fish alike (Fig. 2A).

The Arctic char FF1 antibody detected strong signals in
ovary, testis, head kidney, and liver (Fig. 2B). The preser-
um incubated control did not show any immunoreactivity.

Gonadal Expression of FF1a/b, StAR, and CYP11A
During Reproductive Maturation

Arctic char ovaries and testes were sampled at several
time points during the reproductive maturation cycle. The
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FIG. 2. Tissue distribution of acFF1a, acFF1b, StAR, and CYP11A mRNA
and acFF1 protein. Tissues that were examined included O, ovary; T, tes-
tis; Hk, head kidney; L, liver; P, pituitary; Hy, hypothalamus; and Br, brain.
A male is indicated by ‘‘m’’ and a female by ‘‘f’’ after the tissue abbre-
viation. A) Messenger RNA detected by RT-PCR after hybridization with
[a32P]dCTP-radiolabeled cDNAs. B) The acFF1 proteins (44 and 45.5 kDa)
were detected using an FF1 primary antibody (rabbit) and a horseradish-
coupled anti-rabbit secondary antibody. and were visualized with en-
hanced chemiluminescence.

TABLE 1. Liver-somatic index, gonad-somatic index, plasma levels of 11-KT and E2, and gonadal acFF1 levels during reproductive maturation.

Month Sex
Liver-somatic

index
Gonad-somatic

index 11KT ng/ml E2 pg/ml acFF1 fmol/mg

April
May
July
August
September
November
April
May
July
August
September
November

M
M
M
M
M
M
F
F
F
F
F
F

1.03 (0.26)*
1.57 (0.65)
1.06 (0.39)
1.23 (0.48)
1.08 (0.36)
0.76 (0.21)
1.27 (0.61)
1.13 (0.22)
1.46 (0.89)
1.94 (0.38)
1.14 (0.77)
0.85 (0.24)

0.29 (0.10)
0.26 (0.20)
2.66 ().51)
2.90 (0.90)
2.66 (0.37)
2.98 (0.18)
1.21 (0.46)
1.65 (0.21)
8.79 (4.82)

13.19 (3.44)
11.98 (5.28)
15.32 (2.90)

0.77 (0.58)
1.15 (0.28)
12.8 (1.3)

—
45.2 (10.8)
18.4 (5.4)

—
—
—
—
—
—

—†

—
—
—
—
—

94.6 (12.7)
275.3 (66.5)
913.8 (288.0)

—
778.4 (412.1)
86.6 (14.1)

28.3 (19.1)
52.7 (14.6)
34.7 (21.0)

121.2 (22.9)
34.0 (34.0)
12.4 (7.2)

217.9 (45.0)
21.1 (14.5)

109.2 (18.6)
115.5 (23.6)
102.3 (28.8)
52.9 (14.6)

* Standard deviations are indicated in parentheses.
† — indicates no value was measured.

relative levels of FF1a/b, CYP11A, and StAR mRNA were
measured by semiquantitative RT-PCR. Gonadal expres-
sions of acFF1a and acFF1b mRNA were higher in July,
in parallel with a higher gonad-somatic index (GSI; Table
1) at the onset of reproductive maturation (Fig. 3, A and
B). Although testicular levels of both acFF1a and acFF1b
remained elevated during September and November, ovar-
ian acFF1 levels declined during the later part of maturation
(Fig. 3, A and B). The gonadal transcription of StAR
mRNA was higher in both sexes during reproductive mat-
uration (Fig. 3C). However, although a small increase in
StAR levels was observed in males in July and it peaked
in November, levels in females increased drastically in Sep-
tember and remained high in November. CYP11A levels
increased in July and decreased in November (Fig. 3D).
Although higher ovarian levels of CYP11A were observed

in July and September, only testicular levels showed a sta-
tistically significant difference. This was due to high indi-
vidual differences in ovarian samplings.

The relative levels of acFF1 protein during the repro-
ductive maturation period were determined by ELISA. To
achieve a higher resolution during the prespawning period,
an additional sampling, conducted in August, was used in
this analysis. The acFF1 content per microgram of total
protein was high during the early part of the reproductive
maturation cycle in both sexes (Table 1). During the later
part of the reproductive cycle, the increase in protein con-
tent in gonads was mostly due to larger oocyte size and
higher sperm number, which also accounted for a large part
of the increase in the GSI. Taking GSI into consideration,
significant increases in acFF1 levels were observed in tes-
ticular tissue in August (Fig. 3E). In females, acFF1 levels
were higher in July, they peaked in August, and then de-
clined during the later part of reproductive maturation. The
general pattern was similar in both sexes, although levels
were higher in females than in males. This pattern was
similar for both mRNA and protein levels, as is seen in
Figure 3, A, B, and E.

Hormone Levels and Treatment

Plasma levels of E2 in females and 11-KT in males were
measured and compared with the GSI and liver-somatic in-
dex (LSI) (Table 1). In females, E2 levels were slightly
elevated between April and May, and significantly elevated
between May and July. The high level persisted during Sep-
tember but it decreased in November. The pattern was con-
gruent with the LSI pattern. GSI increased during the entire
period and reached its highest level in November. In males,
11-KT levels increased in July, peaked in September, and
declined in November. The increase in 11-KT coincided
with the increase in testicular size and the decrease coin-
cided with the end of spermatogenesis. Levels of E2 in
females and 11-KT in males were both up-regulated during
early reproductive maturation, in parallel to the onset of an
increasing GSI, and they were down-regulated at the end
of reproductive maturation, when vitellogenesis and sper-
matogenesis were complete.

Gonads and head kidneys from juvenile fish treated with
11-KT, T, and E2 were analyzed for alterations in mRNA
expression levels of acFF1a, acFF1b, CYP11A, StAR, and
3bHSD by semiquantitative RT-PCR. No change in gonad-
al expression of acFF1a or acFF1b was observed in fish
treated with 11-KT or T, whereas in males, both testicular
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FIG. 3. Gonadal expression of acFF1a, acFF1b, StAR, and CYP11A during the reproductive cycle. Semiquantitative RT-PCR illustrates the mRNA
expression of acFF1a (A), acFF1b (B), StAR (C), and CYP11A (D) relative to 18S expression and the GSI between April and November. E) Arctic char
FF1 protein content in 1.0 mg of gonadal total protein correlated to the GSI during reproductive maturation. Statistically significant deviations from
expression levels in April (May for CYP11A) are indicated by *P , 0.1 and **P , 0.01.

and head kidney acFF1a and acFF1b levels dropped fol-
lowing E2 treatment (Fig. 4, A and B). In ovaries, none of
the hormone treatments resulted in altered levels, although
in females, levels in head kidney showed a lower trend
during E2 treatments.

Testicular CYP11A levels displayed a significant in-
crease following 11-KT treatment (Fig. 4C), whereas ovar-
ian expression remained unaffected. Treatment with 11-KT
resulted in lower CYP11A levels in head kidney in both
sexes (Fig. 4D). However, the decrease in males was not
supported by statistical analysis due to the considerable in-
dividual differences in the male control group.

Similar to those of CYP11A, 3bHSD mRNA levels rose
in testicular tissue after 11-KT treatment (Fig. 4E). The
induction was not, however, statistically significant. Ex-
pression in head kidney also resembled that of CYP11A
after 11-KT treatment, with lower levels in testis (Fig. 4F).

Gonadal StAR expression was low and undetectable in

most fish in this experiment and did not show any altered
expression following hormone treatments (data not shown).
Levels in head kidney were detectable, but they did not
appear to be influenced by the hormone treatments (Fig.
4G).

DISCUSSION

The present study demonstrates that expression levels of
acFF1a and acFF1b mRNA and protein increase in the go-
nads of both sexes at the onset of reproductive maturation
(Fig. 3). Up-regulation of acFF1 preceded the up-regulation
of both StAR and CYP11A. All these genes showed more
pronounced up-regulation in females than in males. Sex
differences in the expression of enzymes involved in ste-
roidogenesis have previously been observed during sex dif-
ferentiation for aromatase (CYP19) and CYP11b, two en-
zymes involved in the final conversion of cholesterol to E2
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FIG. 4. Expression of acFF1a, acFF1b, StAR, CYP11A, and 3bHSD in response to hormone treatment. Juvenile fish were injected with 1.0 mg/kg 11-
KT, testosterone, or 17b-estradiol, and examined for acFF1a, acFF1b, StAR, CYP11A, and 3bHSD mRNA expression by semiquantitative RT-PCR. A)
Expression of acFF1a and acFF1b in gonads. B) Expression of acFF1a and acFF1b in head kidney. C) CYP11A expression in gonads. D) CYP11A
expression in head kidney. E) 3bHSD expression in gonads. F) 3bHSD expression in head kidney. G) StAR expression in head kidney. Significant
differences from control are indicated by *P , 0.1.
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and 11-KT, respectively [28, 29]. This indicates that sex-
specific regulatory pathways are involved in the steroido-
genic process. However, during sex differentiation in rain-
bow trout, no significant differences in CYP11A, 3b-HSD,
or CYP17 levels were observed [26], suggesting that sex
differences in steroidogenesis are more prominent in adult
fish.

The expression of both acFF1 mRNA and protein co-
incided with the highest plasma E2 and 11-KT levels during
the reproductive cycle (Table 1). Higher FTZ-F1 levels
have been observed in the pituitaries of maturing male and
female salmonids in response to GnRH [30, 31], and the
correlation between elevated 11-KT plasma levels and
acFF1 levels observed in the present study is in agreement
with an earlier observation on sockeye salmon [30]. This
indicates a link between acFF1, 11-KT, and E2 in males
and females, respectively, during the reproductive matura-
tion process.

Zebrafish FF1a has been shown to regulate expression
of the LHb subunit in synergism with E2 by binding to its
gene promoter [32], indicating a mechanistic relation be-
tween teleost FTZ-F1 and E2. Teleost FTZ-F1 has been put
forward as a likely candidate that works upstream of sev-
eral genes involved in steroidogenesis, and it has been sug-
gested that teleost FTZ-F1 may be involved in feminization
of developing testis in response to estrogen exposure [26].
The present study indicates that acFF1a and acFF1b levels
are repressed in the testis, but not in the ovaries, following
exposure to E2. This has been previously observed in rats
[23] and turtles [24], and could therefore be a conserved
vertebrate FTZ-F1 function. Although E2 resulted in down-
regulation of acFF1, E2 was observed to have no effect on
CYP11A, 3bHSD, or StAR. Expression of testicular
3bHSD has been previously shown to be down-regulated
by E2 in an all male populations of rainbow trout during
the period of sex differentiation [26]. However, in the same
study, the researchers observed down-regulation of
CYP11B and CYP17, whereas E2 had no effect on
CYP11A. Taken together, the differences observed in our
study and the previous studies indicate that both sex and
stage of life may affect the regulation of steroidogenic
genes in teleosts.

Following 11-KT treatment, testicular CYP11A was up-
regulated, whereas ovarian levels remained unaffected (Fig.
4C). A similar trend was also observed for 3bHSD, al-
though it was not supported by the statistical analysis. Con-
trary to the effect seen in testis, the expression of CYP11A
and 3bHSD was down-regulated by 11-KT in head kidney.
Previous studies have shown that 11-KT suppresses cortisol
levels in the interrenal cells in the head kidney of rainbow
trout [33, 34]. These results suggest that higher 11-KT lev-
els result in a general decrease in steroidogenic activity in
head kidney. Although SF-1 has been indicated to regulate
StAR in mammals, both ovarian CYP11A and StAR were
down-regulated by E2 in neonatal rats [35] without affect-
ing SF-1 levels, suggesting that SF-1 is not directly in-
volved in this down-regulation. The mechanism underlying
this down-regulation remains to be determined. However,
plasma E2 and 11-KT levels may affect secretion of go-
nadotropins, leading to up- or down-regulation of StAR,
CYP11A, or 3bHSD due to secondary effects after negative
feedback on the hypothalamic-pituitary axis. In the present
study, we did not observe a correlation between the down-
regulation of acFF1 and downstream genes after hormone
treatment. It is possible that this was due to the relatively
short-term hormone exposure. Hence, the up-regulation of

CYP11A expression in testis following 11-KT exposure
may be independent of acFF1, or at least not due to greater
transcription of acFF1 mRNA. Thus, the acFF1 isoforms,
CYP11A and StAR, are all up-regulated during reproduc-
tive maturation, and acFF1, CYP11A, and 3bHSD are sus-
ceptible to hormonal treatment, indicating reproductive in-
volvement.

The tissue distributions of CYP11A, StAR, and acFF1a
and acFF1b were determined, and observed to coexpress
in gonads and head kidney (Fig. 2A). Because these tissues
are the main sites for conversion of cholesterol into steroid
hormones, this colocalization supports a role for these en-
zymes in steroidogenesis. However, StAR transcripts were
also detected in liver (Fig. 2A). No function for StAR ac-
tion in liver has previously been suggested. Because the
liver is involved in cholesterol metabolism and StAR is an
intracellular transporter of cholesterol, the presence of
StAR in the liver may indicate that StAR is involved in
hepatic cholesterol metabolism. Although acFF1a and
acFF1b were coexpressed with StAR in liver, they were
also detected in the brain tissues both as mRNA and pro-
teins. Studies with mammals have shown that SF-1 regu-
lates high-density lipoprotein (HDL) receptor scavenger re-
ceptor class B type I [36, 37]. HDL plays a critical role in
cholesterol metabolism and has been suggested to deliver
cholesteryl esters to the liver and steroidogenic tissues. The
expression of acFF1 and StAR in liver may indicate that
these functions of SF-1 are conserved in teleosts.

In summary, the present study shows sex-specific regu-
lation of teleost FTZ-F1 and steroidogenic genes in re-
sponse to hormone treatment. A link between acFF1, StAR,
and CYP11A expression in the reproductive maturation
process is also suggested, as elevated acFF1 mRNA and
protein levels preceded greater transcription of both StAR
and CYP11A. Studies of mammals have shown that both
CYP11A and StAR are regulated by SF-1 [13–15, 38, 39].
They are also expressed to a greater degree during follicle
maturation [40], similar to the observations made in the
present study. Promoter studies are needed to establish
whether the up-regulation of StAR and CYP11A are due to
interactions with acFF1, because both genes may be regu-
lated by gonadotropins as well. Other researchers have
shown down-regulation of several steroidogenic enzymes
in male rainbow trout testis following E2 treatment [26].
Although we did not observe that effect in this study, a
and b forms of acFF1 were down-regulated and may ac-
count for downstream effects, either through indirect ac-
tions on the hypothalamus and pituitary, or directly through
promoter binding. Several in vivo and in vitro studies are
needed in order to understand the delicate regulation of
teleost steroidogenesis.
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