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Abstract In this study, it was aimed to investigate apop-
tosis in renal injury and the eVect of lisinopril in rat model,
which constitute unilateral ureteral obstruction. The retro-
peritoneal ureter was ligated with a 4.0 silk for the experi-
mental model of ureteral obstruction in Wistar albino rats.
Untreated group (n = 20) received no treatment. For the lis-
inopril-treated group (n = 20), 20 mg/kg/day of drug was
given orally. Ultrastructural diVerences were analyzed
using electron microscopic technique; apoptotic distribu-
tion was analyzed using the TUNEL method. After electron
microscopic evaluation, on the 4th and 14th day in the
untreated group, edema in the glomeruli, loss of microvillus
and apoptotic cells in proximal tubule cells and sclerosis in
the glomeruli were detected. On the 4th day in the lisino-
pril-treated group, the kidney was ultrastructurally normal
and a less number of apoptotic cells were only observed on

the 14th day. On light microscopic examination on the 4th
and 14th day in the untreated group, while the glomeruli
were normal in structure, the boundary of the proximal
tubule was disrupted and some picnotic cells in both the
proximal and collecting tubules were observed. In both 4th
and 14th day of the lisinopril-treated group, kidney showed
normal structure, although in some places picnotic cells in
the collecting tubules were observed. In conclusion, lisino-
pril was eVective and it may prevent early renal damage in
the direct obstruction model.
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Introduction

Urinary obstruction is the most important reasons that
cause renal failure in infants and children [1]. Unilateral
ureteral obstruction (UUO) initiates renal injury [2] charac-
terized by tubular dilatation and/or atrophy, inWltration of
leucocytes (macrophages), Wbroblast proliferation and an
increase in matrix proteins, concluding in progressive inter-
stitial Wbrosis [3] and end-stage renal disease [4]. A number
of recent studies have shown an association between the
renin–angiotensin system (RAS) and apoptotic alterations
in the kidney [5–7].

After ureteral obstruction, there is a positive correla-
tion between histological tubular diVerences and a
decreased glomerular Wltration rate. In the kidney, some
ultrastructural diVerences can be observed in the proximal
and collecting tubules after ureteral obstruction. Chronic
ureteral obstruction can also cause collagen deposition
and tubulointerstitial Wbrosis. In addition, tubular cell
apoptosis may be related to renal tissue loss and dysfunc-
tion in UUO.

Angiotensin (AT)-2 induce renal apoptosis by promoting
oxidative stress and vasoconstriction, and enhancing the
expression of adhesion molecules and cytokine synthesis
such as transforming growth factor �1, tumor necrosis fac-
tor �, platelet-derived growth factor, insulin-like growth
factor, osteopontin, vascular cell adhesion molecule-1,
monocyte chemotactic protein-1, intercellular adhesion
molecule-1 and nuclear factor kappa-� [7, 8].

Angiotensin-converting enzyme (ACE) inhibitors could
improve the eVects of UUO; so in our study, we aimed to
investigate the degree of apoptosis in renal injury and the
eVect of lisinopril, an ACE inhibitor, in a rat model with
unilateral ureteral obstruction.

Apoptosis is a process by which single cells undergo
programmed cell death and are removed by elimination of
abnormal cells from the tissue [9]. It is a genetically deter-
mined that biologically activate process plays a role oppo-
site to mitosis in tissue-size regulation, shaping organs
during mammalian morphogenesis and removing cells that
are immunologically reactive against the organism, when
infected or genetically damaged [10]. While chromatin con-
desation is clearly visible in apoptotic cells, the cell mem-
brane is stable in contrast to necrosis. The regulation of
apoptosis is very complex and involves the expression of
various genes, which can display either positive or negative
regulatory eVects. Controlling of apoptosis is regulated by
extrinsic or intrinsic pathways. The extrinsic pathway is
activated after stimulation of the Fas/Fas ligand, TRAIL
and tumor necrosis factor (TNF)/TNF receptor [11, 12].
The intrinsic pathway is controlled by the secretion of cyto-
chrome-c from mitochondria [13]. After extrinsic or intrin-
sic pathways, diVerent caspase such as caspase 8, 9 activate

and trigger of other caspases (3/6/7). Recent evidence has
strongly suggested that apoptosis is an important regulator
of glomerular cell numbers in renal injury [14].

Materials and methods

All animal procedures were approved by the Committee on
Human Care of Laboratory Animals at the Ege University,
Faculty of Medicine, Izmir, Turkey.

Animals

Male Wistar albino rats (220–260 g each; n = 60) were
used for this study. All were housed in a standard con-
trolled, 12-h light–dark environment for a minimum of
3 days before being used in experiments.

Rat model of ureteral obstruction

This study utilized a previously described rat model of
ureteral obstruction [15]. In this model, rats anesthetized
with ketamine (80–100 mg/kg, Ketalar, Parke Davis,
USA) underwent a standard midline laparotomy to expose
the left ureter. The left ureter was ligated with a 4/0 silk
ligature. The skin was sutured and closed, after a 2-h
operation. For the lisinopril-treated group (n = 20),
20 mg/kg/day of lisinopril (Merck & Co., Inc., USA, Can-
ada) was dissolved in distilled water and given by oroga-
stric lavage to rats. In the untreated (control) group, the
left ureteral obstruction was performed as previously
described, but rats were not given any medicine. In the
unobstructed group (sham group), treatment was not per-
formed. Ten of the animals from each group on the 4th,
and the rest of the ten animals from all groups on the 14th
day after treatment were killed and bilateral nephrectomy
was performed.

Tissue specimen preparation

All left kidneys were divided into two groups; one part of
the samples was Wxed in a 10% formalin solution for 24 h,
embedded in paraYn, and sliced into 5 �m-thick sections.
Sections were then processed for both histochemical and
TUNEL assay as described below. The rest of the samples
was Wxed with 2.5% gluteraldehyde for 4 h at 4°C for elec-
tron microscopic analyses.

Histomorphological analysis

Sections were routinely stained with either hematoxylin–
eosin (H–E) or Masson Trichrome and then examined
under a light microscope (Olympus BX40, Tokyo, Japan).
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Electron microscopic analysis

The samples were postWxed with 1% osmium tetroxide for
1.5 h and, after routine processing, embedded in epon (R1080,
Agar ScientiWc, Essex, UK). The thin sections were con-
trasted with uranyl acetate (U007, TAAB, Berks, England)
and lead citrate (L003, TAAB, Berks, England). They were
then examined using Zeiss, LIBRA 120 electron microscope.

TUNEL assay

DeparaYnized and rehydrated sections, prepared as described
above, were stained using a commercial kit (Apoptag, S7101,
Chemicon, Billerica, MA, USA) according to the manufac-
turer’s instructions. They were incubated 30 min with 20 �g/
mL proteinase K, rinsed again three times for 5 min with
PBS, and then incubated in TdT-enzyme solution at 37°C for
1 h. Subsequently, the sections were rinsed three times with
stop/wash buVer (supplied from Chemicon) at room tempera-
ture for 15 min each. The sections were then incubated with
anti-digoxigenin conjugate (ready to use, supplied from
Chemicon) for 30 min. After that, they were washed with
PBS for 10 min and covered with mounting medium (Scytek
Laboratories, Logan, UT, USA). As a negative staining con-
trol, TdT was omitted during the tailing reactions.

Evaluation of sections

The slides stained with TUNEL technique were evaluated
using a light microscope (Olympus BX40, Tokyo, Japan).
The average number of apoptotic cells was determined by
counting TUNEL-positive cells in Wve neighboring
medium-power Welds, where the maximum number of
stained cells was observed and the total was divided by
Wve. Cells in areas with necrosis, poor morphology or mar-
gins of sections were not included.

Statistical analysis

Results were expressed as mean § SE. The software SPSS
10.0 for Windows (SPSS, Chicago, IL, USA) was used for
statistical evaluation. DiVerences among groups were sta-
tistically analyzed with one-way ANOVA where appropri-
ate. A p < 0.05 value was assumed to indicate statistically
signiWcant diVerences.

Results

Histological results

On histological evaluation of the left kidney tissue of all
groups, stained with hematoxylin–eosin, the cortex and

medulla were easily distinguished. In the lisinopril-treated
group, the glomerulus, proximal and distal tubules and
Henle were normal in structure, while in the collecting
tubules a few picnotic cells were observed. In the untreated
group, polymorphonuclear leucocytes inWltration was
observed and, in addition, picnotic cells were more detect-
able in the proximal and distal tubules and collecting
tubules when compared with the lisinopril-treated group
(Fig. 1).

Masson Trichrome staining were detected in both the
glomerulus and tubules, but there were no diVerences
between groups (Fig. 2).

TUNEL results

TUNEL (TDT-mediated dUTP-biotin nick end-Labeling)
staining was done in the study to determine apoptotic cells.
TUNEL-positive cells were not detected in the unob-
structed group. On sections of the untreated group at 4 and
14 days, TUNEL-positive cells were not detected in the
glomerulus cells, whereas in the proximal and distal tubules
and collecting tubules cells, TUNEL-positive cells were
observed on both 4th and 14th days: 21.1 § 0.57 and
15.8 § 0.25%, respectively. The renal medulla was exam-
ined on the same day and the number of positive cells on
the 4th and 14th days were 25.6 § 0.37 and 30.9 § 0.73%,
respectively. When compared with the cortex, more
TUNEL-positive cells were observed in the medulla
(Fig. 3a, b), which was signiWcant (p < 0.001) (Table 1).

TUNEL-positive cells were almost negative in lisinopril-
treated group, on the 4th and 14th days; TUNEL-positive
cells were observed in the glomerulus, proximal and distal
tubule, (respectively, 0.3 § 0.01 and 0.1 § 0.15%), in the
medulla and collecting tubule cells on the 4th (0.2 §
0.13%) and 14th days (3.7 § 0.26%). The data from the 4th
day were not statistically signiWcant compared with the
unobstructed group, whereas data from the 14th day
showed a statistical signiWcance (p < 0.001). In the early
stage of the lisinopril-treated group, the appearance of
apoptotic cells was fewer, while as the treatment continued,
the number of apoptotic cells increased (Fig. 3c, d).

Electron microscopy results

In the untreated group, tubule epithelial cells, as well as
deterioration of the apical microvilli and thick large cyto-
plasmic bleb extending into the lumen, which were similar
to apoptotic cells, were detected. Near the portion of the
lumen, intercellular connections were tracked. Mitochon-
dria and other organelles were normal, except in some
where the cristae of mitochondria were indistinct (Fig. 4a).
Sections from glomeruli showed pedicels and podocytes
dilated due to edema (Fig. 4b).
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In the untreated group, tubular epithelial cell degenera-
tion was detected. In addition, some of the cells were ultra-
structurally similar with karyolysis. Increase of collagen
deposition was also detected in the intertubular space. Dis-
tribution of organelles in the cytoplasm was also decreased
and these cells showed a degenerative view (Fig. 4c, d).

In the lisinopril-treated group on the 4th day, epithelial
cells of tubule were detected to be normal and the apical
microvilli extending into the lumen were rather preserved.
In addition, glomerulus podocyte and pedicel were very
protected (Fig. 4e, f).

In the lisinopril-treated group at 14th days, tubule epi-
thelial cells and distribution of cell organelles, were
detected normally, but rather the loss of microvilli was
detected (Fig. 4g, h). In Fig. 4, two adjacent tubule cells
which in organelles were protected have normal collagen
Wbers. In addition, pedicel in glomerulus was also much
protected.

Discussion

There are increasing numbers of antenatal or adult models
which show the eVect of UUO on renal tissue. To date,

UUO is mainly produced by surgical methods [15] as we
did in this study. Several animals such as rabbit, sheep,
opossum and chick embryo have been used antenatal and
adult models [16–20], and most of them produced by ligat-
ing the ureter. It seems the changes in renal morphology
after UUO depend on the time of onset, duration and degree
of obstruction [21]. In adult models, the gradual destruction
or atrophy of the renal parenchyma was associated with
increase in the size of the hydronephrosis. Hydronephrotic
atrophy may be associated with destruction of all the renal
parenchymal tissue, and a thin-walled sac of watery Xuid
remains [21]. Hydronephrotic atrophy takes about 4 months
in rats [22]; however, the acutely obstructed kidney may
increase its weight within hours after UUO due to paren-
chymal edema [23]. In our study as we observed the
nephrectomy materials, the right kidney of all groups and
both kidneys of the unobstructed group were morphologi-
cally normal, but in the obstructed groups (lisinopril and
untreated) we observed especially on the 14th day growth
in size of kidney, and serious dilatation of the renal pelvis
and proximal portion of the ligated ureter, as expected.

We demonstrated the eVect of lisinopril, an angiotensin-
2 inhibitor, on renal tissue damage in UUO in rats histolog-
ically by observing renal tissue with light and electron

Fig. 1 Histological examination of untreated (a, b) and lisinopril-treated (c, d) groups of kidney from the 4th (a, c) and 14th (b, d) days after oper-
ation. Cortex Wgures are inserted in medulla Wgures (H–E). Scale bar 25 �m
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microscope and apoptosis using TUNEL method. After
electron microscopic evaluation, while edema in glomeruli,
loss of microvillus and apoptotic cells were observed in the
proximal tubule cells on the 4th day in the untreated group,
these diVerences were more on the 14th day in the untreated
group, including sclerosis in the glomeruli, widespread
degeneration of the tubule cells, tubule contraction in
places and apoptotic–necrotic cells of the proximal tubule
cells. In addition, we found that after lisinopril treatment,
tubular atrophy, Xattened epithelium of tubular cells and
tubular deepithelialization, which were very well docu-
mented in the ureteral obstruction model (untreated group)
in the morphologic analysis, were altered when compared
with the untreated group. Therefore, after UUO, the histol-
ogy of the kidney was disrupted, and after treatment with
lisinopril, the histopathological diVerences improved and
only picnotic nuclei were observed in the collecting tubule
in the late period. When the sections were stained with
Masson Trichrome, there were no diVerences between the
untreated and lisinopril-treated groups. Collagen deposition
is a late eVect of UUO; therefore, in 2 weeks, there was no
collagen deposition pathologically. Light microscopic
examinations of all groups supported electron microscopic
observation.

In sections on the 4 and 14 days of the untreated group,
TUNEL-positive cells were not detected in glomerulus
cells, whereas in the proximal and distal tubules and col-
lecting tubules cells, TUNEL-positive cells were observed
on both 4th and 14th days: respectively, 21.1 § 0.57 and
15.8§ 0.25%. The renal medulla was examined on the
same day and the number of positive cells on the 4th and
14th days were 25.6 § 0.37 and 30.9 § 0.73%, respec-
tively. When compared with the cortex, there were more
TUNEL-positive cells observed and these data were signiW-
cant (p < 0.001). These data show that the medulla was
harmed more than the cortex.

We observed apoptosis in the lisinopril-treated group,
on the 4th and 14th day, in the glomerulus, and proximal
and distal tubule. TUNEL-positive cells were almost neg-
ative (respectively, 0.3 § 0.01 and 0.1 § 0.15%) in the
medulla. TUNEL-positive cells were observed in the col-
lecting tubule cells on the 4th day (0.2 § 0.13%) and 14th
day (3.7 § 0.26%). The data from the 4th day were not
statistically signiWcant compared with the unobstructed
group, whereas data from the 14th day showed a statistical
signiWcance (p < 0.001). These data show that in the early
stage of the lisinopril-treated group, the appearance of
apoptotic cells was fewer, while as the treatment contin-

Fig. 2 Masson Trichrom staining of untreated (a, b) and lisinopril-treated (c, d) groups of kidney from the 4th (a, c) and 14th (b, d) days after
operation. Cortex Wgures are inserted in medulla Wgures. Scale bar 25 �m
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ued, the number of cells increased in the medulla. There-
fore, lisinopril protects the eVect of UUO in the early
stage, but if the obstruction continues, the eVect of lisino-
pril diminishes. These Wndings are in conXict with the
data of certain studies [4, 8]. Turan et al. [4] investigated
the eVects of enalapril, another ACE inhibitor, on rat kid-
neys and found no signiWcantly ameliorating eVect when
the enalapril-treated group was compared with the
untreated group after 2 weeks of UUO. They speculate
that enalapril may be eVective only in the short term;
2 week of obstruction was too long for drug beneWt, as we
found similar results in our study: the eVect of lisinopril
was signiWcant only in the early stage of obstruction. In
another study, Radovic et al. [8] also found that neither

cilazapril (ACE inh) nor losartan (AT receptor antagonist)
had any eVect on tubular cell apoptosis, observed on rats
after 10 days of UUO. The data can be explained also by
the long duration of UUO.

In a recent study, El Chaar et al. [6] have shown the
eVect of enalapril and 1D11 (monocylonal antibody to
TGF-�). They found administration of either 1D11 or enal-
april individually signiWcantly decreased all tissue changes,
but in combination there was little additive eVect and did
not provide full protection against damage. In another
study, Miyajima et al. [24] have shown similar ameliorating
eVect of ACE inhibitor on rats. Further investigation is
required for the understanding of the mechanisms of UUO
and the eVects of drugs on obstruction models.

Fig. 3 TUNEL analyses of untreated (a, b) and lisinopril-treated (c, d) groups of kidney from the 4th (a, c) and 14th (b, d) days after operation.
TUNEL-positive cells showed brown nucleus (arrows). Cortex Wgures are inserted in medulla Wgures. G Glomerul, T Tubul. Scale bar 25 �m

Table 1 TUNEL-positive cell 
numbers from all groups

TUNEL (%) Sham Control Lisinopril

4th day 14th day 4th day 14th day 4th day 14th day

Left cortex – – 21.1 § 0.57* 15.8 § 0.25* 0.1 § 0.01 0.3 § 0.15

Left medulla – – 25.6 § 0.37* 30.9 § 0.73* 0.2 § 0.13 3.7 § 0.26

Right cortex – – 10.5 § 0.48 13.6 § 0.43 – 6 § 0.26

Right medulla – – 28.1 § 0.62 30.1 § 0.41 – 11.1 § 0.40
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Fig. 4 Electron micrograph of untreated (a–d) and lisinopril-treated (e–h) groups of kidney from the 4th (a, b, e, f) and 14th (c, d, g, h) days after
operation. The deposition of collagen Wbers in c and d is labeled (asterisks). Scale bar 1 �m
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In the light of these data, drug administration after com-
plete UUO may not provide full protection against the
harmful eVects of ongoing obstruction. Ss a clinical aspect,
when we experience an obstructive ureteral stone, ACE
inhibitors can give the urologist time before surgical treat-
ment.

Conclusion

In the lisinopril-treated group, compared to the untreated
group, the number of damaged and apoptotic cells were
found to be less. Lisinopril was concluded to be eVective in
preventing early renal damage in the direct obstruction
model. For ongoing obstruction, because of the decreasing
eVect of lisinopril, surgical treatment is required.
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