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ORIGINAL ARTICLE

Endothelin-1, endothelin-3 and their
receptors (endothelin, and endotheling) in
chronic renal transplant rejection in rats?

Abstract Endothelins (ET) are a
family of vasoactive peptides that
play an important role in several
disorders affecting kidneys. In this
study we investigated the expres-
sions of ET-1, ET-3, and their recep-
tors, ET, and ETy, in a rat chronic
renal transplant rejection model.
Renal allografts were performed
{F344 — Lewis) with bilateral ne-
phrectomy in recipients. For isograft
control, lewis — lewis transplanta-
tions were performed. All recipients
were sacrificed 140 days after trans-
plantation and the grafts were ana-
lyzed histologically. ET-1 and ET-3
protein expression in grafts was
measured by immunohistochemistry
and ELISA. Semiquantitative RT-
PCR methods were used for nRNA
levels of ET-1, ET-3, ET, and ETj.
No evidence of chronical rejection
was manifested in isografts. The al-
lografted rats showed proteinuria
and increased serum creatinine lev-
els. Histologically, renal allografts
showed atrophy and sclerosis of the
glomeruli, cortical scarring and vas-
cular intimal thickening. Immuno-
histochemically, ET-1 and ET-3

were localized in the convoluted tu-
bules, collecting ducts, endothelium
and smooth muscle celis of the large
blood vessels. Significantly in-
creased staining for ET-1 and ET-3
were found in allografts compared
to isografts. Simultaneously, ELISA
for ET-1 and ET-3 showed elevated
protein concentrations in allografts
compared to isografts. Allografts
showed significantly increased ET-
1- and ET-3 mRNA compared to
isografts. On the other hand, a sig-
nificant down regulation of the ET,
mRNA was noted, and the ETg
mRNA remained unchanged. The
data from the present study suggest
that alteration of ET system may be
of importance in the pathogenesis of
chronic renal transplant rejection.

Key words Endothelin-1 -
Endothelin-3 - Chronic renal
rejection - Rat renal transplantation

Abbreviations E7 Endothelin -
CyA Cyclosporine A - LEW Lewis
rat - F344 Fisher 344 rat - IFN Inter-
feron

Introduction

Due to its profound medical, financial and emotional
consequences chronic rejection is the greatest impedi-
ment to successful long-term graft survival. The main
histological feature of chronic rejection is an oblitera-
tive vasculopathy leading to development of glomerulo-

sclerosis and progressive end-stage organ failure. Sever-
al factors including immune response, perfusion failure,
hemodynamic alteration, endothelial damage, and in-
flammatory reaction may all in part be responsible for
its pathogenesis [27]. Many of these pathogenetic pro-
cesses may alter the production of vasoactive peptides
in the allografts. Vasoactive molecules like endothelin
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(ET) may play an important role in hypertension, is-
chemic-reperfusion injury, and possibly in pathological
changes associated with inappropriate vascular-cell pro-
liferation [31). However, the role of ET in transplant re-
jection has not been fully defined.

Four isoforms of ET (ET-1, ET-2, ET-3, and vasoac-
tive intestinal contractor) have been found in mammals
[28]. The ETs are a family of 21-amino acid peptides
with potent vasoactive properties [2]. In addition, ETs
are involved in morphogenesis, smooth muscle contrac-
tion and steroidogenesis [11, 14, 22]. The biological ef-
fects of ETs results from binding to several receptor sub-
types, two of which (ET, and ETg) have been cloned
from mammalian cells [24].The differences in tissue-
specific expression of the two receptors contribute to
the different actions of the endothelins [2].

In the kidney, both ET-1 and ET-3 are present, al-
though ET-1 is probably of greater importance [12, 24].
The physiological roles of ETs include vasoregulation,
mitogenesis, natriuresis and diuresis [12, 24]. It was dem-
onstrated that ET-1 elevates c-fos, c-jun and c-myc ex-
pression and extracellular matrix protein synthesis [16,
17}. Many of the studies of the role of ET in kidneys
have concentrated on ET-1, very few studies of ET-
3 have been reported. Circumstantial evidence exists for
the potential pathophysiological role of ET in several re-
nal abnormalities such as ischemia-induced acute renal
failure, cyclosporine A- (CyA) and FK506 nephrotoxici-
ty, radiocontrast nephrotoxicity, hepatorenal syndrome,
and polycystic kidney disease [7, 13, 24, 29, 32}.

It is known that elevated plasma levels of ET, found
in patients with renal insufficiency, return to baseline af-
ter successful renal transplantation [31]. Raised ET-1
blood levels were detected during vascular rejection in
association with reduced ET-1 immunostaining in the
endothelium [33]. In cellular rejection, where endothe-
lial cells are intact, no significant elevation of plasma
ET-1 was observed [32]. However, blood levels do not
reflect the true biological significance of ET well since
these peptides are rapidly cleared and only very high
concentrations are detected. Significant tissue specific
upregulation of ET-1 may occur without any detectable
alteration in plasma ET levels [30]. Local upregulation
of ET-1 gene and peptide was shown in a model of
chronic cardiac transplant rejection [30]. In kidneys,
the degree of glomerulosclerosis correlated with an in-
creased ET-1 expression in a non-transplant rat nephre-
ctomy model [3, 20]. Increased ET may cause smooth
muscle cell and mesangial proliferation and increase
matrix protein synthesis leading to graft arteriosclerosis
and glomerulosclerosis {24]. However, detailed long-
term studies of ETs and their receptors after kidney
transplantation are lacking. For this reason, the current
study was undertaken to evaluate the role of ETs and
their receptors in the pathogenesis of chronic renal
transplant rejection.

Materials and methods

Animals and treatments

The experiments were carried out in a well characterized model of
chronic transplant rejection [8]. The two strains of rats: Lewis
(LEW) and Fisher 344 (F344), were obtained from Jackson Labo-
ratories (Bar Harbor, Maine, USA) and housed at the animal care
facility, University of Western Ontario, London, Ontario in accor-
dance with guidelines established by the Canadian Council on An-
imal Care (1984). Only male rats weighing 250-300 g were used for
transplantation. Renal transplantations were performed using end-
to-end anastomosis between donor renal vessels and recipient ab-
dominal aorta and inferior vena cava. Ureteric reconstruction was
established by anastomosis between donor ureter and recipient
bladder [8]. The native kidneys were removed during the grafting.
Two groups (n = 10 for each group) of rats were investigated: the
isogenic LEW to LEW combination controlled the success of the
operation, and the allogenic F344 to LEW combination represent-
ed the rejection model. All LEW recipients with F344 allografts
were treated with a subtherapeutic dose of CyA at 1.5 mg/kg per
day for 10 days to prevent an initial acute rejection episode.

Tissue collection

In a pilot study, we established that after approximately 140 days of
follow-up, the animals develop histological changes consistent with
chronic rejection. This is in keeping with previous studies in this
model {1]. Therefore, 140 days after renal transplantation, the rats
were sacrificed and the kidneys removed. Three quarters of each
transplanted kidney was snap frozen in liquid nitrogen and was
stored at —80 °C until analysis. The remaining tissues were fixed in
10% neutral buffered formalin and embedded in paraffin. The se-
rum and urine of each individual rat was collected just before the
removal of the graft. Proteinuria were assessed using test strips
(URISCAN, Yeong Dong Co. Seoul, Korea).

Estimation of the creatinine levels in serum and urine samples

Creatinine assays were performed using a commercially available
test kit following instructions provided by the manufacturer (Sig-
ma Chemical Company, St. Louis, MO, USA)

Histological assessment

Five um thick sections were cut consecutively from the paraffin
embedded tissue blocks, mounted onto glass slides and used for
staining, Each specimen was stained with hematoxylin and eosin,
periodic acid schiff stain, and trichrome stain. Each section was as-
sessed for rejection and was given a score of rejection. The investi-
gator was unaware of the source of the specimen. All tissues were
analyzed independently by at least two investigators.

Immunohistochemical localization of endothelins

Immunohistochemical localization of ET-1 and ET-3 were per-
formed as described earlier by our group [6]. Briefly, sections
were deparaffinized and rehydrated followed by incubation with
3% H,0, with methanol for 30 min to remove the endogenous per-
oxidase activity. Sections were further incubated with 10 % normal
goat serum for 1 h, followed by incubation with polyclonal rabbit
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antiserum (1:400, Peninsula Laboratories, Inc., Belmont, Calif.,
USA) at 4 °C overnight. The specificity of the antibody was estab-
lished [6]. The sections were then washed in Tris-HCl buffer
(0.05 M, pH 7.6) and sequentially incubated with 1) biotinylated
goat anti rabbit IgG for 45 min at room temperature, and 2) perox-
idase-anti-peroxidase complex for 1 h at room temperature. The
sections were stained by immersing slides in  0.05%
3,3’diaminobenzidine tetrahydrochloride in the presence of
0.33 % hydrogen peroxide. All slides were counterstained with he-
matoxylin and 0.3 % ammonia water, dehydrated and mounted.

Enzyme immunoassay for ET-1 and ET-3

ETs were extracted from rat tissues according to the method of
Matsumoto et al. [15]. Briefly, approximately 0.5 g wet weight of
kidney homogenized with a polytron homogenizer for 60 s in 4 vol-
umes of 1 M acetic acid containing 10-pg/ml pepstatin (Sigma
Chemical Company, St. Louis, Mo., USA) and boiled for 10 min.
After centrifuging at 25,000 x g for 30 min at 4 °C, the supernatant
was collected and was applied to a Sep-pak C18 cartridge {Waters,
Mass., USA). The adsorbed peptides were eluted and lyophilized
for further assay. Competitive enzyme immunoassays for ET-1
and ET-3 were conducted according to the manufacturer’s guid-
ance (Peninsula Laboratories Inc., Belmont, Calif., USA). Equal
amount of samples or standards (50 pl each) was dispensed into
the immunoplate. Then, 25 pl of primary antiserum and 25 pl of
biotinylated peptide solution were dispensed into each well. The
immunoplate was incubated for 2 h at room temperature. After
that, the plate was washed with assay buffer and then incubated
with 100 ul of streptavidin-horse radish peroxidase (SA-HRP) so-
lution (1:2000) for another hour. After washing away excess SA-
HRP, TMB (3, 3’5, 5'Tetramethyl Benzidine Dihydrochloride)
was added as the substrate for HRP. Adding 100 pl of 2N HCL
into each well terminated the reaction. The absorbency at 450 nm
of the immunoplate was recorded.

RNA isolation and quantitative RT/PCR

TRIZOL reagent (Canadian Life Technologies Inc. Burlington,
Ontario, Canada) was used to isolate RNA from the kidney. Fol-
lowing homogenization, RNA was extracted with chloroform, re-
covered from the aqueous phase by precipitation with isopropyl al-
cohol and suspended in DEPC-water. First strand cDNA synthesis
was performed using the Superscript-II system (Canadian Life
Technologies Inc. Burlington, Ontario, Canada). The resulting RT
products were stored at 20 °C.

The polymerase chain reaction was carried out using previously
described methods by our laboratory [5]. The rat GAPDH mRNA
was used as a housekeeping gene for the PCR reaction. In order to
define the optimal amplification conditions, a series of pilot studies
was performed using various amounts of RT products from 0.25 to
2 ug RNA and 20 to 40 cycles of PCR amplification. A set of repre-
sentative data showing the linear amplification of the ETs is in
Fig.3. The following conditions were established as standard for
the PCR reactions: RT products from 1 ug RNA, 2.5 U Taq poly-
merase, 1 x PCR buffer, 1.5 mM MgCl,, 250 uyM dNTP mix, 1 uM
of each primer. Thirty cycles of amplification were chosen in a final
volume of 50 pl for ET-1, ET-3 and GAPDH. Forty cycles were
used for amplification for ET, and ETy in a final volume of 30 pl.
The amplification was carried out as follows: the initial cycle for
3 min at 94 °C for denaturation, 1 min at 54 °C for annealing, and
3 min at 72 °C for extension. Subsequent cycles of PCR were per-
formed under the following conditions: denaturation, 45s at

94 °C; annealing, 45 s at 54 °C; and extension, 1 min at 72 °C and
7 min for final extension.

The amplification products were analyzed on a 2.5% agarose
gel in 1 x TAE buffer. 10 ul of each PCR product was loaded in
each lane and electrophoresed at 100 volts for 90 min and visual-
ized with UV light following ethidium bromide staining. Subse-
quently, the PCR products were transferred from the gel onto ny-
lon membranes. Hybridizations were performed with biotinylated
amplification product-specific oligoprobes [5]. The detection was
carried out using a NBT/BCIP system.

No amplification products were found when dH,O was used in
the RT-PCR reaction for each set of primers. Quantitation of the
PCR products was carried out by serial dilution slot-blot hybridiza-
tion and densitometry of the products from the upstream of ampli-
fication onto nylon membranes using the same oligoprobes as pre-
viously described [8]. The membranes were analyzed by a Hewlett-
Packard 4 C scanner and using Mocha software (Jandel Scientific,
California, USA). The densitometric values were calculated as ar-
bitrary units per ug of total RNA.

Statistical analysis

Statistical evaluation of data was performed by the unpaired stu-
dent t-test using the Graphpad Instat statistical packages (Graph-
Pad Software, San Diego, Calif., USA). Statistical significance
was chosen for P < 0.05. All results were presented as mean + stan-
dard error (SE).

Results

Most (90 % ) of the allograft recipients and all of the iso-
grafted animals survived for 140 days. Treatment with
the conventional immunosuppressive agent CyA for
the first 10 days in allografted rats prevented early loss
of renal allografts. Such grafts, however, develop func-
tional and morphological changes of chronic rejection.
Serum creatinine levels were significantly raised
(2.03 + 0.6 mg/dl for isografts vs. 4.42 + 2.7 mg/dl for al-
lografts, P < 0.05), while urine creatinine levels were
significantly decreased (100.2 + 46.4 mg/dl for isografts
vs. 44.1 + 24.3 mg/dl for allografts, P < 0.05) in allograft-
ed animals compared to isografts, suggesting an im-
paired renal function of the allografts. Allografted ani-
mals showed presence of proteinuria in the range of
20 g/l or greater compared to less than 1 g/l in the iso-
grafts.

Characteristic morphological chronical rejection in
the rat was observed in most (87.5%) allografted rats
(Table 1). Fifty percent of the allografts showed glomer-
ular loss and glomerulosclerosis. Hyelinization and vas-
cular intimal thickening was present in 87.5% of the
cases. More than 60 % of atlografts showed tubular atro-
phy and tubulitis. The majority (87.5%) of allografts
contained interstitial monocyte infiltration and fibrosis
that were prominent in cortical region.

On the other hand, isografted kidneys were devoid of
morphologic features that were characteristic for chron-
ic rejection (Table 1). Only minor changes, such as tubu-
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Table 1 Histology in rat transplanted kidneys

ISOGRAFT  ALLOGRAFT
(n=9) (n=8)
Glomerular
Glomerular loss 0/9 (0%) 4/8 (50%)
Atrophy/sclerosis 0/9 (0%) 5/8 (62.5%)
Vascular
Endothelitis 0/9 (0%) 2/18 (25%)
Hyalinization/intimal 0/9 (0%) 7/8 (87.5%)
Thickening
Tubular
Atrophy 2/9 (22%) 5/8 (62.5%)
Tubulitis 0/9 (0%) 518 (62.5%)
Interstitial
Monocytes infiltration 3/9(33%) 7/8 (87.5%)
Fibrosis 0/9(0%) 6/8 (75%)
Cortical scarring (fibrosis}) 0/9 (0%) 7/8(87.5%)

litis and interstitial monocyte infiltration, were ob-
served in 20 % of the isografted kidneys.

Immunohistochemically, both ET-1 and ET-3 were
present in the isografts at relatively low levels. ET-1
was found in the proximal and in low concentration in
the distal convoluted tubules, endothelium and smooth
muscle cells of the large blood vessels (Fig.1). The dis-
tribution of ET-3 immunoreactivity was similar to that
of ET-1, except that in the glomeruli ET-3 was stronger
in the epithelial cells whereas ET-1 protein expression
was stronger in the endothelial cells (Fig.1). The mesan-
gial cells showed low immunoreactivity for both pep-
tides. In addition, the collecting ducts showed positive
immunoreactivity for both peptides. Increased immuno-
expression of ET-1 and ET-3 were observed in the allo-
grafted kidneys, but the distribution of immunoreactivi-
ty was similar compared to that of isografts. Similarly,
increased immunoreactivity of ET-3 was found in the al-
lografts, mostly in the vascular smooth muscle cells and
tubular cells. It is of interest to note that sclerotic vessels
in the allografts showed further increased ET-1 and ET-
3 expresston in the areas of sclerosis (Fig.1).

Sandwich enzyme immunoassays for ET-1 and ET-3
revealed that ET-1 was the predominant peptide in rat
grafted kidneys. The concentrations of ET-1 were
109 + 40 and 331 + 54 pg/g wet tissue for isografts and
allografts, respectively showing a three-fold increase in
ET-1 expression was noted (P < 0.05, Student t-test).
The concentrations of ET-3 in rat grafted kidneys were
at the low range (040 pg/g wet tissue) of the ELISA
standard. They were 20.71 + 1.52 and 34.35 + 3.50 pg/g
wet tissue for isografts and allografts, respectively. The
ET-3 expressions in allografts were significantly elevat-
ed as compared to that in isografts (P < 0.05).

In order to define the optimal linear amplification
conditions for each primer set, a series of pilot studies
were performed using various amounts of RT products

and different cycle numbers of PCR amplification. The
levels of the mRNA expression of ET-1, ET-3 were sig-
nificantly raised in allografts compared to isografts
(P < 0.05), as shown in Fig.3. On the other hand, a sig-
nificant downregulation of ET, mRNA was noted in
the allografts compared to isografts. The ET; mRNA
expression remained unchanged between the allografts
and isografts (Figs.2, 3).

Discussion

The results of solid organ transplantation have been
consistently improving as a result of better tissue typing,
refined surgical techniques, and good immunosuppre-
sive drugs. However, a significant portion of grafts will
eventually fail due to chronic rejection [27]. Chronic re-
nal allograft rejection has been defined as a progressive
functional deterioration occurring months or years after
engraftment. Both immunological and nonimmunologi-
cal factors have been associated with chronic rejection
[8, 10, 27]. Despite different factors that may contribute
to the rejection, the pathological lesions remain consis-
tent, including glomerulopathy and vascular abnormali-
ties. Here we have reproduced an animal model in
which histological lesions of chronic rejection as demon-
strated in the rat model were observed [8]. The allo-
grafted animals showed significantly high serum creati-
nine levels and proteinuria that indicating impaired re-
nal function. It is however to be noted that the serum
creatinine levels in isografts were relatively high, sug-
gesting some degree of renal injury in the isografts as
previously described in this model [8].

In this study, we have shown that ET-1 is the predom-
inant peptide isoform in the kidney. However both pro-
tein and mRNA of ET-1 and ET-3 were detected and
found to be elevated in the allografts. Immunohisto-
chemically ET-1 was present in isografted tubular epi-
thelial cells, vasculature and glomerular epithelial cells.
This distribution is similar to what has been reported
previously by Wilkes et al. [34]. Similarly, immunoreac-
tive ET-3 was found in collecting ducts, glomeruli, and
tubules and in the vasculature. Within the glomeruli,
the immunoreactive ET-1 was predominantly localized
in endothelial cells, whereas the ET-3 immunoreactivity
was more prominent in epithelial cells. This heteroge-
neous distribution of ET-1 and ET-3 in kidneys suggests
that the two peptides may be involved in different renal
functions.

We have demonstrated significantly increased ET-1
and ET-3 immunoreactivity and mRNA expression in
allografted kidneys compared to the isografts. Previous
studies have shown that in acute vascular rejection,
there was a significant increase in the serum ET-1 level
with reduced ET-1 immunoreactivity of the endotheli-
um of renal vasculature [33]. On the other hand in acute
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Fig.1 Sections of rat kidneys with a Trichrome stain showing
abundant collagen deposits in the glomeruli and interstitial fibrosis
in an allograft. b ET-1 immunoreactivity in the tubule and in the
glomerular endothelium (arrow) in an isograft ¢ ET-1 immunore-
activity in an allograft showing strong positive immunoreactivity
in the endothelial cells (open arrow) and in the tubules (arrow)
d ET-3 immunostain, showing intense immunoreactivity in the epi-

thelial cells of the glomerulus of an allograft (arrow). e An artery
from an allograft with elastic-trichrome stain showing segmental
intimal proliferation. Open arrow Elastic fiber indicating the inter-
nal limiting membrane). f High power view of an artery from the
allograft showing intense immunostaining of ET-1 in the neointi-
mal lesion (arrow head) compared to the weak immunoreactivity
in the relatively normal area (left side)
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ISOGRAFT ALLOGRAFT

ET-1
(499bp)

ET-3
(383bp)

ET-A
(546bp)

ET-B
(475bp)

GAPDH
(712bp)

Fig.2 Representative southern blot following RT-PCR amplifica-
tion of ET-1, ET-3, ET,, ETg, and housekeeping GAPDH
mRNA expression from isografted and allografted kidneys

cellular rejection, there was increased intragraft ET-1
expression [33]. Other studies have shown that ET-1 im-
munostaining intensity correlated with glomerular dam-
age of human acute allografts rejection [18]. The pres-
ence of chronic CyA toxicity also lead to a reduced en-
dothelial ET-1 staining [33].

The present study has further demonstrated that, in
the renal allografts with chronic transplant rejection,
ET, mRNA was downregulated as compared to the iso-
grafts. There was no significant difference of ETy
mRNA expression in allografts as compared to those in
isografts. Our result of concurrent upregulation of ET
peptides and downregulation of ET receptors is in
agreement with the notion that ET is regulated through
an autocrine/paracrine fashion. Although our results
may suggest that substantial ET related effects in this
model have been mediated through ETy receptor, ET,
receptor blockade has been sucessful in attenuating
transplant glomerulopathy [21]. Alteration of ET recep-
tor expression has been reported in several pathophysi-
ological conditions and possibly contributes to disease
processes. {19, 23]. These results suggest that compo-
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Fig.3 Quantitative data following slot-blot densitometry of the
RT-PCR products for ET-1, ET-3, ET,, ETj, and housekeeping
GAPDH mRNA expression from isografted and allografted kid-
neys. (* P < 0.05 compared to each other)

ARBITRARY UNITS / ug RNA

nents of ET system may play different roles in various
pathological conditions, leading to the development of
renal failure.

The important role of ETs in chronic rejection has
further been shown in a recent study in which inhibition
of ET synthesis prevented chronic cardiac allograft re-
jection [26]. It is of interest to note that in the allografts,
the hyperplastic neointima exhibited intense staining in
the smooth muscle cells for both ET-1 and ET-3. In con-
trast, the media of uninjured sections of the vessels ex-
hibited reduced immunoreactivity when compared with
the neointima. This finding suggests that upregulation
of ET expression is associated with the development of
vascular obliteration seen in the chronic allograft rejec-
tion. In a recent study on human chronical renal al-
lograft rejection, increased neointimal ET-1 has been
demonstrated [25].

However, factors that mediate the increased expres-
sion of ET-1 and ET-3 in the rejection lesions are un-
known. Possibly ET peptides are induced by a variety
of cytokines which are released as part of the immune
response of the recipient to the allograft. Infiltrating ac-
tivated mononuclear cells secrete a variety of cytokines
[4, 9], which may act synergistically to cause increased
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ET-expression depending on their temporal interplay
[31]. However, further studies are needed in determin-
ing which factor, or factors, are specific in triggering
the ET secretions by donor tissue in transplant vasculop-
athy and chronic rejection.

The exact role(s) of ET peptides in chronic rejection
processes remain unclear, although previous studies in
animal models and in humans with chronic allograft re-
jection implicate the mitogenic and vasopressor actions
of ET peptides in transplant vasculopathy. The elevated
ET-1 and ET-3 may cause vasoconstriction and decrease
renal plasma flow and glomerular filtration rate [12, 24].
ET has been shown to interact with other potent vasoac-
tive substances such as nitric oxide and possesses a posi-
tive feedback regulatory action on nitric oxide synthesis

[24, 28]. The long-term effects of ET-peptides may be on
those cellular changes requiring differential gene ex-
pression. All these mechanisms may in part be responsi-
ble for the production of chronic rejection.

In summary, we have demonstrated that kidney allo-
grafts treated with subtherapeutic dose of CyA develop
renal functional abnormalities and lesions characteristic
of chronic rejection in rats. This chronic rejection has
been found to be associated with increased endothelins
both at the protein and mRNA levels. In addition, the
ET, receptor has been found to be downregulated
whereas the ETy receptors remain unchanged. These
results show that the ET system is altered during chronic
rejection, and that ETs may play an important role in
the pathogenesis of chronic renal transplant rejection.
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