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Abstract

Wereport production of a polyclonal antibody against the StAR (steroidogenic acute regulatory)
protein of steroidogenic cells and immunohistochemistry (IHC) staining of bovine adrenal gland tissue
available in paraffin block. The epitope-specific polyclonal antibody was produced in a rabbit
immunized against a synthetic 26 amino acid peptide (82AMQRALGILKDQEGWKKESRANGDE107)
derived from the coding sequences reported for the bovine StAR gene (Gene Bank Accession No.
Q28918). Western blots were developed using the StAR-specific peptide antiserum with an alkaline-
phosphatase-conjugated anti-rabbit 1gG second antibody chromogenic system. The antiserum was
found to be highly specific for StAR, which exhibited an estimated molecular weight of about 30 KDa for
all species analyzed. Finally, the peptide antiserum was successfully employed to localize StAR protein
by immunohistochemical staining of thin sections prepared from bovine adrenal gland tissue. Thisstudy
isthe first to report a polyclonal peptide antiserum that apparently recognizes native StAR protein,
regardless of the species of origin. The successful production of the antibody has provided a useful tool

for studying regulation of StAR protein.
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Introduction

Steroidogenesisisthe processin which specialized
cellsin specific tissues synthesize steroid hormones.
An example of an important class of steroid hormones
is the adrenal glucocorticoids which regulate
carbohydrate metabolism and manage the stress
response. Other examples of steroid hormonesinclude
the ovarian progesterones and estrogens, which regulate
reproductive function and secondary sex characteristics
in the female. The testicular androgens are essential
for fertility and secondary sex characteristics in the
male. Although the steroid hormones have distinct
functions, their biosynthetic pathways are identical in
the initial stages (11, 25).

The biosynthesis of steroid hormones is
regulated by such pituitary trophic hormones as
adrenocorticotropin (ACTH) and luteinizing hormone
(LH). In all steroidogenic tissues, the initial step in
steroidogenesis is the conversion of cholesterol to the
first steroid, pregnenolone (14, 18). The rate-limiting
step controlling steroidogenesis is the steroidogenic
acute regulatory protein (StAR) protein-mediated
translocation of cholesterol from the cholesterol-rich
outer mitochondria membrane to the chol esterol-poor
inner membrane, which is where the cholesterol side
cleavage enzyme (P450scc) is located (7).

StAR, aphosphoprotein expressed in steroidogenic
cells, isessential for thischol esterol transl ocation process.
Since the cloning of StAR in 1994, the importance of
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Fig. 1. Amino acid sequences comparison for chicken (C), pig (P), rat (R), bovine (B), and mouse (M) StAR protein. Amino acid
sequences were derived from gene coding sequence data deposited in Gene Bank. Shaded boxes indicate contiguous; totally

conserved regions of amino acid sequence within the protein.

this protein in hormonally regulated steroid biosynthesis
has been confirmed by many investigators (15).

Orem-Johnson and his colleagues identified a
group of mitochondrial 30 KDa phosphoprotein that
appeared in adrenal cells stimulated with ACTH and
gonad cells stimulated with LH (20, 23). Theinduction
of this protein could be blocked by protein synthesis
inhibitors, and its presence was directly correlated
with steroidogenesis. Theidentical protein wasfound
in 8-dibutyryl-cAMP-stimulated MA-10 mouse
Leydig cells by Stocco and his colleagues. Indeed,
therole of StAR in cholesterol translocation has been
the subject of several reviews that can be examined
for a more comprehensive summary of studies
performed to date (21-24).

The adrenal cortex produces the glucocorticoid
cortisol and the mineralocorticoid aldosterone under
the control of regulatory systemsthat largely function
independently. The cortex is divided into 3 distinct
zones-the outer zona glomerulosa, the middle zona
fasciculata, and the inner zona reticularis-defined by
different cellular arrangements. These zones are
functionally distinct, i.e., mineralocorticoids are
synthesized in the zona glomerulosa, glucocorticoids
are produced by the zona fasciculata reticularis, and
androgens are synthesized in the zonareticularis (18,
19, 27, 28). The steroidogenic acute regulatory protein
shuttles cholesterol to the inner mitochondrial
membrane. The production of cortisol in the zona
fasciculata occurs in 5 steps: cleavage of the
cholesterol side chain by the cholesterol desmolase
enzyme cytochrome CYP11A1 (P450scc) to yield
pregnenolone; conversion of pregnenolone to
progesterone by 3[3-hydroxysteroid dehydrogenase
with accompanying D5,4-isomerization; and
successive hydroxylations at the 17a, 21, and 11f3
positions, each mediated by a distinct cytochrome
P450, resulting in cortisol. Cortisol is synthesized
under thetrophic control of ACTH and in turn regul ates
ACTH synthesis in the pituitary gland by means of a

negative feedback loop (10, 17).

The main methodologies for the assay of StAR
protein expression in steroidogenic tissue or cells are
Western blotting and immunohistochemistry. Thisis
necessary primarily for the determination of rodent or
mammal StAR protein. However, the antisera and
antibodies employed in these assays exhibit varying
degrees of species-specificity that constrains their
application to accurately measure StAR protein in
samples obtained from a broader range of animal
species. The purpose of this work was to produce an
antiserum that would be useful in the immunological
detection of StAR protein without concerning its
speciesof origin. To do thiswe compared the published
amino acid sequences derived from the coding
sequences for all reported StAR genes and determined
unigue of conservation (Fig. 1). We selected a specific
sequence of bovine StAR protein and synthesized a
26 amino acid peptide against which a polyclonal
antiserum was produced by immunizing rabbits with
a KLH-conjugated peptide antigen. Our results,
reported here, detail the application of this polyclonal
peptide antiserum in the detection of native StAR
protein from the expression response in adrenocortical
cells stimulated by ACTH or cAMP and the different
animal species.

Materialsand M ethods
Peptide Synthesis and Antiserum Production

Peptide synthesis and antiserum production
were conducted according to standard and proprietary
protocols. A peptide corresponding to a portion of
the bovine StAR protein sequence
(82AMQRALGILKDQEGWKKESRANGDE107) was
synthesized using a solid phase support and FMOC
chemistry. The C-terminal of thispeptidewas conjugated
to 8 branches of multiple antigenic peptide (MAP).
TheMAP-peptide conjugatewas purified by gel filtration
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chromatography and freeze-dried. After reconstitution
in deionized water, the conjugate was mixed with either
compl ete (SigmaF-5881) or incomplete Freund adjuvant
(Sigma F-5506) just before immunizing the 2 New
Zealand white rabbits. Twelve separate injections of
the peptide-M AP conjugate were made for each rabbit
at 2-week intervals. Each injection was divided among
multiple subcutaneous sites and delivered a total of
0.1 mg of peptide. Theinitial immunization was given
in Freund compl ete adjuvant and all subsequent (booster)
immunizations were given in Freund incomplete
adjuvant. Blood (yielding 25-30 ml of serum per rabbit)
was collected prior to immunization and at 2-week
intervals commencing on the seventh week following
the initial immunization. Serum antibody titer
(determined by ELISA using the peptide antigen) rapidly
rose to 1:10,000 and remained at that level throughout
the ensuing immunization period (12).

I mmunohistochemistry

Adrenal gland samplesobtained from bovinetissue
wasfixed overnight in 10% formalin solution, embedded
in paraffin, sectioned at 5 pm, and the sections were
mounted on poly-L-lysin coated glass slides. Following
deparaffinizationin xylene, tissue sectionswasrehydrated
by passing them through decreasing concentrations
of ethyl alcohol to Tris-buffer saline. Endogenous
peroxidase activity was eliminated by incubating the
sections for 15 min in methanolic H>O,. Nonspecific
binding was blocked with normal goat serum, followed
by 3 hours, incubation with anti-StAR peptide antiserum
(1:1000 dilutions). Immunoreactive StAR protein was
visualized with an avidin-biotin-enhanced horseradish
peroxidase method (Vector Laboratories, Burlingame,
CA, USA) using diaminobenzidine as the substrate,
followed by a light nuclear counter-stain with Gill
hematoxylin.

Culture of Adrenocortical Cells

Bovine adrenocortical tissue was prepared from
adrenal gland of cow collected at the local ablator.
Primary zona fasciculata reticularis (ZFR) cellswere
isolated from sliced bovine adrenocortical tissue as
previously described and were plated at density of 1
x 10° per plate on a 100-mm diameter cell culture dish
(Corning® 430167) for both protein and cortisol assay
studies. After plating, cells were maintained for 48
hoursin M 199 medium containing 5% v/v fetal bovine
serum ( Life Technologies, Inc. Carlsbad, CA, USA),
100 1U penicillin, 100 pg/ml streptomycin, 5 mg/ml
insulin and 200 mM L-glutamine at 37°C under 95%
air/5% CO,, with one medium change after 24 hours,
and then for a further 0, 1, 4, and 24 hours in M199
medium without serum and antibiotics as above, using

adifferent dose of ACTH (donated from the NIDDK)
in the same medium.

Gel Electrophoresis and Western Blotting for SAR
Protein Expression

Total protein of cell lysates were denatured by
boiling for 5 min in loading dye (0.125 M Tris-base,
4% SDS, 0.001% bromophenol blue, 12% sucrose,
and 0.15 M dithiothreitol). Total protein (20 pg) in
the sample was separated on 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) at 60 V for 15 min
and then at 100 V for 1 h using the running buffer.
Theproteinsinthegel wereelectrophoretically transferred
to polyvinylidene difuoride (PVDF) membrane (NEN
Life Science Products, Inc., Boston, MA, USA). Using
aTrans-Blot SD semi-dry transfer cell (170-3490, Bio-
Rad, Hercules, CA, USA) at 64 mA (for 8 mm x 10
mm membrane) for 45 min in a blotting solution.

The membranes was washed in PBS-T buffer
(0.8% NaCl, 0.02% KCI, 0.14% Na-HPQO,4, 0.024%
KH,PO,4, and 0.1% Tween-20, pH 7.4) for 5 min and
then blocked by blocking buffer (PBS-T buffer containing
10% nonfat milk powder) at 4°C overnight. Then the
membranes were incubated with anti-StAR protein
antiserum (1:5,000), B-actin monoclonal antibodies (1:
10,000) and 10% nonfat dry milk in PBS-T buffer for
2 hours at room temperature. After one 15 min wash
andthree 5 minwasheswith PBS-T buffer, themembranes
were incubated for 1 hour in horseradish peroxidase-
conjugated goat anti-rabbit 1gG (1:5,000 dilutions) and
horseradish peroxidase-conjugated goat anti-mouse IgG
(1:5,000 dilutions) in 10% nonfat dry milk of PBS-T
buffer. The membrane was washed 4 to 5 times with
PBS-T buffer, and then the bands for StAR protein and
[B-actin were visualized by chemiluminescence (ECL,
Western bl otting detection reagent, Amersham Pharmacia
Biotech, Arlington Heights, IL, USA).

Analysis of Chemiluminescence Western Blot Data

Quantification of chemiluminescence signal data
on X-ray film (Kodak) were performed as follows:
chemiluminescence pseudoautogradiograms were
photographed by means of a digital camera (Kodak
DC290 zoom). Quantification of imageswas performed
according to the 1D limited edition software, and the
StAR protein signals were normalized to the -actin
signal.

Enzyme Immunoassay for Cortisol

A valid competitive enzyme immunoassay for
cortisol was established in our laboratory using
polyclonal antibody (6). Briefly, 50 ul of diluted test
medium and 150 pl of cortisol-horseradish peroxidase
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Fig. 2. Representative Western blotting for serous dilution
(1000x%, 2000%, 5000x and 10000x) of anti-StAR
polyclone antiserum after 4th immunization. Screening
well was loaded with 20 g total protein of bovine luteal
cell lysates.

were added to 96 wells of an EIA plate (Costar 9018)
coated with polyclonal antibody. After incubation at
room temperature for 15 min and washing with
phosphate buffer saline (PBS) twice, the color was
developed in 200 pl of 2.2 mM o-phenylenediamine
in 0.003% H,O, at room temperature for 30 min. The
reaction was stopped by 50 pl of 8 N sulphuric acid.
Absorbance at 490 nm was compared with a cortisol
standard curve. The variation coefficient within and
between assay were approximately 7% and 10%,
respectively, and the sensitivity was 0.5 ng/ml.

Satistical Analysis

Each experiment was repeated for a minimum
of three times and the mean and standard error (SE) of
one experiment with identical resultswas used to express
the concentration for each determination. Measurements
of cortisol were expressed as ng/ml/10° cells. The
effect of hormonal stimulation and dose response of
ACTH or 8-Br-cAMP on cortisol content were analyzed
using analysis of variance (ANOVA), followed by
Duncan’ s multiple comparison. P < 0.05 values greater
than this significant.

Results
High Titer of Polyclonal Antibody

A high-titer polyclonal peptide antiserum was
produced in rabbits. This antiserum recognized an
epitope containing a specific amino acid sequence (82
to 107) found in the StAR protein. After the fourth
immunization, the antiserum was obtained from rabbit.
By using serous dilution of antiserum, we detected
the titer of polyclonal antiserum. With the Mini-
PROTEAN II (Bio-Rad) multiscreen apparatus, we
screened different dilution times of antiserum. We
found that when the antiserum is diluted 10,000 times,
it still can clearly detect the major band in 30 KDa,
which is shown in Fig. 2. Although raised against a

Fig. 3. Anti-StAR polyclonal antiserum specifically recognized
amajor band in 30 KDa StAR proteins in different
speciesof steroidogenic cells. A: bovineadrena cells; B:
porcine adrenal cells; C: caprine luteal cells; D: duck
granulosa cells.
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Fig. 4. Anti-StAR polyclonal antiserum specifically recognized
an about 30 KDato 37 KDa StAR proteins in different
tissues of rat from the steroidogenic tissues from testis,
ovary, and adrenal gland or another non-steroidogenic
tissue such askidney, spleen, liver, lung, heart, and brain.

MAP-conjugated peptide antigen, this antiserum
recognizes StAR protein in Western blot assay and
immunohistochemistry staining for a number of
different species tested to date, including bovine, pig,
goat, duck, and rat (shown in Fig. 3), and the specific
major band was recognized in 30 KDa.

Specific Reorganization of AR Protein in Cellular
Lysates from Different Species

A single protein band with an apparent molecul ar
weight of 30 KDa was detected in cell extracts from
bovine adrenal cells (positive control), pig adrenal cells,
goat luteal cells and duck granulosa cells (Fig. 3).
Incubation of abovine adrenal cell samplewith antiserum
that had been pre-absorbed with the immunizing peptide
did not result in detection of any protein (datanot shown),
which indirectly demonstrates that the antibody was
specific and no proteins were detected by the second
antibody. In other experiments, a protein with identical
mobility was present in different cellular extracts from
adult male rat testis and female rat ovary (Fig. 4).
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Fig. 5. H&E and immunohistochemistry staining of StAR protein in bovine adrenal tissue. All slides were photographed at 200x
magnification. (A) H&E staining, (B) and (C): the StAR protein located in the cortex, (D) counter staining.

SAR Protein Expression in Different Tissues of Rat

The major band of StAR protein shown in Fig. 4
used the StAR polyclone antiserum that were hybridized
to different tissues of the protein from therat. The rat
testis, ovary, and adrenal cellular lysates displayed
messages similar in sizein these steroidogenic tissues. No
specific major hybridization could be detected in kidney,
spleen, liver, lung, heart, and brain. The antibody for
StAR hybridized with the expected major band of rat testis,
ovary, and adrenal gland at 30 KDa, but this message was
not present in kidney, spleen, liver, lung, heart, and brain
(1, 16). However, the minor band message was
considerably weaker than what was found in spleen, liver,
and heart. StAR protein inthe same 2 isoformswas present
inrat testis, ovary, and adrend gland. Theminor band was
slighly larger, and when present, it was less than 10% of
the major band. It is highly likely that this larger-
molecular-mass band is the approximate 37 KDa
precursor protein of StAR previously observed and
described in MA-10 and rat adrenal cortex cells. We
estimate that the major band migrated at 30 KDa and the
minor band at approximate 37 KDa. The 30 KDaproteins
were shown to be derived from a 37 KDa precursor
synthesized in the cytoplasm and then imported into
mitochondriaand processed to the 30 KDaforms (2, 4, 5).

I mmunohi stochemistry on Bovine Adrenal Gland

In order to know the mechanism of steroid
hormone biosynthesis, thelocalization of StAR protein
was studied in bovine adrenal gland by light aswell as
electron microscopic immunohistochemistry. In this
study we performed immunohistochemistry staining
of bovine adrenal gland sections with our anti-StAR
antibody. Samples of the staining of various cells are
shown in Fig. 5. IHC for all of these studies was
done by using standard protocol as described in the
Materials and Methods section. With light microcopy,
the cytoplasm of the glomerulosa and fasciculata-
reticularis cells were intensely immunostained by
anti-StAR antibody, but the capsular connective tissue
cells were entirely negative for this reaction. The
present resultsindicate that the StAR protein is present
in the cytoplasm of bovine adrenal cortical cells (8, 9,
28).

Effect of ACTH or cAMP on the Protein Expression of
SARin Bovine Adrenal Cells

Total cellular protein was also prepared from
similar cultures of non-stimulated and stimulated cells.
The cells were subjected to Western blotting using a
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Fig. 6. Doseresponse or time course of ACTH or CAMP on the StAR protein expression in bovine adrenal cells. Bovine adrena cells
were incubated with different doses (0, 1, 10 and 100 ng/ml) of ACTH or (0, 1, 10 and 100 uM ) of 8-Br-cAMP at 37°C for
30 min (A, B). Bovine adrenal cellswere incubated with ACTH (10 ng/ml) or cAMP (10 uM) at 37°C for 15, 30, 60 and 240
min (C, D). Then the cells were collected and analyzed by Western blotting. Each well was loaded with 20 ug total protein of

sample.

newly developed anti-StAR polyclonal antibody. The
endogenous StAR protein in bovine adrenocortical
cellswas expressed astranslocations one size, as shown
previously for bovine luteal cells and adrenocortical
cells. After treatment of adrenocortical cells with a
different dose of 8-Br-cAMP and ACTH, it displayed
arapid increase in the relative amount of the StAR
protein in this cell culture system. This increase was
already detectable after 10 ng/ml ACTH and 10 pM 8-
Br-cAMP of stimulation, compared with the untreated
control, and reached a 3-fold increase at 100 ng/ml
ACTH and 100 uM cAMP of treatments. Additional,
the increase was already detectable after 30 min of 10
ng/ml ACTH treatment. The time course of changes
in StAR protein levelsin the 2 cell systems stimulated
with ACTH and cAMP were similar, with a first
detectable increase at 30 min, and maximum levels
being maintained throughout 240 min or somewhat
longer (Fig. 6).

Cortisol Secretion of Bovine Adrenal Cells by ACTH or
cAMP

The cortisol secretion by bovine adrenal cells at

30 min of incubation with a different dose of ACTH
or 8-Br-cAMP is shown in Fig. 7. In the absence of
ACTH or cAMP stimulation (basal), the basal cortisol
concentration was very low. However, either ACTH
or cCAMP stimulated cortisol secretion above basal
levels, yet there was a dose response. This means that
the bovine adrenal cells culture system was useful in
this situation. In this culture system there was a dose
response and progression in cortisol synthesis in
responseto ACTH and cAMP. The effect of ACTH or
CAMP on cortisol synthesis by bovine adrenal cellsis
shown in Figs 7A and 7B. The addition of ACTH at
10 ng/ml and 100 ng/ml induced a 3- and 4-fold increase
versus basal concentration, in cortisol synthesis,
respectively, after 30 min of incubation. The effect of
the added cAMP as second messenger to stimulate
cortisol synthesis by bovine adrenal cellsis shown in
Fig. 7B. cAMP stimulation at 10 uM and 100 pM
induced 10- and 30-fold increases versus basal
concentration, in cortisol synthesis, respectively after
30 min of incubation. The time-course of the addition
of ACTH 10 ng/ml or cAMP 10 uM to stimul ate cortisol
secretion displayed a significant increase at 30 min.
These results are shown in Fig. 7.
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Fig. 7. Thestimulation effectsof (A) ACTH (0, 1, 10 and 100 ng/ml) or (B) cAMP (0, 1, 10 and 100 pM) on cortisol secretion by bovine
adrenal cells. Bovine adrena cells were incubated with ACTH or cAMP at 37°C for 30 min. Bars with different letters were
significantly different compared with the value at basal = 0 (P < 0.05). Each bar represents mean + standard error (S.E.).

Discussion

Using standard techniques for antiserum
production, we successfully produced a polyclonal
antibody against the StAR protein. The specificity of
this StAR antibody was tested via immunoblot with
whole cell lysates from different steroidogenic cells
of different species. More importantly, we have
demonstrated that this antibody can be used in the
immunoblot and immunohistochemistry staining of
many different steroidogenic cells or tissues (2, 10).
By choosing a peptide within StAR amino acid
sequences conserved between species, we have
produced a polyclonal antibody that recognizes the
protein in different species.

The antibody was used successfully for both
Western analysis and to localize the StAR protein in
fixed bovine adrenal gland section. The detection of
a single or double band with an apparent molecular
size of 30 KDa to 37 KDa in steroidogenic tissue
extracts of testis, ovary, and adrenal gland is consistent
with the reported size of the protein (26). We were
also able to examine adrenal specimens from bovine
adrenal gland. The intensity of the immunopositive
signal in adrenocortical cells was marked, and
endothelial cells lining the blood vessels and other
connection cells were immunonegative (13, 26). The
StAR protein expression is high in the adrenal gland,
which makes it the tissue of choice for the advanced
study of StAR regulated function (3).

In the present study we examined ACTH or cAMP
stimulation on the expression of StAR protein; its
expression level displayed dose and time-courseresponse
upon treatment with ACTH or cAMP. We found that

the adrenal cells became strongly immunopositive 30
min after stimulation with ACTH (10 ng/ml) or cAMP
(10 pM), and accumulated StAR protein by increased
incubation time. The adrenal cellsisolated from bovine
adrenal gland also secreted cortisol inresponseto ACTH
or CAMP treatment (17).

In conclusion, we have developed a new
polyclonal antibody, specific for StAR protein, which
gives clear immunoblot band with low background on
Western blotting from a wide range of species
including tissues from bovine, porcine, caprine, duck,
and rodent specimens. This antibody enhances our
understanding of the regulated function of StAR
protein in steroidogenesis research.
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