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ORIGINAL ARTICLE

BQ-123, a specific endothelin (ET,)
receptor antagonist, prevents
ischemia-reperfusion injury in kidney

transplantation

Abstract We studied the effects of
the specific endothelin (ET,) recep-
tor antagonist, BQ-123, on reperfu-
sion injury in a rat model of kidney
transplantation. First, Sprague-
Dawley rats were divided into three
groups: a sham nephrectomy
(SNEPH), an autotransplantation
(AUTO-Tx), and an allotransplan-
tation (ALLO-Tx) group. In a
fourth group, ALLO-Tx + BQ, allo-
grafts were flushed with 20 ug BQ-
123 containing cold Ringer’s lactate
before transplantation. For the al-
lograft groups, kidneys from white
Wistar albino rats were transplanted
into allogeneic Sprague Dawley re-
cipients. Grafts were allowed

120 min of reperfusion after 40 min
of cold ischemia. ET-1,2 plasma
concentrations in the renal venous
blood, and kidney tissue prostaglan-
din (PG) E, and leukotriene (LT) B,
levels were studied. Diene conju-
gates (DC), hydroxyalkanals
(HAA), hydroxyalkenals (HAE)
and malondialdehyde (MDA) lev-
els, as the products of lipid peroxi-
dation, and protein carbonyls (PC)
and protein sulphydryls (PS), as the
parameters of protein oxidation,
were also analyzed in the kidney tis-
sue. Plasma ET concentrations in-
creased significantly in the AUTO-
Tx and ALLO-Tx groups (£ < 0.05
and P < 0.01, respectively) but this

increase was reversed in the ALLO-
Tx + BQ group. None of the lipid
peroxidation products except DCs
(P < 0.05) increased in the AUTO-
Tx group, whereas they all increased
in the ALLO-Tx group (P < 0.01).
Protein oxidation parameters also
changed significantly (P < 0.01) in
the ALLO-Tx group but did not in
the AUTO-Tx group (P < 0.05). The
differences in PGE, and LTB, levels
were not significant. Histopatho-
logic examination revealed promi-
nent glomerular and tubular injury
in the AUTO-Tx and ALLO-Tx
groups but less in the ALLO-

Tx + BQ group. In the last group, all
parameters of lipid peroxidation

(P < 0.001 for all) and PCs de-
creased, and PSs were preserved

(P < 0.001 for both) when compared
with the AUTO-Tx and ALLO-Tx
groups. We conclude that BQ-123,in
addition to inhibiting the binding of
ET-1,2 to the ET, receptor, may
also inhibit the release and/or syn-
thesis of ET-1,2 and prevent reper-
fusion injury in kidney transplanta-
tion.
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123, reperfusion injury
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Introduction

Ischemic renal damage poses a serious problem for the
subsequent fate of kidneys harvested for renal trans-
plantation. Free oxygen radical generation has been im-
plicated as a major mediator in ischemia-reperfusion in-
jury [14, 31], which also occurs following revasculariza-
tion of the cold-preserved and transplanted organs. Li-
pid peroxidation and protein oxidation products have
been shown to be reliable indicators of free oxygen rad-
ical-generated injury [15, 47]. Lipid peroxidation and
protein oxidation result in structural and functional cell
damage [10, 16, 19, 23]. Endothelial cells produce free
oxygen radicals with or without adherence of neutro-
phils to the vascular endothelium, which has been rec-
ognized as an important functional unit involved in the
regulation of vascular smooth muscle tonus through the
release of various local factors including arachidonic
acid metabolites [i.e., prostacyclin (PGI,), thromboxane
(Tx) A, and leukotriene (LT) B,], nitric oxide (NO),
and endothelins (ET) [50]. Endothelial cells also play a
significant role in the regulation of immunological reac-
tivity [17] and modify the inflammatory response by reg-
ulating the expression of the adhesion molecules that
bind to neutrophil integrins and mediate neutrophil in-
filtration [13]. In addition, previous work on the mecha-
nisms of reperfusion injury has shown that ETs increase
after warm ischemia-reperfusion injury [1, 11, 42] and
that they have an important role in vascular rejection af-
ter kidney and liver transplantation [21, 32, 49]. Endo-
thelins are a family of 21-amino-acid peptides composed
of three isopeptides — ET-1, ET-2, and ET-3 — having
profound cardiovascular, mitogenic and neuroregulato-
ry functions [11]. The renal vasculature is several times
more sensitive to the constrictor effects of ET peptides
than other vascular regions [35]. At least two, and possi-
bly three, types of ET receptors have thus far been iden-
tified and are referred to as ET,, ETy and ET [40]. A
number of agonists and antagonists of ET receptors
have been developed. The recently produced ET, re-
ceptor antagonist BQ-123 has been shown to antagonize
the vasoconstrictor effects of ET-1 in vitro and in vivo
[20, 37].

The purpose of the present study was to investigate
the role of ETs in a rat model of renal auto- and allot-
ransplantation following cold ischemia. It was also hy-
pothesized that the endothelin receptor antagonist
(ETRA) BQ-123 might reverse the detrimental effects
brought about by ETs after renal transplantation.

Materials and methods

Animals and surgical procedures

Studies were performed on 16- to 20-week-old male Sprague-
Dawley rats as recipients and white Wistar albino rats weighing
280-350 g as donors {obtained from DETAM Research Center
of Istanbul University). Animals were kept in a light- and temper-
ature-controlled room. They were fed rat chow and had free ac-
cess to water. After an overnight fast, the rats were anesthetized
with intraperitoneal ketamine hydrochloride (10 mg/kg; Sterop-
overseas, Brussels) and the internal jugular vein was catheterized
using a 24-gauge polytetrafluroethylene catheter (Angiocath).
All subjects were treated with 80U of heparin (Liquemine,
Roche) in 3 ml of saline intravenously. After skin preparation
with Betadine, a midline abdominal incision was made and the
bowel was retracted to the right; the left kidney, with its artery
and vein up to the junctions with the aorta and vena cava, was dis-
sected free. The collaterals were ligated and cut. The ureter was
ligated distally and cut at its entry into the bladder. The donor
left kidney was flushed through the renal artery with 4 cc of ice-
cold Ringer’s lactate containing 1 % heparin until the kidney be-
came uniformly pale and the perfusate clear before transplanta-
tion. The harvested kidney was transplanted orthotopically with
the telescoping technique, as described previously [12]. The donor
kidney was covered with swabs soaked in ice-cold saline and kept
cool for the duration of the vascular anastomoses. All trans-
planted animals underwent right nephrectomy at the end of the
procedure.

Animals were randomly placed into four experimental groups.
The sham nephrectomy (SNEPH) group (n = 10) was subjected to
denervation by mobilization of the left kidney; then, right nephrec-
tomy was performed. The AUTO-Tx group (n = 10) underwent au-
totransplantation and, thus, the kidney was exposed to surgical
trauma and cold ischemia-reperfusion injury. In the ALLO-Tx
group (n = 10) and in the ALLO-Tx + BQ group (n = 10}, left kid-
neys of donor Wistar albino rats were prepared as described above;
then, orthotopic allogeneic transplantations were performed. In
the ALLO-Tx+ BQ group, 20 ug BQ-123 (gratefully obtained
from Takeda Labs, Japan) was added to the 4-cc ice-cold Ringer’s
lactate flush solution prior to transplantation.

The transplanted kidney was allowed 120 min of reperfusion,
during which time Ringer’s lactate was infused (10 ml/kg) to keep
the animals hemodynamically stable. Animals with incomplete re-
perfusion and bleeding or vascular complications and those ex-
posed to cold ischemia for longer than 45 min were excluded from
the study.

At the end of reperfusion, animals were anesthetized with ket-
amine (2 mg/kg) intravenously and relaparotomy was performed.
After cannulation of the renal vein with 24-gauge Angiocath,
blood was withdrawn and plasma was immediately separated for
ET assay. Finally, animals were sacrificed by performing pneu-
mothorax, and kidney tissue samples were obtained for the analy-
sis of lipid peroxidation, protein oxidation, and prostaglandin
(PG) E, and LTB, tissue levels, as well as for histopathologic ex-
amination. For the latter, tissue samples were kept in 10 % forma-
lin solution and the rest were snap-frozen in liquid nitrogen imme-
diately and stored at —78 °C until processing.

Histopathologic examination
Hematoxylin and eosin-stained sections were examined and gra-

ded systematically in a blinded fashion. Glomerular and tubuloin-
terstitial changes were considered separately from vascular chan-
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ges and graded as mild, moderate, or severe using a semiquantita-
tive method based on the intensity of the infiltrate [22].

Plasma ET concentrations were analyzed by radioimmunoas-
say. An endothelin-1,2 assay kit was purchased from Amersham
International (UK). Tissue PGE, and LTB, levels were deter-
mined as described previously [2, 46].

Lipid peroxidation assay

Lipids were extracted from the homogenates with chloroform/
methanol and the liquid phases were removed. Lipid residues
were then dissolved in cyclohexane in order to obtain a lipid con-
centration of 100 ug/ml, and their spectra (225-260 nm) were re-
corded against a cyclohexane blank using a Schimadzu UV 2100
double-beam scanning spectrophotometer. Second derivatives of
the spectra were measured at 233 and 248 nm, denoting trans, trans
and cis, and trans conjugates, and their sum was used for quantita-
tion of diene conjugates, which were expressed as nmol/uM phos-
pholipid (nmol/uM PL) [7].

Carbonyl content measurements were performed by incubating
the lipid extracts with 2,3-dinitrophenylhydrazine for 2 h with oc-
casional mixing. After centrifugation, the dinitrophenylhyrazones
present in the supernatant were extracted with dichloromethane.
The absorbances at 350 and 380 nm were recorded separately,
each denoting different groups of aldehydes other than malondial-
dehyde (MDA), i.¢., hydroxyalkanals (HAA) and hydroxyaiken-
als (HAE), respectively [8]. The results were expressed as nmol
carbonyl/uM phospholipid (nmol/uM PL) using the extinction co-
efficient 25,500 M~' em!.

Thiobarbituric acid reactive substance and MDA of tissue ho-
mogenates were measured as described previously and were given
as nmol/g tissue [6].

Protein oxidation assay

Protein carbonyls (PC) were determined by a modification of the
procedure described by Levine etal. [29]. Protein precipitates
were left to react with 2,4-dinitrophenylhyrazine for 1 h with occa-
sional mixing. After the reaction, proteins were precipitated with
20 % trichloroacetic acid and unreacted dye was washed out. The
pellets were dissolved in 1 M NaOH and absorbances at 360 nm
were recorded. The results were expressed as nmol/mg protein, us-
ing an extinction coefficient of 22,000 M~ cm™'. Protein sulfhydryls
(PS) were determined according to a modification of the Ellman
procedure and expressed as pmol/g tissue, assuming an extinction
coefficient of 13,000 M~ cm™ at 412 nm [4].

Statistical analysis

Results were evaluated using a one-way ANOVA test, and the dif-
ferences among the groups were analyzed with Dunn’s test, except
for ET values. For the latter, the nonparametric test was used and
differences among the groups were analyzed with the Kruskal-
Wallis test. All values are expressed as mean + standard deviation.

Results

Histopathologic examination revealed no global necro-
sis, macrophage infiltration, or vascular inflammation
in any of the kidney tissues in the experimental groups.

Endothelin-1,2 (pg/ml)
»

Auto-Tx Allo-Tx Allo-Tx +

BQ123
Fig.1 Increased ET levels in the AUTO-Tx and ALLO-Tx groups
(P <0.05 and P <0.01) significantly decreased in the ALLO-
Tx + BQ group (P < 0.05 for both)

Sham neph. '

In the auto- and allotransplantation groups, mild to
moderate glomerular polymorphonuclear leukocyte in-
filtration, glomerular congestion and, in some, patchy
focal glomerular necrosis with morphological injury to
the proximal and distal tubular lining cells in a spectrum
up to cytolysis were determined. However, tubular
changes, in particular, were quite mild in the allotrans-
plantation group in which the donor kidneys were flu-
shed with BQ-123.

Endothelin-1,-2

The mean ET levels were 3.2+ 1.0, 5.7+ 1.4, 7.4 +4.5,
and 3.4 £ 0.3 pg/ml in the SNEPH, AUTO-Tx, ALLO-
Tx, and ALLO-Tx + BQ groups, respectively (Fig.1).
The difference between AUTO-Tx and ALLO-
Tx + BQ was not significant, but the ET levels were
found to be significantly elevated in both when com-
pared with the SNEPH group (P <0.05 and P <0.01,
respectively). The decrease in the ET levels in the
ALLO-Tx + BQ group was significant when compared
with the AUTO-Tx and ALLO-Tx groups (P <0.05)
but was not different from that in the SNEPH group
(P >0.05).

Lipid peroxidation

Diene conjugates (DC), the first phase products, and
hydroxyalkanals (HAA), hydroxyalkenals (HAE) and
malondialdehyde (MDA) levels, the late phase products
of the carboxylation, are presented in Figs.2 and 3, re-
spectively. The difference between the SNEPH and the
AUTO-Tx groups was significant only in DC levels
(P < 0.05). All lipid peroxidation parameters were sig-
nificantly elevated in the ALLO-Tx group when com-
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Fig.2 As the beginning products of lipid peroxidation, DC levels
significantly increased in the AUTO-Tx and ALLO-Tx groups
(P <0.05 and P <0.01) compared to the SNEPH group. The de-
crease in the ALLO-Tx + BQ group was very significant when
compared with the AUTO-Tx and ALLO-Tx groups (P < 0.001
for both)
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Fig.3 As the end products of lipid peroxidation, HAA, HAE, and
MDA levels increased significantly (P <0.01) in the ALLO-Tx
group when compared with the SNEPH group, and the decreases
in the ALLO-Tx + BQ group were also significant when compared
with the AUTO-Tx and ALLO-Tx groups (P <0.001)

pared with the SNEPH group (P < 0.01), and those were
not found to be significant when compared to the
AUTO-Tx group (P > 0.05). In the allotransplanted kid-
neys flushed with BQ-123, all elements of lipid peroxi-
dation were significantly lower than in the AUTO-Tx
and ALLO-Tx groups (P < 0.001 in both cases).

Protein oxidation

Protein carbonyls (PC) and protein sulfhydryls (PS)
were analyzed as the parameters of protein oxidation
(Fig.4). The PC levels were 7.8 +2.1, 15.0+24, 214 +
5.3, and 4.1 + 1.9 nmol/mg protein, and the PS levels
were 31.8+7.7, 13.7+15, 97%208 and 405z
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Fig.4 The increased PC and the decreased PS levels in the ALLO-
Tx group were significant when compared with the SNEPH group
(P <0.01). The reversed levels of both in the ALLO-Tx + BQ
group were also very significant when compared with the AUTO-
Tx and ALLO-Tx groups (P <0.001)
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Fig.5 Changes in PGE, and LTB, levels in all groups were found
to be unrelated to cold ischemia-reperfusion injury at the end of
the procedure (P > 0.05)

6.0 umol/g tissue in the SNEPH, AUTO-Tx, ALLO-
Tx, and ALLO-Tx + BQ groups, respectively. The dif-
ferences between the SNEPH and AUTO-Tx groups
were not significant (P > 0.05). The changes in ALLO-
Tx when compared with those in the SNEPH group
were significant (P < 0.01) but they were not significant
when compared to the AUTO-Tx group (P > 0.05). The
decreased levels of PCs and the elevated levels of PSs
in the ALLO-Tx + BQ group were found to be highly
significant when compared with the AUTO-Tx and
ALLO-Tx groups (P <0.001 in both cases), while the
difference was not significant when compared to the
SNEPH group (P > 0.05).
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PGE, and LTB,

Tissue PGE, levels were 5.0+£1.2, 53£1.6, 4.6 1.6,
and 2.7+0.9 ug/g, and LTB, levels were 0.6+0.4,
1.0£0.4, 0.5£0.2, and 0.6+0.2 ug/g in the SNEPH,
AUTO-Tx, ALLO-Tx, and ALLO-Tx + BQ groups, re-
spectively (Fig.5). Neither the tissue levels of the two
arachidonic acid metabolites nor the PGE,/LTB, ratios
were found to be significantly different among the
groups (P > 0.05).

Discussion

This model was chosen primarily to allow evaluation of
the different aspects of the relationship between reper-
fusion injury and ETs and their detrimental effects, as
well as to see the change associated with the initiation
of allograft reaction. The effects of BQ-123 on these
events were also investigated in rat kidney transplanta-
tion. Experimental studies have established the impor-
tant role of free radicals derived from activated xan-
thine oxidase at reperfusion as a substantial component
of the postischemic injury [14, 31, 48]. Previous investi-
gations have suggested that the reflow phenomenon
caused by free oxygen radicals could be reversed with
superoxide dismutase (SOD), catalase, allopurinol, cap-
topril, and iloprost (a prostacyclin analog) [1, 5, 26, 34,
45). Recently, Land et al. [28] performed a trial of intra-
venous use of recombinant human SOD (rh-SOD) with
the immunosuppressive regimen in clinical renal trans-
plantation and emphasized that reperfusion injury
might be the initial event contributing to rejection. The
results of this trial confirmed the beneficial effects of
rh-SOD on acute rejection events and long term graft
survival. In contrast, Pollak et al. [36] showed that rh-
SOD failed to improve early post-transplant renal al-
lograft functions.

Lipid peroxidation caused by free oxygen radicals is
a complex phenomenon initiated by the abstraction of
a hydrogen atom from a methylene group, and it results
in the generation of lipid peroxides or lipid hydroperox-
ides. Further breakdown of the latter produces the rela-
tively stable end-product MDA, which can be used as a
marker of lipid peroxidation [44]. In the present study,
lipid peroxidation was analyzed in a spectrum from the
generation of the first product Dcs and mid-phase prod-
ucts HAA, HAE, and MDA. Our data showed that lipid
peroxidation began in the AUTO-Tx group, as indi-
cated by elevated DC levels only, but did not progress
at the end of the 2-h period of reperfusion, while late
products of lipid peroxidation were not elevated. In the
ALLO-Tx group, however, lipid peroxidation was
more severe and significantly higher than in the SNEPH
group (P < 0.01).

Free oxygen radicals also cause degradation of the
protein structures, especially those that contain unsatur-
ated and sulphur-containing molecules and nucleic acids
[29]. Protein carbonyls are released and sulphydryl-con-
taining aminoacids are oxidized, resulting in a low level
of PSs in free radical reactions. An increase in PC and
also a decrease in PS levels in the ALLO-Tx group indi-
cated severe protein oxidation, but no significant chan-
ges in PC and PS levels in the AUTO-Tx group were de-
termined. The most striking findings of this study were
obtained in the ALLO-Tx + BQ group, in which allo-
grafted kidneys had been flushed with BQ-123 just be-
fore transplantation. Lipid peroxidation products and
PC levels were lowered, and PS levels were preserved
and stayed high to a very significant degree (P < 0.001
for all}, indicating that ETRA perfusion prevented free
oxygen radical generation and/or their oxidative effects
on protein and lipids.

Since the discovery of the first peptide, ET-1, in 1988
[52], studies have shown that synthesis of ETs is not con-
fined to vascular endothelium but is common to many
cell types including the lung, kidney, gut, and even mac-
rophages and neutrophils [43]. Endothelins are a family
of potent vasoactive peptides, and of the three ETs,
ET-2 is the most potent vasoconstrictor, followed by
ET-1 and ET-3 [30]. It is likely that distinct receptors —
ET,, ETg, and ET receptors — the latter of which shows
a higher affinity for ET-3, mediate the vasoactive effects
of ET on vascular smooth muscle [51]. The affinity rank
order of binding to the ET, receptor is ET-13ET-23ET-
3 [38], whereas that for the ETy receptor is ET-1 > ET-
2> ET-3 [33, 39]. Endothelin can also stimulate the re-
lease and action of nitric oxide and prostacyclin via a
distinct endothelial ETy receptor and causes a transient
vasodilation [9, 24]. The effects of ET-1 in the kidney in-
clude an increase in renal vascular resistance, a reduc-
tion of renal blood flow, and various effects on glomeru-
lar filtration rate [49]. Previous studies on the mecha-
nisms of reperfusion injury have revealed that ETs in-
crease after warm ischemia-reperfusion injury [1, 41,
42]; in humans, plasma ET concentrations increased
transiently during acute rejection, particularly in cases
of acute vascular rejection [32, 49]. Kusumoto et al.
[27] have shown the protective effects of a new ET re-
ceptor antagonist in an experimental model of acute re-
nal failure and suggested at least two different receptors
in the rat kidney. Possibly both ET, and ET} are af-
fected by their new agent, TAK-044.

BQ-123 is a competitive antagonist for the ET, re-
ceptor [9]. This compound has been shown to antago-
nize the vasoconstrictor effects of ET-1 in vitro and in
vivo [20, 37]. In the present study, the allografts were im-
mediately flushed with BQ-123 containing ice-cold
Ringer’s lactate solution before transplantation into
the ALLO-Tx + BQ group. Interestingly, ET-1,2 plasma
concentrations did not increase in this group. We pre-
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ferred to rinse the kidney just before transplantation ra-
ther than apply systemic treatment in order to minimize
the effect on the kidney. Direct local infusion may also
cause further damage of the endothelium and interrup-
tion of the blood flow during reperfusion. Since it is ex-
pected that BQ-123 will inhibit the binding of ET to
the receptor, these findings suggest that the release
and/or synthesis of ET-1,2 is also affected. However, in
the kidney allograft, BQ-123 prevented lipid peroxida-
tion and protein oxidation after reperfusion as well.
This protective effect was also evident from the histo-
pathologic findings. ET induces the release of PGF,a
and PGE, from rat glomeruli [51] as well as that of pros-
tacyclin and thromboxane A, from isolated porcine and
rat lungs [53]. Our data failed to show significant chan-
ges in the PGE, and LTB, levels, indicating that cyclox-
ygenase and lipoxygenase pathways of the arachidonic
acid cascade are not responsible for this effect, at least
not at this stage.

ET receptors have distinct cell type/tissue distribu-
tions and thus may have different physiological roles.
ET, receptors, for example, generally reside in smooth
muscle cells and mediate vasoconstrictor responses,
whereas endothelial cells express the ETy receptor,
which mediates vasodilator effects via the endothelin-

induced release of prostacyclin and nitric oxide [3, 38].
The cytopreservative effect of BQ-123 may be responsi-
ble for abolishing vasoconstrictor effects through ET,
receptors, thus releasing ETy receptors, which increase
nitric oxide and prostacyclin. It has been reported that
PGI, release initially is decreased during reoxygenation
but spontaneously returns to near normal levels in 24 h
[18], so prostacyclin may not be the mediator.

In summary, on the basis of our data, it is difficult to
draw definitive conclusions regarding acute rejection
because of the lack of rejection markers and the short
term of the study. However, it is obvious that the degree
of reperfusion injury increased with transplantation and
that BQ-123 was very effective in both reversing the in-
creased ET-1,2 levels and abolishing ischemia-reperfu-
sion injury. This agent would, therefore, appear to have
substantial therapeutic potential for use in the routine
practice of renal transplantation. However, further stud-
ies are necessary to clarify the causative role of ETs in
the pathogenesis of rejection and to evaluate the clinical
effects of BQ-123 in the prevention of reperfusion in-

jury.
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