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SUMMARY: In renal transplantation, postischemic acute renal failure (ARF) develops in more than 20% of patients. We
investigated whether tubular epithelial cells obtained from donor kidneys without subsequent ARF express a different pattern of
survival genes, compared with cells from kidneys exhibiting ARF. Donor kidney biopsy specimens were obtained before
transplantation from eight recipients of cadaveric kidneys with primary graft function (CAD-PF), eight patients with biopsy-proven
ARF without rejection (CAD-ARF), and eight recipients of living donor kidneys with primary graft function (LIV). One thousand
proximal tubular epithelial cells per biopsy specimen were isolated by laser capture microdissection. Quantitative analysis of
apoptosis and the apoptosis regulatory genes Bcl-2, Bcl-xL, and Bax were performed by terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-digoxigenin nick-end labeling staining and real-time PCR, respectively. Primary cultures of
human proximal tubular epithelial cells served as calibrator. The number of apoptotic cells was significantly higher in CAD-ARF
compared with LIV and CAD-PF (1.5 � 1.1% [p � 0.05] vs. 0.3 � 0.2% vs. 0.4 � 0.2%; mean � SD). The apoptosis inhibitors
Bcl-2 and Bcl-xL were significantly up-regulated in renal tubular cells of recipients without ARF compared with CAD-ARF. The
ratios of Bcl-2/GAPDH normalized to calibrator were as follows: LIV 48 � 30, CAD-PF 38 � 55, and CAD-ARF 5 � 7 (p � 0.05).
The corresponding ratios for Bcl-xL were as follows: LIV 6 � 6, CAD-PF 5 � 3, and CAD-ARF 1 � 1 (p � 0.05). No difference
in the expression of the proapoptotic Bax could be observed. These data suggest that failure of proximal tubular cells to respond
to injury by up-regulation of survival factors from the Bcl-2 family contributes to postischemic ARF in patients after cadaveric renal
transplantation. (Lab Invest 2002, 82:941–948).

P ostischemic acute renal failure (ARF), which oc-
curs in 20% to 50% of cadaveric kidney trans-

plant recipients, is the major risk factor for long-term
transplant survival (Hall et al, 1985; Ojo et al, 2001; van
Valenberg et al, 1987). Tubular epithelial cells are the
primary victims of this ischemic injury. Necrosis of
these cells clearly occurs, but removal of sublethally
injured tubules by apoptosis is an equally important
pathogenic mechanism (Lieberthal and Levine, 1996).
The number of apoptotic tubular cells in the donor
kidney biopsy specimens is higher than in native
kidney ARF and predicts the development of allograft
ARF (Oberbauer et al, 1999; Olsen et al, 1989).

Apoptosis is a carefully choreographed, complex
process, in which catabolic enzymes finally degrade

essential cellular macromolecules, which leads to a
characteristic death phenotype (Cohen, 1993). The
Bcl-2 family members are key regulators of this pro-
cess (Oltvai and Korsmeyer, 1994). Although the exact
mechanisms by which the Bcl-2 family regulates ap-
optosis are not entirely known, it is clear that the
susceptibility of cells to apoptosis can be altered by
changing the level of expression of individual family
member proteins (Oltvai et al, 1993). In contrast to
Bcl-2 and Bcl-xl, Bax acts as a proapoptotic factor.
The ratio of expression of Bcl-2 or Bcl-xl to Bax seems
to determine cell fate in an adverse microenvironment
(Ortiz et al, 2000). Thus, for any given apoptotic
stimulus, the balance between death and survival
seems to be determined by the ratio of apoptosis-
stimulating and -suppressing Bcl-2 family members
(Oltvai and Korsmeyer, 1994).

We have previously shown in a rat model of tempo-
rary ischemia to a solitary, healthy kidney that apopto-
sis of tubular cells after reperfusion mainly occurs
within the first 24 hours. However, the long-term
consequences (tubular dilation, interstitial fibrosis, and
glomerulosclerosis) develop as late as 20 weeks after
the insult. Apoptosis in this setting is associated with
a relative overexpression of the proapoptotic Bcl-2
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member Bax compared with antiapoptotic Bcl-2 or
Bcl-xL (Oberbauer et al, 2001).

In renal transplantation, an adequate response of
tubular epithelial cells to ischemia includes an up-
regulation of survival genes. Gobe et al (2000) showed
that the inability of expressing antiapoptotic members
of the Bcl-2 family as response to oxidative stress is
associated with a higher rate of apoptosis in proximal
tubular epithelial cells in vitro (Cuttle et al, 2001).

This study was designed to elucidate whether prox-
imal tubular epithelial cells from donor kidney biopsy
specimens obtained before transplantation with sub-
sequent primary graft function exhibit a different ex-
pression of antiapoptotic Bcl-2 members, compared
with tubular cells of kidneys that displayed succeeding
postischemic ARF.

Results

Apoptosis

The number of apoptotic tubular epithelial cells in the
three groups is depicted in Figure 1A. Living donor
kidney biopsy specimens (LIV) and cadaveric kidney
biopsy specimens with primary graft function (CAD-
PF) exhibited significantly less apoptotic cells com-
pared with cadaveric donor kidneys with delayed graft
function and acute renal failure (CAD-ARF).

Apoptosis Regulatory Genes

A calibration curve with five different RNA concentra-
tions from calibrator cells was performed in each run.
Total RNA from 2 ng to 20 �g was used to assess the
correct amplification of each gene. The yield of total
RNA isolated from 100 tubular cross-sections aver-
aged 64 � 37 ng.

Bcl-2 was significantly up-regulated in tubular cells
of donor kidney biopsy specimens of all groups,
compared with calibrator (healthy human tubular epi-
thelial cells). However, donor kidney biopsy speci-
mens with a low number of apoptotic tubular cells and
primary graft function after transplantation exhibited
nearly 10-fold more Bcl-2 expression (LIV and CAD-
PF), compared with kidneys with a high percentage of
apoptotic cells and subsequent development of post-
ischemic ARF (CAD-ARF). This is illustrated in Figure
1B.

The other investigated antiapoptotic Bcl-2 member,
Bcl-xL, was also significantly up-regulated in all donor
kidney biopsy specimens, compared with calibrator.
Bcl-xL/GAPDH was expressed more strongly than
calibrator in the LIV group (by 6 � 6-fold), in the
CAD-PF group (by 5 � 3-fold), and in the CAD-ARF
group (by 1 � 1-fold). The differences between the
CAD-ARF group and the other donor groups reached
statistical significance in the Kruskall-Wallis test but
were not as significant as the Bcl-2 differential
regulation.

The investigated proapoptotic gene Bax was signif-
icantly up-regulated in all groups compared with cal-
ibrator, but no intergroup differences could be de-
tected. Bax/GAPDH was more strongly expressed

than calibrator in LIV, CAD-PF, and CAD-ARF by 7 �
6-fold, 11 � 6-fold, and 5 � 5-fold, respectively. The
overall coefficient of variation of Bcl-2 members and
GAPDH triplicate samples was 0.05 � 0.02.

There was a clear difference in the balance of pro-
and antiapoptotic genes among the donor kidney
groups. Those kidneys with primary graft function and
low levels of apoptosis (LIV, CAD-PF) exhibited an
overproportional up-regulation of the survival gene
Bcl-2, compared with the death gene Bax. Bcl-2/
GAPDH in kidneys from the CAD-ARF group, on the
other hand, was up-regulated only proportional to
Bax/GAPDH (5 � 3-fold and 5 � 5-fold of calibrator).

There was no correlation between any of the ob-
tained donor and recipient parameters, such as donor
age or organ ischemia time and the number of apo-
ptotic cells. Furthermore, the expression of Bcl-2 did
not correlate with the duration of cold ischemia (Fig.
1C).

Discussion

We have shown that the number of apoptotic tubular
epithelial cells in donor kidney biopsy specimens can
predict the development of postischemic ARF in man
(Oberbauer et al, 1999). The present data support this
finding but additionally provide more insight on the
regulation of apoptotic cell death on the molecular
basis. Those kidneys that cannot adequately respond
to donor stress and ischemic injury by unproportional
up-regulation of the survival factor Bcl-2, exhibit more
apoptotic tubular epithelial cells and subsequently
postischemic ARF after transplantation. Discrete sim-
ulation of apoptosis regulation by the Bcl-2 family after
external stimuli revealed the key significance of Bcl-2
up-regulation for apoptosis prevention (Siehs et al,
2002). Furthermore, we recently demonstrated that
microinjection of a synthetically derived Bcl-2 peptide
could prevent renal tubule cell apoptosis in vitro
(Peherstorfer et al, 2002).

It is of major importance to avert postischemic ARF
and delayed graft function, because they are the most
prevalent risk factors for reduced allograft half-life (Ojo
et al, 2001). United Network of Organ Sharing data of
86,682 patients showed that the half-life of a cadav-
eric donor kidney with ARF averages 8.6 years com-
pared with 14.1 years for primarily functioning kidneys
(Gjertson, 2000). Recipients of living donor kidneys
usually do not exhibit postischemic ARF and have a
significantly longer graft half-life (Hariharan et al,
2000). The reasons are not entirely known, but it has
been shown in experimental kidney and liver trans-
plantation that brain death causes an autonomic
storm followed by structural changes of the transplant
organ (Van der Hoeven et al, 1999, 2001). In living
donor transplantation, the ability to counterbalance
ischemic tubular injury by up-regulation of Bcl-2 mem-
ber survival genes suggests that an active process of
vital cells is present. During cold preservation ex vivo,
all active processes are shut off (Salahudeen et al,
2000). Koo et al (1999) demonstrated that renal mor-
phology and HLA-DR protein expression do not
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Figure 1.
A, The percentage of apoptotic tubular epithelial cells in the corresponding groups. B, The overexpression of Bcl-2/GAPDH in microdissected tubular cells from donor
kidney biopsy specimens relative to cultured primary human tubular epithelial cells from healthy kidneys, which served as calibrator. Living donor kidneys (LIV) and
cadaveric donor kidneys with primary function after transplantation (CAD-PF) expressed nearly 10-fold more Bcl-2 compared with cadaveric kidneys with subsequent
acute renal failure (CAD-ARF). *p � 0.05. C, The relation between Bcl-2/GAPDH expression and the duration of cold ischemia. Prolonged cold ischemia was not
associated with lower level Bcl-2 expression in cadaveric kidneys (PF as well as ARF).

Bcl-2 in Postischemic Donor Kidneys
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change on sequential renal biopsy specimens ob-
tained at the beginning and the end of cold preserva-
tion. Cecka (2002) recently presented data from over
2300 organ donors from whom both kidneys were
used for transplantation, but one kidney developed
delayed graft function whereas the other kidney ex-
hibited immediate graft function. The authors found
that graded cold ischemia times of less than 36 hours
did not adversely effect early graft function.

In the reperfusion phase after transplantation, how-
ever, active processes such as apoptosis reoccur.
Burns et al (1998) showed a marked increase in
apoptotic tubule cells after reperfusion of cadaveric
grafts compared with the numbers obtained from
prereperfusion biopsy specimens. A similar difference
was not observed in living-related donor renal trans-
plants. Furthermore, significantly more apoptotic tu-
bule cells were observed in reperfusion cadaveric
specimens compared with living donor transplants.
Given the fact that cadaveric kidneys exhibit higher
numbers of tubular apoptosis compared with living
donor kidneys even before reperfusion, the higher
incidence of postischemic ARF in cadaveric kidneys is
not surprising.

Ortiz and coworkers (2000) studied the regulation of
the Bcl-2 family members Bax, Bcl-xS, Bcl-2, and
Bcl-xL in animal models of ARF. The ratio of Bcl-2/Bax
mRNA was decreased during ARF. Whole kidney RNA
was used for this analysis. In the immunohistochemi-
cal studies, however, in which localization of protein
expression was possible, the authors found a patchy
distribution of pro- and antiapoptotic Bcl-2 members.
In some tubules, the antiapoptotic Bcl-xL was up-
regulated and Bcl-2 was down-regulated, in other
tubules it was the reverse (Ortiz et al, 2000). This
differential expression in different sites of the tubules
reflects the dissimilar vulnerability of diverse tubular
sites to metabolic stress (Gobe et al, 2000). In the
present study, we used only proximal tubules, which
were identified by immunohistochemistry using an
anti-CD13 antibody, and we analyzed the expression
of the apoptosis regulators from the Bcl-2 family from
the same RNA. Therefore, an exact evaluation of the
pro- and antiapoptotic differential regulation in this
tubular segment was possible.

In summary, our data suggest that failure to respond
to renal injury by tubular up-regulation of protective
Bcl-2 family members, especially Bcl-2 itself, is asso-
ciated with apoptotic tubular cell death and subse-
quent ARF and delayed allograft function in the recip-
ient. Bcl-2 overexpression might be of potential value
as a preventive measure of postischemic ARF.

Materials and Methods

Patients

Between May 1998 and February 1999, 127 renal
transplantations were performed at the University of
Vienna Medical Center. One hundred one organs were
procured from cadaveric, heart-beating donors, 8
from cadaveric, non–heart-beating donors, and 18

from living-related or emotionally related donors. A
total of 107 recipients received their first allograft, 15
received their second allograft, and 5 received their
third allograft. Eighteen patients were highly sensi-
tized, as evidenced by panel-reactive antibodies of
more than 25%. Of these 127 patients, 101 fulfilled the
study inclusion criteria, which were first transplanta-
tion, panel-reactive antibodies � 25%, heart-beating
donor and standard triple-drug immunosuppression.
From these 101 patients, 36 participated in another
study, 11 refused the biopsy in the first week after
transplantation, and in 14 patients the core of the
donor biopsy specimen or the first week biopsy spec-
imen was either to small or of poor quality. Seven
biopsy specimens could not be used because the core
was not immediately frozen and the RNA was
degraded.

The remaining 33 patients were clustered into one of
three groups according to their immediate posttrans-
plantation clinical course and the results of the trans-
plant biopsy, which was obtained within the first 5
days. One group consisted of patients who received a
kidney from a cadaveric donor and exhibited immedi-
ate transplant function (CAD-PF, n � 8). The next
group included recipients of a cadaveric kidney with
postischemic ARF and biopsy-proven acute tubular
damage but without signs of rejection (CAD-ARF, n �
8). The third group included transplant recipients of
living donors (LIV, n � 8). None of the living donor
kidneys exhibited ARF. If morphologic signs of acute
rejection were evident, the patient was not included
into the study (n � 9). Relevant donor and recipient
data are listed in Table 1.

Donor Kidney Biopsy Specimens

All cadaveric and living donor kidneys were perfused
with the histidine-tryptophan-ketoglutarate cold pres-
ervation solution at 4° C during organ procurement
(Groenewoud and Thorogood, 1993). Wedge biopsy
specimens were obtained under sterile conditions
from all donor kidneys at the end of the cold ischemia
time, immediately before transplantation. The biopsy
specimen was immediately embedded in Tissue Tek
(Sakure Finetek, Torrance, California), frozen in the
gas phase of fluid nitrogen, and stored at �80° C until
further processing. Relevant donor data are given in
Table 1.

Laser Capture Microdissection

Frozen biopsy specimens were cut on a cryostat
microtome (Microme Heidelberg HM330) in 7-�m sec-
tions, and six sequential sections (three pairs) were
mounted on glass slides covered with a 1.4-�m thin
laser pressure catapulting membrane (P.A.L.M., Wol-
fratshausen, Germany). The laser pressure catapulting
covering of the slides is necessary for optimal cutting
and catapulting of microdissected tubules by the laser
beam.

Immediately after taking the slides out of the freezer,
the specimens were put into diethylpyrocarbonate
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(DEPC)-treated water to remove the Tissue Tek. Prox-
imal tubules were identified by immunohistochemistry
using an anti-CD13 antibody (mouse monoclonal
IgG2b; clone: 46A11; Diatec, Oslo, Norway). Because
more than 90% of all RNA was degraded after immu-
nohistochemistry, even if the time of the aqueous
phase including the secondary antibody was cut down
to less than 3 minutes, only one section of the pair-
wise mounted sequential sections was subjected to
immunohistochemistry (Dako EnVision System,
Carpinteria, California). The other section of the pair
was stained with hemalum for 15 seconds. This im-
munohistochemically processed section served as
template for the microdissection of proximal tubules in
the hemalum-stained section (Fig. 2). An average of
100 proximal tubular cross-sections, containing
roughly 1000 tubular cells, were isolated from the
three hemalum-stained sections on each slide.

Apoptosis Determination

Apoptotic tubular epithelial cells were detected by
using TUNEL staining (terminal deoxynucleotidyl
transferase [TdT]-mediated dUTP nick end labeling) of
fragmented DNA (Roche, Mannheim, Germany), as
described by Gavrieli et al (1992). Briefly, samples
were fixed with 4% formaldehyde for 20 minutes and
then washed in PBS for 30 minutes. Afterward, per-
meabilization was performed by incubation with 0.1%
Triton X on ice for 2 minutes. The in situ nick end
labeling of the fragmented DNA was performed by
incubation with a mixture of fluorescein-labeled nucle-
otides diluted in TdT buffer in a humid dark chamber at
37° C for 60 minutes (5 �l of TdT and 45 �l of
nucleotides). An alkaline phosphatase-labeled anti-
FITC antibody (Converter AP, Boehringer Mannheim,
Germany) was then added for 60 minutes; after 5
minutes of Fast Red incubation, which served as
chromogenic substrate for the alkaline phosphatase,
the samples were washed and counterstained with
methylene green. At the end of the procedure, a
coverslip was mounted. The negative controls were
performed by omission of the TdT. Cryosections of
reactive tonsils served as positive control. The number
of TUNEL-positive cells (out of 1000 tubular epithelial
cells counted) was recorded.

RNA Isolation and Reverse Transcription

RNA was isolated from microdissected tubules using
the RNeasy Mini-Kit (Qiagen, Hilden, Germany). In
brief, tubular cells were taken up in lysis buffer and
treated with 1 �g of polyA-carrier RNA (Qiagen). The
lysate-carrier mix was dissolved in 70% ethanol and
applied to a spin column. The RNA was eluted with 20
�l of DEPC-treated water.

For first-strand cDNA synthesis, 20 �l of RNA was
primed with 1.5 �l (1 �g/�l) of random hexamers
(Gibco-BRL, Invitrogen, Karlsruhe, Germany) and sub-
jected to heat denaturation (3 minutes at 65° C) and
then put on ice. A 9-�l reaction mix, containing 3 �l of
10� RT buffer, 20 mM dNTPs, 15 U of RNaseOUT, andTa
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6 U Sensiscript Reverse Transcriptase, was added
and incubated at 37° C for 90 minutes (reverse tran-
scriptase, dNTPs, and RT Buffer from Sensiscript RT
Kit; Qiagen). Reverse transcriptase was inactivated
thereafter by 10 minutes of incubation at 70° C.

Real-Time PCR

For all PCR experiments, the ABI Prism 7700 Se-
quence Detector thermal cycler was used (Applied
Biosystems, Foster City, California). Quantitative real-
time PCR was performed according to the TaqMan
protocol (Applied Biosystems). The antiapoptotic
genes Bcl-2 and Bcl-xl and the proapoptotic gene
Bax, as well as GAPDH, which served as endogenous
standard, were amplified with predeveloped assays
using the universal PCR mastermix (Applied Biosys-
tems). The reaction mix consisted of 2.5 �l of template
volume, 12.5 �l of mastermix, 1.3 �l of predeveloped
assay for either gene, and 8.7 �l of DEPC-treated
water.

The reaction conditions were as follows: after an
initial phase of 2 minutes of warming up, samples were
denatured at 95° C for 10 minutes; than 40 amplifica-
tion cycles were performed at 95° C for 15 seconds
and 60° C for 1 minute. The PCR reactions were
performed in 96-well optical reaction plates (Applied
Biosystems).

Sample preparation was performed in two sepa-
rated PCR hoods for mastermix and template. All
experiments were performed in triplicate.

Quantification of Gene Expression

Primary cultures of human renal proximal tubular
epithelial cells, which were derived from nonaffected
cortical areas of tumor-nephrectomy specimens,
served as calibrator. The isolation, growth, and char-
acterization of these cells were performed as de-
scribed elsewhere (Baer et al, 1999; Pfaller and
Gstraunthaler, 1998). The entire preparation was per-
formed under sterile conditions in a laminar air flow. In
brief, after mincing of the tissue with scalpels, a
30-minute step of collagenase digestion was per-
formed, which was stopped with 2.5% BSA. The cell
suspension was then squeezed through a sieve with
40-�m mesh, which was flushed three times with
HBSS. Thereafter the cells were separated by a 37%
Percoll gradient centrifugation at 15000 rpm for 30
minutes at 4° C. The band, which contained the tubule
cells, was collected. After several washing steps, the
cells were seeded onto fibronectin-coated cell culture
dishes. Cells were grown in DMEM supplemented with
10% FCS, D-valine (46 mg/ml), linolic acid (42 �g/ml),
thioctic-acid (100 �g/ml), and sodium-putrescine (80
�g/ml). Human proximal tubular epithelial cells were

Figure 2.
Laser-captured microdissection of a proximal tubular cross-section from a cadaveric donor kidney biopsy specimen. A, Proximal tubule epithelial cells were identified
by anti-CD13 (aminopeptidase-N) staining. Because the immunohistochemical procedure led to more than 90% degradation of RNA, consecutive tissue sections,
stained only with hemalum, were used for microdissection. The immunohistochemically stained specimen served as template. B, Hemalum-stained consecutive
section, 7 �m apart from A. C, Circumferential microdissection of a tubular cross-section. D, Laser catapulting of dissected tubule. E, Isolated tubular cross-section
that was used for RNA isolation (magnification �800).
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selected against fibroblasts through to the D-valine
supplement in the growth media. Cultures were usu-
ally incubated at 37° C and 5% CO2; for all proposed
experiments, cell monolayers 3 to 6 days of age were
used. Viability of cells was determined by light micros-
copy after trypan blue staining.

Tubular cells were characterized using proximal tubu-
lar markers such as HEA (Miltenyi Biotec, Gladbach,
Germany), anti-CD13 antibodies (Aminopeptidase-N;
Dako), angiotensin AT1 and AT2 receptor (Santa
Cruz Biotechnology, Santa Cruz, California). and
negative control staining with fibroblast-specific an-
tibody (Dianova, Hamburg, Germany) followed by
flow cytometric analysis.

RNA samples from cells derived from five different
nephrectomy specimens were pooled to obtain a
representative cross-section of human tubular gene
expression in healthy tubular epithelial cells. All exper-
iments were performed with the same calibrator RNA,
which was stored in aliquots at �80° C. GAPDH
served as internal standard.

Quantification of gene expression was performed
according to the delta Ct method (�Ct2/�Ct1), as
described elsewhere (Jeyaseelan et al, 2001). Briefly, a
ratio was calculated between the expression of the
gene of interest to the expression of the internal
standard (GAPDH) in the calibrator (�Ct1) and in the
probe (�Ct2). Because the cDNA doubles in every
PCR cycle, 2�Ct yields the x-fold expression of the
gene of interest compared with calibrator. The intra-
individual coefficient of variation was below 1% in the
calibrator samples and 15 � 9% in the microdissected
donor kidney biopsy samples.

Statistical Analysis

Continuous variables were described by mean � SD,
and correlations were calculated using the Spearman
coefficient. The Kruskall-Wallis test or the Wilcoxon
rank-sum test was used for the comparison between
three or two groups, respectively. A p value � 0.05
was considered statistically significant. The SAS Sys-
tem V8.1 (SAS Institute Inc., 2000; Cary, North Caro-
lina) was used for statistical analysis. All experiments
were performed in triplicates, and the mean value was
used.
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