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Thromboxane receptor signalling in renal ischemia reperfusion injury
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Abstract

F,-isoprostanes are formed by oxidative modification of arachidonic acid and are the gold standard for detection of oxidative
stress in vivo. F,-isoprostanes are biologically active compounds that signal through the thromboxane A, (TP) receptor; infu-
sion of F,-isoprostanes reduces glomerular filtration in the kidney by constricting afferent arterioles. This study investigated
whether endogenous F,-isoprostanes contribute to the pathogenesis of ischemic acute kidney injury, which is associated with
oxidative stress and reduced glomerular filtration. TP receptor knockout mice—that lack F,-isoprostanes and thromboxane
A, signalling—and wild-type control mice underwent 30 min of renal ischemia and 24 h of reperfusion. Kidney dysfunc-
tion, histological injury and the number of infiltrated neutrophils were similar between the two mouse strains, whereas TP
receptor knockout mice had significantly more apoptotic cells and tissue lipid peroxidation than their wild-type counterparts.
F,-isoprostanes and thromboxane B, were readily detectable in urine collections after surgery. The findings indicate that
F,-isoprostanes and thromboxane A, signalling do not contribute critically to the pathogenesis of ischemic acute kidney
injury and more generally provide evidence against a prominent role for F,-isoprostanes signalling in exacerbating acute
disease states associated with oxidative stress.
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Introduction .. . . . .
injury in animal models of renal ischemia and reper-

Acute kidney injury is a frequent complication after
ischemia and reperfusion due to cardiovascular sur-
gery and haemorrhagic shock and is independently
associated with increased in-hospital mortality [1]. In
renal transplantation, acute kidney injury results in
delayed graft function which is associated with an
increased incidence of acute rejection and graft loss
[2]. At reperfusion, re-introduction of oxygen to the
ischemic kidney rapidly leads to the formation of
reactive oxygen species that may damage cellular lip-
ids, proteins and DNA when anti-oxidant defences
have been exhausted. The resulting oxidative stress is
an important cause of acute kidney injury, since
administration of various anti-oxidants has been
shown to attenuate renal dysfunction and histological

fusion [3-5].

F,-isoprostanes are formed by oxidative modifica-
tion of arachidonic acid in cell membranes. They are
cleaved and released into the plasma by platelet-
activating factor acetylhydrolase [6,7]. Measurement
of plasma and urinary F,-isoprostanes has become
accepted as the gold standard for detection of oxida-
tive stress i vivo [8] and their production has been
demonstrated in a rat model of renal ischemia and
reperfusion [9]. Interestingly, next to being accurate
biomarkers of oxidative stress, F,-isoprostanes are
biologically active compounds that signal through the
thromboxane A, (TP) receptor [10]. Intra-arterial
administration of F,-isoprostanes to rats and pigs
results in dose-dependent reductions in renal blood
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flow and glomerular filtration rate due to vasocon-
striction of afferent glomerular arterioles [9,11]. This
renal vasoconstriction has also been observed in
human acute kidney injury [12].

Taken together, the vasoconstrictive properties of
locally produced F,-isoprostanes may contribute to
the reduction of glomerular filtration rate in ischemic
acute kidney injury and may explain the protective
effects of anti-oxidants in animal models of renal
ischemia and reperfusion. To address this hypothesis,
we studied the effects of genetic disruption of the TP
receptor—which eliminates F,-isoprostanes signal-
ling [13]—in a mouse model of renal ischemia and
reperfusion.

Materials and methods
Renal ischemia and reperfusion in mice

Homozygous TP receptor knockout breeding pairs
(backcrossed on C57BL/6] mice for 13 generations)
were used [14]. Wild-type C57BL/6] mice were
obtained from Charles River (I’arbresle Cedex,
France). Animals were housed in standard laboratory
cages with free access to food and water. In random
order, male wild-type and TP receptor knockout mice
aged 9-11 weeks were anaesthetized with ketamine
and xylazine (100 and 10 mg/kg s.c., respectively).
Body temperature was maintained at 37°C by a heat-
ing lamp until the animals had recovered from anaes-
thesia. Ischemia was induced by clamping the left
renal pedicle for 30 min using a non-traumatic vascu-
lar clamp through a midline abdominal incision. The
surgeon was blinded for mouse genotype. Upon clamp
removal, the kidney was inspected for restoration of
blood flow and the contralateral kidney was excised.
The abdomen was closed in two layers, 0.25% bupi-
vacaine was applied topically for post-operative pain
management and 1 mL pre-warmed PBS was given
subcutaneously to prevent dehydration. Animals were
euthanized at 24 h after reperfusion, when blood was
collected by puncture of the vena cava. The left kidney
was recovered for further analysis. Blood was stored
on ice in heparanized tubes until centrifugation at 900
g at 4°C for 10 min. Plasma creatinine and blood urea
nitrogen (BUN) concentrations were measured. In a
separate set of experiments, the contralateral kidney
was left i situ and the animals were housed in meta-
bolic cages to collect urine for 24 h before and after
surgery.

Histological assessment of renal tissue

Renal tissue was formalin-fixed and stained with peri-
odic acid-Schiff for blinded assessment of renal injury
by an experienced nephropathologist. Tubular dilation,
casts and debris, brush border loss and necrosis at the
corticomedullary junction were scored in 10 fields at

400 X magnification on a scale of 0—5 (0 is normal; 1
involves < 10% of cortex; 2 involves 10—25% of cortex;
3 involves 25-50% of cortex; 4 involves 50-75% of
cortex; and 5 involves > 75% of cortex) [15].

For detection of neutrophils, tissue sections were
incubated with polyclonal rabbit anti-human
myeloperoxidase (MPO) antibodies (1:50 dilution;
Hycult Biotech, Uden, The Netherlands) for 2 h and
with biotinylated polyclonal swine anti-rabbit IgG
antibodies (1:500 dilution; Dako, Glostrup, Den-
mark) for 30 min. Endogenous peroxidase activity
and non-specific binding were blocked with 0.6%
H,O, and 10% normal pig serum. After incubation
with streptavidin and horseradish peroxidase conju-
gated biotin (Dako), slides were developed with H,0,
and AEC and were counterstained with haematoxy-
lin. The number of positive cells at the corticomedul-
lary junction were counted in 10 fields at
400 X magnification by a blinded investigator.

Apoptotic cells were detected by terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP nick-
end labelling (TUNEL,; % situ cell death detection Kkit;
Roche Diagnostics, Indianapolis, IN) according to
the manufacturer’s instructions [16]. Before labelling,
nuclei were permeabilized by incubating the tissue
sections with 300 ug/ml. proteinase K (Sigma-
Aldrich, St. Louis, MO) for 15 min. Endogenous per-
oxidase activity and non-specific binding were blocked
with 0.6% H,O, and 3% bovine serum albumin. The
slides were developed with H,0, and AEC and the
number of positive nuclei at the corticomedullary
junction were counted in 10 fields at 400 X magnifi-
cation by a blinded investigator.

TP receptor genotyping

Genomic DNA was isolated from renal tissue accord-
ing to the manufacturer’s instructions (Wizard
genomic DNA purification kit; Promega, Madison,
WI). DNA was amplified using the primers
5-GGGGGTAGCTATGGTGTTC-3’ (for the wild-
type allele), 5>-CTTCCTCGTGCTTTACGGTA-3’
(for the mutant allele with PGK-neomycin insert)
and 5’-GTGAGAAGGGCCGTGTGAT-3’ (for both
alleles) in 30 cycles at 94°C, 60°C and 72°C (60 s
each). The PCR product was run on a 1.2% agarose
gel with a DNA basepair ladder. The predicted ampl-
icon sizes from the wild-type and mutant alleles were
150 and 700 base pairs, respectively.

Measurement of urine thromboxane B, and
F -isoprostanes

Urine was collected on ice for 24 h before and after
surgery, centrifuged at 900 g at 4°C for 10 min and
stored at —80°C. Urinary thromboxane B, and F,-
isoprostanes concentrations were measured using
commercially available enzyme immunoassays (Cayman
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Chemical, Ann Arbor, MI) according to the manu-
facturer’s instructions and were adjusted for urinary
creatinine concentrations.

Measurement of tissue malondialdehyde

Malondialdehyde (MDA) was measured in homoge-
nized renal tissue that was sampled and snap-frozen
at 24 h after reperfusion and stored at —80°C until
analysis. A 100 pL. sample was added to 900 uL
reagent (0.12 M 2-thiobarbituric acid, 0.32 M
O-phosphoric acid, 0.68 mM butylated hydroxytolu-
ene, 0.01% EDTA) and incubated for 1 h at 100°C.
MDA products were extracted with 500 pL butanol
and their concentrations were determined by HPLC
using a Nucleosil C18 column (150 X 3.2 mm, 5 um
particle size; Supelco) eluted with 35% methanol in
25 mM phosphate buffer (pH 4.8). Detection was
done by fluorescence using excitation at 532 nm and
emission at 553 nm. Malonaldehyde bis(diethylacetal)
was used as internal standard.

Laboratory animal use and ethical considerations

Assuming a standard deviation of plasma creatinine
of 15% of the mean, 10 mice per experimental group
are necessary to detect a 20% difference between
groups with statistical significance; we consider this
difference to be biologically relevant. In vivo experi-
ments were approved by local laboratory animal and
national genetically modified organism review boards
(DEC 2007-139 and GGO IG 07-110).

Statistical methods

Continuous variables are presented as means and
standard deviations. Independent samples z-tests were
used to compare continuous variables between exper-
imental groups. For comparisons of continuous vari-
ables within experimental groups, paired samples
t-test were used. p < 0.05 was considered statistically
significant.

Results

Effect of TP receptor genotype on renal ischemia
and reperfusion injury

Homozygous TP receptor knockout mice and wild-
type controls were randomly subjected to 30 min of
renal ischemia (z = 10 per group) or sham surgery
(n = 5 per group). No complications occurred during
surgery and all animals survived until euthanasia at
24 h after reperfusion. Mean body weight of TP
receptor knockout and wild-type mice was 24 *= 0.8
and 24 * 1.2 g, respectively, before surgery and
22 * 1.5 and 23 * 1.0 g at euthanasia. TP receptor
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genotype of each animal was confirmed by PCR of
genomic DNA (data not shown).

Temporary renal ischemia induced severe kidney
dysfunction, as indicated by increased plasma con-
centrations of creatinine and BUN at 24 h after rep-
erfusion (Figure 1). TP receptor knockout and
wild-type control mice experienced a similar extent
of renal dysfunction after ischemia and reperfusion
(p = 0.73 for creatinine and p = 0.19 for BUN).
Furthermore, substantial renal injury was observed
on histological assessment of tissue sections after
ischemia and reperfusion, indicated by tubular dila-
tion, cast deposition, brush border loss and necrosis
at the corticomedullary junction (Figure 2). In line
with its effect on renal function, disruption of the TP
receptor gene did not significantly reduce the extent
of tissue injury after ischemia and reperfusion
(p = 0.58 for tubular dilation, p = 0.06 for cast depo-
sition, p = 0.32 for brush border loss and p = 0.06
for necrosis).
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Figure 1. Kidney function is impaired to a similar extent in TP
receptor knockout (TP -/-) and wild-type control mice (WT) after
30 min of renal ischemia and 24 h of reperfusion (I/R). (A) Plasma
creatinine concentration. (B) Blood wurea nitrogen (BUN)
concentration. Diamonds and lines represent individual mice and
group means, respectively.
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Figure 2. TP receptor knockout (TP -/-) and wild-type control mice experience a similar extent of renal injury after 30 min of renal
ischemia and 24 h of reperfusion. Representative pictures of periodic acid Schiff stained tissue sections at 400 X magnification are shown.
Tubular dilation, casts deposition, brush border loss and necrosis were blindly scored by an experienced nephropathologist on a scale of

0-5 [15]. Data are presented as means and standard deviations.

Effect of TP receptor genorype on neutrophil infiltration,
apoptosis and lipid peroxidation

Tissue injury activates innate immunity and leads to
infiltration of inflammatory cells into the damaged
tissue [17]. Influx of neutrophils into the kidney
occurs relatively early after reperfusion and has been
shown to exacerbate ischemic acute renal injury [18].
In our experiment, renal ischemia and reperfusion
resulted in massive accumulation of neutrophils
around the injured tubules at the corticomedullary
junction (Figure 3A). The extent of neutrophil infil-
tration was similar for TP receptor knockout and
wild-type control mice (p = 0.96). Furthermore, after
renal ischemia and reperfusion, tubular epithelial cells
undergo apoptotic cell death which may aggravate
acute kidney injury [19]. In line with our other find-
ings, disruption of the TP receptor gene did not atten-
uate the induction of apoptosis in tubular epithelial
cells at the corticomedullary junction after renal isch-
emia and reperfusion. On the contrary, TP receptor

knockout mice had significantly more apoptotic cells
than their wild-type counterparts (p = 0.01, Figure
3B). Finally, we measured MDA concentrations in
renal tissue to study lipid peroxidation after ischemic
acute kidney injury. Unexpectedly, renal MDA con-
centrations were significantly higher in TP receptor
knockout mice than in wild-type animals, both at
baseline (76 * 23 vs 43 = 11 nmol/g, p = 0.02) and
at 24 h after reperfusion (66 = 25 vs 45 = 7 nmol/g,
p = 0.02).

Production of F,-isoprostanes and thromboxane A,

Production of the TP receptor ligands F,-isoprostanes
and thromboxane A, increases after renal ischemia
and reperfusion in rats [9,20]. Since genetic disrup-
tion of the TP receptor did not alter the susceptibility
to ischemic acute kidney injury in mice, we investi-
gated whether TP receptor ligands were present in our
experimental model. In urine collections before and
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Figure 3. TP receptor knockout (TP -/-) have a similar extent of (A) neutrophil infiltration into the kidney and (B) significantly more
tubular epithelial cell apoptosis after 30 min of renal ischemia and 24 h of reperfusion as compared to wild-type control mice. Representative
pictures of myeloperoxidase (MPO) and terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labelling (TUNEL)
stained tissue sections at 400 X magnification are shown. Tubular debris was diffusely positive for TUNEL staining and was not taken
into account when quantifying apoptotic nuclei. Data are presented as means and standard deviations; the asterisk indicates statistical

significance (p = 0.01).

after temporary renal ischemia, F,-isoprostanes and
thromboxane B, (the stable metabolite of thrombox-
ane A,) concentrations from TP receptor knockout
and wild-type control mice were similar (Table I).
Urine thromboxane B, concentrations increased by
44 *+ 35% following renal ischemia and reperfusion
(p = 0.01), whereas urine F,-isoprostanes concentra-
tions were constant (p = 0.27). These findings con-
firm the presence of the two major TP receptor ligands
after renal ischemia and reperfusion.

Table I. F,-isoprostanes and thromboxane B, concentrations (ng/
mg creatinine) in 24-h urine collections before and after renal
ischemia and reperfusion.?

Before ischemia After ischemia
and reperfusion and reperfusion p

F,-Isoprostanes

Wild-type controls 4.1 = 2.1 33 *0.8 0.27

TP receptor knockouts 42 £ 1.3 34 *+ 1.1
Thromboxane B,

Wild-type controls 8.8 +2.3 12.2 £3.1 0.01

TP receptor knockouts 8.8 £2.3 11.5 £ 1.7

aData are presented as mean (standard deviation). p-values represent
comparisons of urine concentrations before and after renal ischemia
and reperfusion after pooling of both mouse strains.

Discussion

The current study was designed to establish the bio-
logical effects of locally produced F,-isoprostanes in
a mouse model of renal ischemia and reperfusion. We
found that mice with genetic deletion of the TP recep-
tor—which eliminates F,-isoprostanes and throm-
boxane A, signalling [13]—suffered renal dysfunction
of similar severity as wild-type mice with the same
genetic background at 24 h after reperfusion. Fur-
thermore, the degree of histological injury and the
number of neutrophils in the outer renal medulla
were comparable between the two groups of mice. TP
receptor knockout mice had significantly more apop-
tosis and a trend towards less necrosis than their wild-
type counterparts, suggesting a change in the mode
of cell death after renal ischemia and reperfusion
when TP signalling is lost. Taken together, however,
F,-isoprostanes and thromboxane A, signalling do
not seem to contribute critically to the development
of ischemic acute kidney injury.

The biological effects of F,-isoprostanes have been
studied in various experimental models. Administra-
tion of synthetic F,-isoprostanes increases systemic
blood pressure in rodents and causes vasoconstriction
of human arteries and veins i vitro [13,21,22].
The vasoconstrictive actions of F,-isoprostanes are
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particularly evident in the renal microcirculation:
intra-renal arterial administration of 1 pg/kg/min
15-F -isoprostane acutely reduces glomerular filtration
rate by 35% in pigs and 49% in rats, whereas systemic
haemodynamic effects are not observed until admin-
istration of 10 ug/kg/min 15-F,-isoprostane [9,11,13].
Other biological effects of F,-isoprostanes include
stimulation of leukocyte adhesion to endothelium and
proliferation of endothelial and vascular smooth mus-
cle cells, promoting angiogenesis and atherosclerosis
n vivo [23,24]. Conflicting reports have been pub-
lished on the effects of F,-isoprostanes on platelets,
some groups finding increased activation of platelets
whereas others report that F,-isoprostanes prevent
aggregation of platelets iz vitro [13,25]. These para-
doxical effects may be explained by partial agonistic
activity of F,-isoprostanes on TP receptors or by the
presence of a second, inhibitory F,-isoprostanes
receptor on platelets [10].

It has been established that administration of syn-
thetic F,-isoprostanes causes a variety of biological
effects that are highly comparable to the actions of
other TP receptor agonists. It has repeatedly been
proposed that endogenous formation of F,-isopros-
tanes as a result of oxidative stress may elicit similar
effects, thereby contributing to the pathogenesis of
conditions as diverse as ischemia-reperfusion injury,
atherosclerosis, tumour angiogenesis and asthmatic
bronchoconstriction. However, biological actions of
synthetic F,-isoprostanes have typically been
observed after adding these compounds at concen-
trations two to three orders of magnitude greater
than the physiological plasma concentrations of F,-
isoprostanes in healthy volunteers. At sites of oxida-
tive stress, F,-isoprostanes may nevertheless reach
concentrations at which adverse biological effects
have been observed [26].

The current study is the first to investigate the
pathogenic actions of locally produced F,-isopros-
tanes in renal ischemia-reperfusion injury. This
experimental model is well suited for assessment of
the biological effects of F,-isoprostanes, since oxida-
tive stress plays an important role in the pathophysi-
ology of ischemic acute kidney injury and because
the actions of F,-isoprostanes are particularly evident
in the renal microcirculation [9,11]. The haemody-
namic effects of F,-isoprostanes are entirely medi-
ated by TP receptors that are expressed in the
glomeruli and intra-renal arteries of human and
rodent kidneys [27-29]. Mice with genetic deletion
of the TP receptor are viable and are characterized
by normal renal haemodynamics with attenuated
renal vasoconstriction after administration of endo-
toxin or angiotensin-II [14,30,31]. In the current
study, we found that ischemia and reperfusion induces
acute kidney injury in TP receptor knockout mice to
a similar extent as in wild-type mice, indicating that
neither F,-isoprostanes nor thromboxane A, signal-

ling is critically involved in the pathophysiology
of ischemic acute kidney injury. Our study does
not account for potential TP receptor-independent
actions of F-isoprostanes. It has been proposed that
esterified F,-isoprostanes may cause cellular injury
in the absence of TP receptors by disruption of the
fluidity and integrity of cell membranes, similar to
other products of lipid peroxidation [32].

Our findings seem to contradict previous experi-
ments that have suggested thromboxane A, signalling
to contribute to the pathogenesis of ischemic acute
kidney injury [33]. Specific inhibitors of thromboxane
A, synthase have been shown to attenuate acute kid-
ney injury in rodent models of renal ischemia and
reperfusion [33]. However, inhibition of thromboxane
A, synthesis increases the production of the vasodila-
tor prostacyclin as a result of the increased availability
of their common precursor prostaglandin H,—a phe-
nomenon termed endoperoxide shunting [34]. Since
the beneficial effects of thromboxane A, synthase
inhibitors on ischemic acute kidney injury were elim-
inated when prostacyclin synthesis was blocked [35],
these effects may have been caused by an increase in
prostacyclin signalling as a result of endoperoxide
shunting rather than by a decrease in thromboxane A,
signalling. A separate study found that pharmacologi-
cal inhibition of TP receptor signalling attenuated
renal dysfunction in a rat model of 60 min of renal
ischemia followed by 6 h of reperfusion [20]. In con-
trast, we observed no effect of genetic deletion of TP
receptors on acute kidney injury after 30 min of renal
ischemia and 24 h of reperfusion in mice. These con-
flicting findings may be caused by differences in the
applied experimental models or by cross-reactivity of
the drug used to inhibit TP receptor signalling [36].

Finally, we observed increased lipid peroxidation in
kidneys of TP receptor knockout mice as compared to
those of wild-type animals, both at baseline and after
renal ischemia and reperfusion. This novel and unex-
pected finding suggests that TP receptor signalling by
F,-isoprostanes may induce endogenous anti-oxidant
defence mechanisms that limit lipid peroxidation in
the kidney. It would be interesting to study this hypoth-
esis on negative feedback on anti-oxidant regulation
by F,-isoprostanes in future studies.

Conclusions

F,-isoprostanes and thromboxane A, signalling do
not contribute critically to the pathogenesis of isch-
emic acute kidney injury. Tissue injury due to isch-
emia and reperfusion is characterized by extensive
oxidative stress and the biological actions of F,-
isoprostanes are particularly evident in the renal
microcirculation. Therefore, our findings more gene-
rally argue against a prominent role for F,-isoprostanes
signalling in exacerbating acute disease states associ-
ated with oxidative stress.
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