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Abstract—Endothelin-1 (ET-1) could play arolein the regulation of aldosterone secretion of the human adrenal gland. The
presence of the endothelin-converting enzyme 1 (ECE-1) and ET-1 suggeststhat thereisalocal ET system in the adrenal
cortex, but the in situ synthesis of ET-1 remains to be confirmed. The cellular distribution of the whole ET system was
evaluated in 20 cases of aldosterone-producing adenomas. Polymerase chain reaction studies gave strong signals for
ECE-1 mRNA and the mRNAs for endothelin type A (ET,) and B (ETg) receptors and faint signals for prepro—ET-1
mRNA. In situ hybridization showed ET, receptors scattered throughout the adenoma, in both secretory cells and
vascular structures (score, +). There were more ETg receptors (score, ++), but they were restricted mainly to the
endothelium. ECE-1 mRNA and protein were ubiquitous and abundant in secretory cells (score, ++ +) and vascular
structures (score, ++); the enzyme was active on big ET-1. There was no prepro—ET-1 mRNA in the cortex, except
in the thickened precapillary arterioles present in only 30% of the adosterone-producing adenomas studied. ET-1
immunoreactivity was detected in vascular structures (score, +), probably bound to receptors, suggesting that ET-1 has
an endocrine action. The low concentrations of ET-1 could also indicate that it acts in a paracrine-autocrine fashion to
control adrenal blood flow. The discrepancy between the concentrations of ECE-1 and its substrate suggests that ECE-1
has another role in the adrenal secretory cells. Our data indicate that ET probably is not a primary cause of the
development or maintenance of the adenoma. (Hypertension. 2001;38:1137-1142.)
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ndothelin-1 (ET-1) is one of three 21-amino acid pep-
tides, the ETs (ET-1, ET-2, and ET-3), that mediate a
broad spectrum of biologic actions, such as the regulation of
endocrine secretion. It also is involved in specific vascular
lesions and inflammatory conditions (primary and malignant
hypertension).2 The ETs act on 2 distinct high-affinity G
protein—coupled receptors, endothelin type A (ET,)2 and type
B (ETg),* and are synthesized aslarge precursor polypeptides,
the prepro-ETs, which are cleaved at 2 pairs of basic amino
acids to generate intermediate peptides, the big ETs. The big
ETs are then cleaved by an endothelin-converting enzyme
(ECE), initidly purified from bovine adrena cortex,5 to
produce the mature ETs. Two human ECE genes have been
cloned, ECE-16 and ECE-2,7 and they are 59% identical.
ET-1 wasfirst found in the vascular endothelium,g but it is
also present in endocrine tissues, such as the adrenal gland,®
where it may mediate the adrenocortical responseto ACTH.0
Large amounts of ECE-1 mRNA and protein have been found
in the human adrenal gland, with the highest concentrationsin
the zona glomerulosa and fasciculata.* Both ET receptor
subtypes and ET peptides are found in the human adrena
gland.® The mRNAs for ET,, ETg, and prepro-ET-1

(PPET-1) have aso been detected by Northern blotting,®
RT-PCR,2 and immunohistochemistry.1® Quantitative analy-
sis of the binding of *I-ET-1 by autoradiography together
with the use of selective ligands showed that ETg receptors
are present through the entire adrenal cortex, whereas ET,
receptors are restricted to the zona glomerulosa.4

Compelling evidence indicates that the ET components in
the normal adrenal gland could play arolein the regulation of
this gland. Severa reports suggest that ET-1 isimplicated in
steroid hormone secretion. Exogenous ET-1 influenced adre-
nal function in human volunteers by selectively increasing the
ACTH-induced secretion of aldosterone,*s and alimited study
showed that patients with hypertension due to primary aldo-
steronism had abnormally high levels of plasma ET-1.16

Conn's syndrome is a major cause of primary hyperaldo-
steronism due to an aldosterone-producing adenoma (APA)
in 1 adrenal gland. The APA is histogenetically derived from
the zona glomerulosa cells** which form the proliferative
layer involved in the maintenance of growth of the entire
adrenal cortex in mammals and the presence of both ET
receptors in APAs.1317 Thus, ET-1 may help to regulate the
growth of the adrenal cortex.
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This study was conducted to elucidate the pathophysiolog-
ical significance of ET-1 in APA adrenal glands, as ET-1 is
shown to be the predominant mature isoform in the human
adrenal gland.’2 We looked for mRNASs that encode al the
components of the ET system in human APA and immuno-
reactive ET-1 and ECE-1 to determine whether there is a
complete local ET system in the human adrenal cortex or
whether ET-1 is supplied by the blood.

M ethods

Human Tissues

Human adrenal tissue was obtained from patients (n=20) undergoing
unilateral adrenalectomy for Conn's syndrome by the COMETE
network in accordance with French laws. The patients included 11
middie-aged women and 9 middle-aged men. The adenomas
weighed 3.1to 16.8 g. A small piece of each specimen was frozen for
RNA extraction, and the remainder was fixed in 4% buffered
paraformaldehyde, for =24 hours, before processing.

RNA Isolation and RT-PCR

Total RNA was isolated from frozen adrenal cortex according to the
protocol of Chomczynski and Sacchi.’® cDNA was prepared with
5x10° g total RNA and 15 pmol/L oligo(dT) with Moloney murine
leukemia virus reverse transcriptase (GIBCO BRL) in 50 ulL
according to the manufacturer’s instructions. PCR was performed
using 3 wL cDNA solution and specific primers for ECE-1,1°
PPET-1,20 ET,,3 and ETg* receptors and GAPDH,2! as previously
described.22 Amplified products were analyzed on 2% agarose gel.

In Situ Hybridization

Radiolabeled riboprobes for PPET-1, ECE-1, ET,, and ETz mRNAs
were prepared and used with deparaffinized sections (5 um).22 The
processed sections were exposed for 2 weeks with ECE-1, for 4
weeks with ET, and ETg probes, and for 6 weeks with PPET-1
probes and counterstained with toluidine blue.

Immunohistochemistry

Paraffin was removed from embedded sections (5 um) with xylene,
and the sections were rehydrated in a graded ethanol series. Their
endogenous peroxidase was inactivated with 3% hydrogen peroxide
in methanol for 10 minutes before incubation with monoclonal
antibodies to CD31 (DAKO), a-smooth muscle actin (a-SMA)
(DAKO), and ET-1 (IHC 6901; Peninsula Laboratories) according to
the manufacturer’s instructions. The specific antiserum 473-17-A23
was used for ECE-1. Sections were then reacted with an avidin-
biotin complex (ABC; DAKO), treated with 0.035% diaminobenzi-
dine (Fluka) and counterstained with hematoxylin (according to
Mayer). Control reactions without primary antibodies showed no
nonspecific staining (not shown).

The ET-1 antibody used was specific for human ET-1 but
cross-reacted (76%) with human big ET-1 according to the manu-
facturer. However, we tested the antibody to determine whether it
recognized receptor-bound ET-1 by using stable transfected Chinese
hamster ovary (CHO) cell lines embedded in paraffin. These were
CHO/PPET-1/ECE-1 cells, which secrete human ET-1, and CHO/
ETg cells, which produce human ETg receptors. Briefly, cells were
grown to confluence, scraped off, collected by centrifugation, fixed
with 4% paraformaldehyde, and embedded in paraffin. Cultures of
CHO/ETg grown to confluence were incubated with 20 nmol/L ET-1
for 30 minutes at 4°C and processed as described earlier.

The results of in situ hybridization (ISH) and immunohistochem-
istry (IHC) are summarized on a 4-point scale (Table), although the
techniques used provide only semiquantitative data.

ECE Extraction and Activity

Membranes were prepared at 4°C from 80 mg of APA.23 Big ET-1
was converted to ET-1 by incubation of the solubilized membranes
(50 to 200 wg protein) with 0.1 umol/L big ET-1 for 30 minutes at
37°C. The specificity of the ECE enzymatic activity was checked
with phosphoramidon, a zinc metalloprotease inhibitor. The mixture
was assayed using a commercia enzyme immunoassay kit (Cayman
Chemical Co) to quantify ET-1.

Results

ET System in APAs

Tissue samples from 20 patients of the COMETE network
were analyzed, and the results shown are representative of all
the cases. Histological examination of the specimens revealed
a cortical adenoma in al cases; the appearance was hetero-
geneous, with a predominant hyperplasic zona glomerulosa
(not shown).

RT-PCR of frozen tissue gave strong amplification of
ECE-1 in al samples, low amplification of ET, and ETg
mRNAs, and little or no amplification of PPET-1 (Figure 1).

The distribution of each component of the ET system in
adrenocortical adenomas was determined by 1SH. The results
were in agreement with the RT-PCR data. Figure 2 is
representative of the 20 APA samples studied. Dark-field and
bright-field microphotographs of labeling with each ribo-
probe showed diffuse ET, receptor mRNA (Figure 2a and
2b), a high concentration of ETg receptor mRNA mainly on
the framework of the secretory cells (Figure 2c and 2d),
clumps of intense ECE-1 mRNA hybridization (Figure 2e and
2f), and no specific signal for PPET-1 mRNA (Figure 2g and
2h). ET, mRNA labeling was stronger in the compact cells
than in the lipid-rich cells (Figure 2b), whereas ECE-1

Cellular Distribution of the Endothelin Components

PPET-1 ECE-1
ETa ETg
Cell Type mRNA mRNA mRNA Protein mRNA Protein
Secretory + - - - +4+ NS
Endothelial s ++ —* + ++ +
Smooth muscle + ++ - + + +

For each endothelin component, — indicates no labeling; +, low labeling; + +, moderate labeling;
+++, high labeling in the vast majority of cells in the designated population; *, labeling only in
scattered cells; and 1, no labeling except in the 6 samples in which thickened precapillary arterioles

were found.

Amounts of mRNA were evaluated from ISH studies and amounts of proteins from immunohisto-
chemistry. The average values are representative of the 20 specimens examined and are consistent
among specimens when comparisons were carried out separately for each probe.
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Figure 1. Components of the ET system in APAs. ET, and ETg
receptors, ECE-1, PPET-1, and GAPDH mRNAs were detected
by RT-PCR using the specific primers described previously22
and total RNA from the 20 frozen adrenal cortex samples. Only
5 samples are shown in Figure 2. Thirty cycles of amplification
gave each gene at the expected size: 675 bp (ET,), 400 bp
(ETg), 341 bp (PPET-1), 622 bp (ECE-1), and 649 bp (GAPDH).
The molecular weight markers shown on the right are A/Hindlll,
$X174 DNA/Haelll.

mRNA was concentrated in glomerular lipid-rich cells but
sparse in the adjacent compact zona glomerulosa-like cells
(Figure 2f). ETz mRNA labeling was intense in the zona
glomerulosa but weak in the zona fasciculata and mainly
confined to capillaries running among tumor cells (Figure
2d). Sense probes yielded no labeling in any tissue (not
shown).
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Figure 2. Localization of the ET system in APAs. ISH was per-
formed on sections of adrenal cortex from the 20 patients with
the antisense probes for ET, (a and b), ET; (c and d), ECE-1 (e
and f), and PPET-1 (g and h). Photographs representative of the
20 samples studied are shown in dark-field illumination (left) and
in bright-field illumination (right). ET, mRNA was found in com-
pact cells of the zona glomerulosa (arrow, a) and ETg mRNA in
vascular structures (arrow, c). ECE-1 mRNA labeling was ubiqui-
tous and intense, and no specific signal for PPET-1 mRNA was
detected. Scale bar 50 um.
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Figure 3. Cellular distribution of ET, and ETg receptor mRNAs in
APAs. ISH with the antisense probe for ET, (a) and ETg (b)
receptors. Microphotographs representative of the 20 samples
studied are shown in bright-field illumination. Immunohisto-
chemistry was performed with anti-aSMA (c) (smooth muscle
cell marker) and anti-CD31 (d) (endothelial cell marker) antibod-
ies to identify the cells labeled with the ET, and ETg probes. ET,
mRNA labeling was found in secretory cells (arrow) and smooth
muscle cells (arrowhead), and ETg mRNA labeling was found
mainly in endothelial cells (arrow) and smooth muscle cells
(arrowhead). Scale bar 20 um.

Céellular Distribution of the ET System in APAs
Figure 3 shows the cellular distribution of receptor transcripts
in APAs. Semiquantitative evaluation was performed on the
20 samples (Table). ET, mRNA (Figure 3a) was found in
secretory cells (score, +), in the smooth muscle layer of
arteries, and in a few smooth muscle cells (score, +)
surrounding arterioles that stained for a-SMA (Figure 3c). In
contrast, ETs mRNA (Figure 3b) was found mainly within the
network of capillary sinusoids, with high concentrations in
endothelial cells (score, ++) that stained for CD-31 (Figure
3d) and in a-SMA-—positive cells adjacent to the vessels
(score, ++) (Figure 3c). Secretory cells were occasionally
labeled.

We tested a specific anti—-ET-1 antibody. The ET-1 anti-
body labeled CHO/PPET-LECE-1 cells producing ET-1
(Figure 4a) and CHO/ET; cells incubated with ET-1 (Figure
4c) under the same conditions as those used for the APA
sections, but not CHO/ETg cells aone (Figure 4b). The
antibody did not react nonspecifically with untransfected
CHO cells (Figure 4d). Thus, the antibody labeled cells
synthesizing ET-1 as well as cells binding ET-1.

Figure 5 shows the cellular distribution of ECE-1 (Figure
5a and 5b) and PPET-1 (Figure 5c to 5f). There was a strong
signal for ECE-1 mRNA in several cell types, mainly secre-
tory cells (score, +++) (Figure 5a) and some endothelial
cells (score, ++) (Table). ECE-1 immunoreactivity corre-
lated perfectly with the ISH results, confirming the high
concentration of the enzyme (Figure 5b). No signal for
PPET1 mRNA was found in any structure (Figure 5c).
However, ET-1 immunoreactivity was found in endothelial
cells (score, ++) (Figure 5d), showing a discrepancy be-
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tween the de novo synthesis of PPET-1 and the presence of
ET-1 peptide.

Only 6 samples of APA adrenal cortex presented a strong
labeling for PPET-1 mRNA (Figure 5€), which localized to
the thickened wall of some precapillary arterioles character-
ized by Lack et a.2* The high concentration of PPET-1
mRNA was correlated with ET-1 immunoreactivity (Figure
5f). The thickened capillary arterioles also had ECE-1 in their
endothelial and perivascular cells and ET, in the smooth
muscle cells (not shown).

ECE-1 Activity in the APA Adrenal Cortex
Solubilized membranes were prepared from a sample of APA
adrenal cortex, and the enzymatic properties of ECE-1 were
measured. The enzyme activity converted 0.1 uwmol/L big
ET-1at arate of 3.7 pg - min~* - mg protein~* and was >90%
inhibited by phosphoramidon.

Discussion

We examined the role of the ET system in endocrine glands.
Patients with Conn’s syndromes were studied because their
tumors arise from the zona glomerul osa of the adrenal cortex.
The high concentrations of human ECE-1 mRNA and its
protein in the adrenal gland! suggest that ECE-1 is involved
in other systems, such as the regulation of hormone secretion,
rather than simply generating ET-1 from its precursor.

Figure 4. ET-1 immunoreactivity. ET-1 immunohis-
tochemistry was performed in paraffin-embedded
specimens of stable transfected CHO/PPET-1/
ECE-1 cells (a), CHO/ET; cells (b), CHO/ETg cells
incubated with ET-1 for 30 minutes at 4°C (c), and
untransfected CHO cells (d). CHO/PPET-1/ECE-1
cells contained ET-1 that was recognized by the
antibody (arrow, a). No immunoreactivity was
detected in CHO/ETjg cells (b) or in untransfected
CHO cells (d). In contrast, ET-1 incubated with
CHO/ETg and bound to ETg receptors was recog-
nized by the anti-ET-1 antibody (arrrow, c).

We tested this notion by determining the amounts and the
cell-specific distributions of the ET system in human APAS.
The adrenal cortex of APAs contains high concentrations of
ECE-1 and ET receptor mRNAs, but PPET-1 mRNA is not
easily detected. The Table summarizes the cellular localiza-
tion of the components of the ET system, showing that
secretory cells contain ET, mRNA and ECE-1 mRNA and
protein, whereas the vascular structures contain both recep-
tors, ECE-1 mRNA and protein, as well as ET-1 peptide
probably associated with the receptors. To our knowledge,
this is the first report of the cellular distributions of PPET-1,
ET,, and ET; mRNASs in the human adrenal.

The distribution of ET receptor mRNAs determined by
ISH is in good agreement with previous results of autoradi-
ography that could not elucidate the type of cells showing the
binding.24 ET-1 acts as secretagogue for calf adrena zona
glomerulosa cells?> and is trophic for rat adrenal zona
glomerulosa cells.26 These authors suggested that ET-1 could
be the factor that causes enhanced aldosterone secretion in
APAs. The decreasein ETg receptors reported by Rossi et al2”
and Zeng et a'” could cause the higher plasma ET-1
concentrations described by some,16 as ETz may also function
as aphysiological clearance receptor for extracellular ET-1.28
Lariviere et al2° suggested that the increased ET-1 content is
due to its involvement in the maintenance of high blood
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Figure 5. Cellular distribution of PPET-1 and ECE-1 mRNAs in
APAs. ISH with the antisense probes for ECE-1 (a) and PPET-1
(c and e). Microphotographs representative of the 20 APA sam-
ples studied are shown in bright-field illumination. Immunohisto-
chemistry was performed with the anti-ECE-1 (b) and anti-ET-1
(d and f) antibodies. There was intense ubiquitous labeling for
ECE-1 mRNA and protein, whereas no specific labeling was
detected for PPET-1 mRNA (c). However, strong ET-1 immuno-
reactivity was found in endothelial cells (arrow, d). Thickened
precapillary arterioles were found in 6 of the 20 samples and
contained PPET-1 mRNA (arrow, €) and ET-1 (arrow, f). Scale
bar 20 um.

pressure in mineralocorticoid hypertension. The vascular
distribution of both ET receptors, plus the presence of ET, in
some secretory cells, supports the proposal of Hinson et al©
that ET-1 regulates adosterone secretion in the adrena
glands in a paracrine fashion.

ET-1 is involved in adrenal steroid secretion, but its
cellular origin remains unclear. RT-PCR of whole APA
cortex resulted in afaint band for PPET-1, in accordance with
published reports, 227 athough PPET-1 mRNA has been
detected in dispersed and purified human adrenocortical
cells.2031 However, we detected no PPET-1 signal on secre-
tory cells containing ECE-1 by I SH. One possible explanation
is that the low level of transcription is not detected by ISH.
Otherwise, RT-PCR amplified PPET-1 mRNA from a con-
taminant vessel of the capsule, or the technique used to
disperse adrenocortical cells activated the transcription of
PPET-1. Immunohistochemical studies are somewhat incon-
sistent about the distribution of ET-1 immunoreactivity.
Some reports are in agreement with the present report, with
ET-1 immunoreactivity confined to endothelia cells.12 Oth-
ersfound it in parenchymal cells,3213 although it was recently
demonstrated that the immunoreactive protein is ET-1-ike
and is a different size than PPET-1 or ET-1.33

Our experiments with cell lines showed that the anti—ET-1
antibody we used recognized both endogenous ET-1 and
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ET-1 bound to its receptor, suggesting that the discrepancy
between ISH and IHC is due to the detection of ET-1 bound
to ETs. A recent report showed that internalized ET-1-
stimulated ET, receptors are rapidly recycled to the mem-
brane, whereas internalized ET; receptors with almost irre-
versibly bound ET-1 are degraded more slowly.3* This would
explain why receptor-bound ET-1 immunoreactivity was seen
only on ETg-labeled cells and not in ET, receptors.

The presence of PPET-1 in the thickening of the walls of
the precapillary arterioles of patients with a lymphocytic
vascularitis®* is not surprising because this gene is very
sensitive to shear stress and hypoxia and its transcription is
enhanced in the majority of vascular diseases (see Miyauchi
and Masaki? for a recent review). The presence of ECE-1 in
secretory cells in APAs might not be a hallmark of ET-1
biosynthesis but indicates an alternative function of ECE-1.
Johnson et a5 recently showed that ECE-1 has a broad
enzymatic activity for substrates other than big ETs, some of
which are present in the adrenal cortex.

We conclude that ET-1 is not synthesized de novo in the
human adrenal. The presence of ET within endothelia cells
of adrena capillaries could aso indicate very low levels of
newly synthesized ET-1. This would be consistent with a
paracrine-autocrinerole for ET-1 in controlling adrena blood
flow, as proposed by Davenport et a.’2 However, severa
guestions remain unanswered, such as the function of the
surprisingly large amount of ECE-1.
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