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Abstract Background. Renal
ischaemia/reperfusion (I/R) injury
and hypertension represent major
alloantigen-independent factors
contributing to the development of
chronic allograft nephropathy of
renal allografts. In the present study,
we investigated the effect of the anti-
proliferative immunosuppressant,
sirolimus (SIR), in 2 model of
accelerated renal injury in hyperten-
sive transgenic rats (TGRs). Twenty
anaesthetized uninephrectomized
TGRs with renin overproduction
[TGR(mREN2)27] and 20 normo-
tensive Han SD (SD) rats as genetic
controls had their renal pedicles
clipped for 45 min and were subse-
quently treated with either SIR

(0.5 mg/kg per day, orally) or pla-
cebo (n=10 in each group) for 16
weeks, after which time the kidneys
were harvested for morphological
and immunohistochemical analysis.
High-renin hypertension aggravated
the functional and structural chan-
ges induced by I/R in SD animals:
both SIR-treated and untreated
TGRs exhibited significantly greater
proteinuria and suffered from more
severe glomerulosclerosis (P <0.01)
and vasculopathy (P <0.01), as well

as compensatory renal hypertrophy
(P<0.01) and tissue TGF-f1 ex-
pression, than both normotensive
SD groups (P <0.01). SIR-treated
SD rats showed reduced proteinuria
(P <0.01), glomerulosclerosis

(P <0.01), and TGF-B1 expression
in the glomerular epithelium and
proximal tubuli (£ <0.05) compared
with placebo-treated SD rats. SIR-
treated TGRs had significantly low-
er proteinuria at week 4 after I/R
(P <0.01) than placebo-treated
TGRs, but there were no significant
differences thereafter. Morphologi-
cal patterns were similar in treated
and untreated TGRs at week 16.
High-renin-induced hypertension
aggravated the renal injury induced
by I/R. Sirolimus treatment amelio-
rated some late functional and
morphological changes induced by
I/R injury in hypertensive TGRs
but, particularly, in normotensive
SD rats.

Keywords Ischaemia/reperfusion
injury - Kidney - Sirolimus -
Transgenic rat - Hypertension -
TGF-8

Despite dramatic improvement in l-year patient and
graft survival rates during the past decades, most grafts
have been lost due to patients’ death or chronic allograft
nephropathy. Ischaemia/reperfusion injury (I/R) and
hypertension represent major alloantigen-independent

risk factors in the pathogenesis of chronic allograft
nephropathy [1]. The renin-angiotensin system (RAS)
has been found to play an important role in the patho-
genesis of hypertension after kidney transplantation [2].
Angiotensin II, the key effector of the local and circu-
lating RAS, plays a central role in the pathogenesis of
hypertension-associated complications [3]. In addition to
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its vasoactive and growth-promoting action, angioten-
sin II stimulates circulating leukocytes and endothelial
cells, thereby promoting inflammation and interstitial
extracellular matrix accumulation [4].

The transgenic rat TGR(mREN2)27 represents an
experimental model of angiotensin [I-dependent hyper-
tension [5]. This rat line was constructed by insertion of
the mouse ren-2 renin gene into the genome of Hanover
Sprague-Dawley (Han SD) rats [6]. The expression of
the ren-2 renin gene results in severe hypertension.
Transgenic rats (TGRs) differ from normotensive Han
SD rats only in the gene for renin.

In experimental models, I/R of a single kidney re-
sulted in late structural damage and deterioration of
renal function [7]. We hypothesized that I/R aggravates
the damage of angiotensin II-induced hypertension on
intimal hyperplasia as well as glomerular and interstitial
damage. To test this hypothesis, we investigated the
effects of I/R and hypertension on kidney damage and
tried to ameliorate the resulting injury with an immu-
nosuppressive drug.

Sirolimus (rapamycin), an anti-proliferative immu-
nosuppressant, has recently been used in human trans-
plantation [8]. The mechanism of sirolimus action is
based on signal blockade towards p70% kinase, a pro-
tein involved in the phosphorylation of ribosomal S6
protein that is critical in translation of cell cycle-regu-
lating proteins. Additionally, sirolimus prevents the
expression of the cyclin E and cyclin A-dependent
kinases p33cdk2 and p34cdc2. As a result of these bio-
chemical events, the cell cycle is arrested in late G1, just
prior to S phase [9]. Sirolimus and its derivatives have
been demonstrated to prevent, effectively, chronic allo-
graft rejection in various organs in vivo [10, 11, 12].
Furthermore, sirolimus reduced the vascular smooth-
muscle cell DNA synthesis induced by growth factors,
inhibited vascular smooth-muscle cell proliferation and
migration [13, 14, 15], and reduced the response of
vascular cells to balloon-catheter arterial injury [16].
Moreover, its anti-proliferative properties have been
employed in the treatment of coronary artery disease:
sirolimus-eluting stents reduced luminal narrowing in-
stent re-stenosis and major cardiac events [17].

Materials and methods
Animals

Male transgenic heterozygous rats with overproduction
of the mouse renin gene [TGR(MREN2)27] and their
genetic controls, Han SD rats, were used throughout the
experiment. Homozygous TGRs were obtained from the
Max Delbrueck Centre for Molecular Medicine MDC,
Berlin, Germany. Heterozygous TGRs were derived

from homozygous TGR(mREN2(27) male rats crossed
with female Han SD rats. The study animals were het-
erozygotes, as homozygocity is associated with fatal
severe hypertension in the absence of treatment.
Experiments were performed on normotensive homo-
zygous (-/-) and hypertensive heterozygous TGR (+/-).
The rats were 12-14 weeks old and weighed 300-360 g.
They were housed two to three per cage under standard
conditions at controlled temperature, humidity and
light/dark cycles, fed a standard diet and had free access
to drinking water. The investigation conformed to the
Guide for the Care and Use of Laboratory Animals
published by the US National Institute of Health (NTH
Publication No. 85-23, revised 1996), and the experi-
mental protocol was approved by the local authorities
(permission No. 52/2000 by the Ministry of Health).

Drugs

Sirolimus was obtained as a generous gift from Wyeth,
Princeton, N.J.,, USA. A dosage of 0.5 mg/kg body
weight per day was used. In previous experiments, this
dose of either sirolimus or rapamycin derivate was
proved to be effective and less toxic for rats in the long
term [11, 12]. Sirolimus was added to the drinking water,
water consumption and body weight were measured,
and drug concentration was adjusted every other day.

Surgery

Surgical procedures were performed under general
anaesthesia, induced by sufentanil (20 mg/kg body
weight; Sufenta Forte, Janssen-Cilag) and azaperone
(1 mg/kg body weight; Stresnil, Janssen) administered
intramuscularly. Through a midline incision, the left
renal artery and vein were isolated and occluded for
45 min with clips, and the kidney was cooled with ice.
The right kidney was removed at the time of surgery. In
the case of sham operation, the abdominal cavity was
just opened and closed. Rats with any overt signs of
unsuccessful operation were discarded.

Experimental design

Six groups of animals were studied. In group 1 (TGR-
sirolimus, #=10), transgenic hypertensive rats under-
went renal ischaemia and were treated with sirolimus; in
group 2 (TGR-placebo, n=10), the animals received the
same regimen but were treated with placebo instead of
sirolimus. In group 3 (TGR-sham), four transgenic rats
were subjected to sham operation and were not treated.
In group 4 (Han SD-sirolimus, »=10), normotensive
Han SD rats underwent renal ischaemia and were
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subsequently treated with sirolimus; in group 5 (Han
SD-placebo, n=10), the animals received the same reg-
imen but were treated with placebo instead of sirolimus.
In group 6, four normotensive rats underwent sham
operation and were not treated (Han SD-sham).

Functional measurements

The rats were weighed once per week. Indirect systolic
blood pressure was measured monthly in non-anaes-
thetized rats by tail plethysmography (indirect rat-tail
blood pressure system, Harvard Apparatus, U.K.). Each
month, the rats were placed into metabolic cages, and
24-h urine samples were collected, cooled, and analysed
quantitatively for proteinuria as determined by nephe-
lometry (Boehringer Mannheim), as well as for creati-
nine (Jaffe method, Unicon, Biotech), urea
(thiosemicarbazide, Unicon, Biotech), and sodium, by
standard autoanalyser methods (Hitachi Automatic
Analyzer, Boehringer Mannheim). At the end of the
experiment, serum creatinine, urea, cholesterol and tri-
glycerides (enzymatic colorimetric test, Cobas Mira,
Roche) were measured.

Harvesting

All normotensive rats survived the observational period
of 16 weeks. One TGR died in a sham group, three in
placebo-treated, and four in sirolimus-treated groups
during the final phase of the experiment. The most
common cause of death was pulmonary oedema. At the
end of the experiment, the rats were anaesthetized,
their kidneys removed and blood from the aorta was
taken and the rat killed. Representative kidney portions
were fixed in formalin (4%) for histological examina-
tion.

Histology

Formalin-fixed and paraffin-embedded sections were
stained with haematoxylin/eosin to assess the grade of
tissue cellular infiltration and tubular atrophy. The
periodic acid—Schiff (PAS) reaction was used to deter-
mine the extent of glomerulosclerosis and arteriosclero-
sis, and Prussian blue incubation to detect haemosiderin
deposits. Tissue sections were coded and examined in a
blind fashion by light microscopy. Glomerulosclerosis
was defined as the collapse of capillaries, adhesion of the
obsolescent segment of Bowman’s capsule, and hyaline
entrapment [18]. All glomeruli were counted in each
section, and the percentage of sclerosis of total glomeruli
was calculated. Renal structural damage was scored
semi-quantitatively on a scale of 0 to 3+ for interstitial

cellular infiltration, tubulopathy, and arterial intimal
fibroplasia, by Banff 97 criteria [19], and the sum of
scores (0 to 9+) was calculated for each sample. The
appearance of the haemosiderin deposits was scored on
a scale of 0 to 4 +.

Immunohistochemistry

Localization of renal TGF-81 protein expression was
analysed by immunohistochemistry. Paraffin-embedded
sections from kidneys harvested at 16 weeks were im-
munostained. As primary antibody, we used rabbit
polyclonal IgG for the epitope of TGF-B1, corre-
sponding to amino acids 238-352 of the COOH-terminal
region (Santa Cruz Biotechnology, Santa Cruz, Calif,,
USA). This antibody is specific for TGF-$1 (non-cross-
reactive with TGF-$2 and TGF-£3) in rat, mouse and
human tissues. Briefly, the paraffin from 4-pum-thick
paraffin-embedded sections was removed with xylene
and the sections rehydrated in graded ethanol. Endog-
enous peroxidase was blocked by 1% H,0, in 70%
methanol for 30 min. Endogenous' biotin was blocked
with a biotin blocking system (Vector Laboratories,
Burlingame, Calif., USA).

The tissues were then pre-incubated with a 10% goat
serum (Vector Laboratories) for 30 min to prevent
unspecific binding, and FcR binding was applied for
30 min, diluted 200 times. The step with monoclonal
antibody was omitted on negative control slides.
Detection of monoclonal antibody was done with a
biotinylated anti-rabbit IgG (H+L) (Vector Laborato-
ries) diluted 200 times in 2% normal rat serum for
30 min. Next, specimens were incubated with R.T.U.
Vectastain Elite ABC Reagent (Vector Laboratories) for
30 min. Finally, specimens were stained with 3,3 diam-
inobenzidine (Serva) for 10 min and were counterstained
with Harris’s haematoxylin before they were embedded
in Entellan (both from Merck).

Immunostained slides were graded for TGF-f1
expression within the glomerular epithelium, mesan-
gium, endothelium, intima, peritubular capillaries,
proximal and distal tubuli, mononuclear cells, and in-
terstitium. Semi-quantitative determination of TGF-1
stain in different renal structures was graded from 0 to 2
(0 negative staining; 1+ mild; 2+ intense), and the sum
of detail items was calculated.

Statistical analysis

All data are expressed as mean + SEM. Comparison
between treated/untreated and normotensive/hyperten-
sive groups were performed by Mann—Whitney test with
Holm correction. Statistical significance was accepted at
P<0.05.
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Results

Functional measurements

Animals did not differ in body weight during the study
period. At the end of the follow-up, the hypertensive
TGRs that had undergone sham-operation had higher
body weights (Table 1), since three animals from the
placebo-treated TGR group and four animals from the
sirolimus-treated TGR group died from pulmonary
oedema caused, most likely, by renal failure.

Systolic blood pressure was high in TGRs as com-
pared to Han SD rats. Neither I/R injury nor sirolimus
affected systolic blood pressure in either normotensive
Han SD or hypertensive TGRs. The animals, after I/R
injury, had systolic blood pressure levels similar to those
seen in the sham-operation rats and the sirolimus-trea-
ted animals (Fig. 1).

TGRs with renal injury aggravated by I/R exhibited
more diuresis than did normotensive animals, while the
differences between sham-operation animals were dis-
crete. Sirolimus did not affect diuresis in either Han SD
rats or TGRs. Both sirolimus-treated groups developed
a tendency towards higher levels of natriuresis than
placebo-treated animals.

Interestingly, we found some differences in plasmatic
urea, urea clearance and urea fraction excretion rates
between the groups. Hypertension itself had no influence
on the above parameters. However, following I/R injury,
urea excretion was significantly lower (P <0.01) in TGRs
than in Han SD rats. Sirolimus treatment influenced urea
elimination in normotensive rats. Treated normotensive
Han SD animals exhibited lower plasma urea levels
(P<0.01) and greater urea excretion (P<0.05) than
untreated Han SD rats. A similar, though not significant,
trend was observed in sirolimus-treated TGRs. On the
other hand, creatinine levels and creatinine clearance did
not differ between the groups (Table 1).

I/R injury aggravated urinary protein excretion in
hypertensive TGRs (Fig. 2). Both hypertensive placebo-
treated and rapamycin-treated TGRs developed higher
levels of proteinuria than did normotensive placebo-
treated (P<0.01) and sirolimus-treated Han SD rats
(P <0.01). The proteinuric effect of hypertension itself in
the TGR-sham group was similar to the effect of I/R and
contralateral nephrectomy in normotensive animals. At
12 and 16 weeks, sirolimus-treated normotensive Han
SD rats revealed lower 24-h proteinuria than placebo-
treated normotensive animals did (P <0.01}. The “ne-
phrotic” range of proteinuria at the end of the study
might explain the observed higher plasma cholesterol
and triglycerides levels in placebo-treated and sirolimus-
treated TGRs (Table 1).

At the end of study, there were large differences in
single renal mass between groups (Fig. 3). There were no
differences in the renal hypertrophy index measured as
the kidney weight/body weight ratio between sham-
operation TGRs and Han SD rats; this fact suggests a
weak effect of hypertension alone on renal mass. How-
ever, we observed differences when other injuries were
present. Hypertensive TGRs (both sirolimus-treated and
placebo-treated), in the case of I/R and single nephrec-
tomy, had a significantly higher renal hypertrophy index
(P<0.01) than did normotensive animals. In normo-
tensive Han SD, sirolimus-treated rats had a lower renal
hypertrophy index than placebo-treated ones did
(P <0.05), while sirolimus treatment had no significant
effect on single renal mass in hypertensive TGRs
(Fig. 3).

Morphology and immunohistochemistry
We found major differences in structural damage be-

tween hypertensive and normotensive animals. After
initial ischaemia/reperfusion injury, long-term hyper-

Table 1 Functional parameters at death (SIR sirolimus, Na sodium, C-urea urea clearance, FE fraction excretion, Cr serum creatinine,

CCr creatinine clearance)

Parameter Han SD-sham  TGR-sham Han SD-SIR Han SD-placebo  TGR-SIR TGR-placebo
Sample size 4 3 10 10 6 7

Body weight (g) 512427 560 £ 65 462+ 65 423+ 63 468 + 53 489 +59
Diuresis (ml/24 h) 21.67+3.72 25.0+1.76 16.10+£2.02 12.20+1.47 32.75+0.85" 33.0+£2.52¢
Na excretion (mmol/24 h) 790.67+25.16 530.0+51.49 5420+ 57.50 375.3+54.09 550.25+168.62  386.29+41.37
Urea (mmol/]) 7.43+£0.59 7.19+0.92 9.53+0.14¢ 12.62+0.28 16.23+£3.42° 20.98 £5.40
C-urea (ml/24 h per 100 g) 271.83+32.0 263.24+3798 178.15+£13.85 150.23+6.42 124.67 £20.96 109.65+23.28
FE urea 0.99+0.05 0.87+0.07 0.89 £0.04° 0.71+0.03° 0.54:!:0.02f 0.42+0.04
Cr (umol/l) 110.0+4.51 105.50+2.66 135.0+2.53 128.0+£6.14 136.0+£17.23 141.17@27.14
CCr (ml/min per 100 g} 0.19£0.02 0.21+£0.02 0.14+0.0! 0.15+0.01 0.16+0.02 0.184+0.02
Cholesterol (mmol/l) 1.65+0.09 1.58+0.14 2.15+0.07° 2.76+0.17 444+023% 3.18+0.39
Triglycerides (mmol/1) 0.88+0.09 1.52+£0.21 0.69+0.10 0.80+0.11° 2.09£0.57° 2.95+0.56

2P <0.05
5P <0.01 vs TGR—placebo
‘P<0.05

4p<0.01 vs Han SD~placebo

P<0.05

fp<0.01 vs Han SD-SIR
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Fig. 1 Systolic blood pressure 300
measured by tail plethysmog-
raphy in sirolimus-treated nor-
motensive Han SD rats with I/
R injury (solid diamonds), pla-
cebo-treated normotensive
Han SD rats with I/R injury
(solid circles), sirolimus-treated
hypertensive TGRs with I/R
injury (open diamonds), pla-
cebo-treated hypertensive
TGRs with I/R injury (open
circles), non-treated sham-
operation normotensive Han
SD rats (solid squares), and
non-treated sham-operation
hypertensive TGRs (open
squares) throughout the exper-
iment. Values represent
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Fig. 2 The effect of sirolimus (0.5 mg/kg per day) or placebo on 24-
h urine protein excretion on sirolimus-treated normotensive Han
SD rats with I/R injury (solid diamonds), placebo-treated normo-
tensive Han SD rats with I/R injury (solid circles), sirolimus-treated
hypertensive TGRs with I/R injury (open diamonds) and placebo-
treated hypertensive TGRs with I/R injury (open circles). Non-
treated sham-operation normotensive Han SD rats are depicted by
solid squares and non-treated sham-operation hypertensive TGRs
by open squares. Both sirolimus-treated and placebo-treated
hypertensive TGRs had higher levels of proteinuria than did
normotensive Han SD rats from week 8 (P<0.01). Values
represent mean + SEM. **P<(.01 TGR-sirolimus vs TGR-
placebo, + + P <0.01 Han SD-sirolimus vs Han SD-placebo

tension caused severe glomerular, tubulointerstitial and
vascular changes (Table 2).

In normotensive sham-operation and sirolimus-trea-
ted Han SD rats, there were mild disperse changes

week

within renal parenchyma. Segmental glomerular sclero-
sis or capillary loop collapse of scattered glomeruli were
occasionally found. Tubularization of Bowman’s cap-
sule was present in some glomeruli. Focal tubular
atrophy, with a decreased outer diameter, lumen and
size of tubular cells, and thickening of the tubular
basement membrane, were also observed. In some
arteries, intimal proliferation was seen. Changes were
more prominent in placebo-treated normotensive Han-
SD rats and were severe in sham-operation hypertensive
TGRs.

Vascular, glomerular and accompanying interstitial
changes were prominent in the sirolimus-treated and
placebo-treated TGR groups. A majority of arterioles
exhibited hyaline sclerosis and luminal narrowing.
Arterial fibrinoid necrosis and, rarely, luminal throm-



437

10

Lid

L1 d T

renal hypertrophy index (mg/g)

Han SD - Sham TGR - Sham

Fig. 3 Renal hypertrophy index calculated as a ratio of single
kidney weight (in milligrammes) related to body weight (in
grammes) in sirolimus-treated normotensive Han SD rats with
I/R injury (Han SD-Sirolimus), placebo-treated normotensive Han
SD rats with I/R injury (Han SD-Placebo), sirolimus-treated
hypertensive TGRs with I/R injury (TGR-Sirolimus), placebo-
treated hypertensive TGRs with I/R injury (TGR-Placebo), non-
treated sham-operation normotensive Han SD rats (Han SD-Sham)
and non-treated sham-operation hypertensive TGRs (TG R-Sham).
Hypertension aggravated the renal hypertrophy after I/R injury.
Sirolimus reduced renal hypertrophy in normotensive Han SD rats
after I/R injury. *P<0.05, **P<0.01

bosis (thrombotic micro-angiopathy) were observed in
the placebo-treated TGR group. Glomeruli showed
changes characterized by a collapse of capillary loops, or
glomerular sclerosis. Focal tubular atrophy, with inter-
stitial fibrosis and focal, mild, lymphocytic infiltration,
accompanied the glomerular disease. Large cystic dila-
tations of tubules were frequent (Fig. 4). Brown deposits
of haemosiderin, detected by incubation in Prussian-blue
stain, were frequently found.

The intensity of TGF-f1 staining was doubled in
hypertensive sham-operation TGRs as compared to
normotensive Han SD sham-operation rats. Following
I/R injury, differences between normotensive Han SD

Table 2 Histological parameters

Han SD - Sirolimus Han SD - Placebo

TGR - Sirolimus TGR - Placebo

animals and hypertensive TGRs were even more pro-
nounced (Fig. 5). Sirolimus treatment reduced the extent
of TGF-$1 staining in glomerular epithelium and
proximal tubuli in normotensive Han SD rats (Table 3).

Discussion

In this experiment, we investigated the influence of
hypertension, induced by high levels of renin, on the late
consequences of I/R injury in a rat model. We used the
TGR(mREN2)27 rat, which harbours the mouse REN2
gene and is characterized by tissue RAS activation [6].
The advantage of this model is the monogenic patho-
genesis of hypertension that overcomes problems
inherent in the choice of the appropriate controls in
models of spontaneous hypertension [20].

In our study, high renin hypertension alone caused
renal damage with proteinuria and greater extent of
glomerulosclerosis, similar to observations made by
Witte et al. [21]. In their experiment, normalization of
blood pressure in TGRs by amlodipine treatment cor-
responded with reduced proteinuria. However, they did
not observe any differences in structural changes be-

Parameter Han SD-sham  TGR-sham Han SD-SIR Han SD-placebo  TGR-SIR TGR-placebo
Glomerulosclerosis (%) 3.97+0.52 12.68 £2.15 6.30+1.20 11.83+1.17° 33.73+4.35 47.55+6.03
Interstitial fibrosis (0-3) 0 0 0 0° 1.0+0° 1.83+0.83
Tubular atrophy (0-3) 0 1.0+0 0.43+£0.49 1.0£05° 2.0+0¢ 2.50£0.50
Intimal proliferation (0-3) 0.33+0.44 1.75+£0.75  0.43+£0.49 1.0£0P° 2.50+0.75° 2.83+£0.28
Banff 97 summation (0-9) 0.33+£0.33 2754048 0.86+0.34 2.0+0° 5.50£0.50¢ 7.17+0.70
Haemosiderin deposits (0-4) 1.0£0 1.75£0.39 1.29+£0.61 2.57+0.49*° 40404 3.50+£0.50
#P<0.05 °P<0.05

PP <0.01 vs TGR-placebo

4p<0.01 vs Han SD-SIR
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Fig. 4 Representative histolog-
ical photomicrographs of kid-
neys harvested at 16 weeks from
sirolimus-treated normotensive
Han SD rats with I/R injury
(HanSD-SIR), placebo-treated
normotensive Han SD rats with
I/R injury (HanSD-Placebo),
sirolimus-treated hypertensive
TGRs with I/R injury (TGR-
SIR), placebo-treated hyper-
tensive TGRs with I/R injury
(TGR-Placebo), non-treated
sham-operation normotensive
Han SD rats (HanSD-Sham)
and non-treated sham-opera-
tion hypertensive TGRs (TGR-
Sham). Haematoxylin—eosin,
x100

HanSD-
Sham

HanSD-
SIR

HanSD-
Placebo

Fig. 5 Representative immuno-
histochemical photomicro-
graphs of TGF-§1 in the
kidneys from sirolimus-treated
normotensive Han SD rats with
I/R injury (HanSD-SIR),
placebo-treated normotensive
Han SD rats with I/R injury
(HanSD-Placebo), sirolimus-
treated hypertensive TGRs with
I/R injury (TGR-SIR), placebo-
treated hypertensive TGRs with
I/R injury (TGR-Placebo),
non-treated sham-operation
normotensive Han SD rats
(HanSD-Sham) and non-treated
sham-operation hypertensive
TGRs (TGR-Sham). Hyperten-
sive TGRs revealed extensive
TGF-f1 expression compared
with normotensive Han SD
rats. Magnification x200.
Details of semi-quantitative
determination are shown in
Table 3

HanSD-
Sham

HanSD-
SIR

HanSD-
Placebo

tween untreated and amlodipine-treated animals. This
phenomenon could be explained by a high tissue activity
of angiotensin II, modulated by cell growth and extra-
cellular matrix synthesis and degradation, as angioten-
sin IT is directly involved in fibrotic processes [22].
Moreover, the long-term blockade of angiotensin I
activity prevented late development of proteinuria and
glomerular injury in kidneys that had initially been
damaged by ischaemia [23]. Therefore, angiotensin II

TGR-
Sham

TGR-
SIR

TGR-
Placebo

has been suggested to contribute remarkably to late
tissue injury induced by I/R.

In the present study, we demonstrated that hyper-
tension that had been induced by high levels of renin in
TGRs dramatically aggravated the extent of structural
changes induced by I/R injury. Similarly, using the same
rat strain, Kelly et al. [24] demonstrated, in a diabetic
rodent model, that activated RAS accelerates the pro-
gression of renal dysfunction and aggravates the extent



439

Table 3 TGF-f1 expression within renal structure. TGF-f§1 expression was scored semi-quantitatively (0: no expression, 1: mild
expression, 2: dense expression), TGF-f1 sum was calculated as sum of different structures of TGF-§1 expression (0-2) for each sample

Renal structure Han SD-sham TGR-sham Han SD-SIR Han SD-placebo TGR-SIR TGR-placebo
Glomerular epithelium 1.0+£0.66 1.0+0 0.14 +£0.24*° 0.71 £0.41°¢ 1.0+0° 1.83£0.28
Mesangium 1.33+0.89 2040 0.86+0.49° 1.0£0.57° 20+0 20+0
Endothelium 1.0£0.66 2.0+0 0.86£0.25° 1.28+0.82 1.75+£0.37 2.0+0
Intima 0£0 0+0 0+0¢ 0+0° 0.5+0.5 0.83+0.28
Peritubular capillaries 1.33+£0.89 20+0 1.14+£0.49° 1.14+098 2.0+0 200
Proximal tubuli 0+0 0.25+0.37 0.14+0.24*¢ 0.713:0.41 1.0£0 0.67+0.44
Distal tubuli 0+0 1.0+0.5 0.71+041°¢ 1.14 £0.49° 1.75+0.37 2.0+0
Mononuclear cells 0+0 0+0 0+0 00 0.25+0.37 0.17+£0.28
Interstitium 0.67+£0.89 1.75+£0.37 0.71£0.41° 0.71%0.61° 2.0+£0 2040
TGF-fsum 5.33+3.55 10.0+£1.0 4.57+1.31° 6.71+:3.75° 12.25+0.75 13.5+0.83

2P <0.05 vs Han SD-placebo
PP <0.05 vs TGR-placebo
°P<0.01 vs TGR-placebo

of structural changes. The model of Kelly et al. mimics
the pathogenesis of diabetic nephropathy, while our
mode! underlines the influence of RAS in the progres-
sion of renal impairment after significant ischaemia/
reperfusion injury, circumstances typical of kidney
transplantation in humans.

During the past decade, studies on the pathogenesis
of fibrotic renal diseases have indicated that both
angiotensin II and TGF-p1 play a critical role in fibro-
sis. TGF-B1 is able directly to increase the synthesis, and
reduce the degradation, of matrix proteins, which leads
to net accumulation of the pathological matrix. In
addition to its haemodynamic effects, angiotensin II
induces TGF-$1 in renal tubular and mesangial cells,
thus contributing to the development of fibrosis [25]. In
our study, we demonstrated greater TGF-f1 tissue
expression in both normotensive Han SD rats and TGRs
after I/R. Similarly, the renal hypertrophy index was
higher after I/R in both normotensive Han SD animals
and TGRs.

In this study we also assessed the effects of the new
macrolide anti-proliferative immunosuppressant, siroli-
mus, on I/R injury in both normotensive and hyper-
tensive rats.

I/R injury increased urinary protein excretion. While
sirolimus treatment reduced proteinuria in normotensive
rats over the long term, the effect was only transitory in
transgenic hypertensive rats. Proteinuria is a functional
parameter closely linked to renal structural damage [26];
thus, we were not surprised that the extent of proteinuria
and glomerulosclerosis correlated and was the largest in
untreated hypertensive TGRs after I/R.

It is generally accepted that severe renal injury such
as I/R can induce fibrosis. As growth factors are likely to
mediate the development of glomerulosclerosis and
interstitial fibrosis [27], the therapeutic goal for the
prevention of harmful fibrosis should be reduction of
such growth factors. It was along this line that Basile
et al. [28] demonstrated elevated TGF-§1 expression

9P <0.05 vs TGR-SIR
¢p<0.01 vs TGR-SIR

after renal ischaemic injury. We have demonstrated that
sirolimus treatment profoundly decreases TGF-$1 pro-
tein expression in the glomerular epithelium and proxi-
mal tubuli of normotensive rats, while, in hypertensive
TGRs, TGF-f1 expression was similar in treated and
untreated groups.

In our previous short-term study, sirolimus treatment
of mREN? hypertensive rats during the first 4 weeks
after I/R injury did not result in significant differences in
structural changes. However, we observed a decrease in
TGF-p1 protein expression within the vessel intima as
compared to Han SD normotensive animals [29].

In our present study, we demonstrated the restrictive
effect of sirolimus on deleterious single-kidney hyper-
trophy measured as a renal hypertrophy index. In nor-
motensive animals, sirolimus-treated ones had a lower
index than placebo-treated rats, while sirolimus had no
significant effect on single renal mass in hypertensive
rats. Similarly, we observed a reduced renal allograft
mass in our previous study using a sirolimus-derivate in
a rodent model of chronic rejection [30]. Recently, using
another normotensive rat strain, Jain et al. [31] observed
a protective effect of sirolimus on the late consequences
of renal ischaemic damage. In their studies; treated
animals developed less proteinuria than controls, and
the development of proteinuria as well as the deterio-
ration of renal function correlated with the upregulation
of mRNA for TGF-§1 [32].

Why did we not observe larger differences between
sirolimus-treated and untreated rats? Long-term hyper-
tension seems to have the strongest effect on the devel-
opment of proteinuria and structural changes. This
assumption is generally accepted for humans, and cor-
rection of hypertension is a basic approach to slow the
progression of chronic nephropathies. Sirolimus has no
direct effect on angiotensin II expression. However, it
blocks growth factor (including angiotensin II)-mediated
cellular proliferation [33]. This feature of sirolimus might
be responsible for its beneficial effect in normotensive
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animals, while this was not enough to override the dele-
terious effects of high-renin hypertension in our model.
In conclusion, hypertension induced by high levels of
renin in transgenic rats aggravated the renal injury in-
duced by ischaemia/reperfusion injury. The anti-prolif-
erative immunosuppressant, sirolimus, ameliorated late
functional and morphological changes induced by is-
chaemic injury in normotensive animals, while its effect
in transgenic hypertensive rats was just mild and not
conclusive. Qur data support the hypothesis that siroli-

mus might be able to ameliorate the progression of renal
damage in the case of well-controlled hypertension.
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