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Cellular senescence has been suggested to play a role
in the deterioration of renal graft function and has
been linked to telomere shortening. We have investi-
gated markers of cellular senescence in the F344 to LEW
rat model of chronic renal transplant rejection. Synge-
neic and LEW to F344 transplants were used as controls.
Substantial telomere shortening was observed in all
transplants, including allogeneic and syngeneic grafts
from day 7 post-transplant onwards. Ischemia of native
F344 kidneys was already sufficient to induce telomere
shortening. It is known that shortened telomeres can
activate cell cycle regulators, such as p21 and p16. Ac-
cordingly, all cases showed a transient p21 increase,
with a maximum at day 7 and a sustained expression of
p16. Importantly, senescence-associated �-galactosi-
dase staining, a cytological marker for senescence, was
only observed in tubular epithelial cells of chronically
rejecting F344 allografts from day 30 post-transplanta-
tion onwards. Long-term surviving LEW allografts or
syngeneic F344 grafts were negative for senescence-as-
sociated �-galactosidase. In conclusion, ischemia dur-
ing transplantation results in telomere shortening and
subsequent activation of p21 and p16, whereas senes-
cence-associated �-galactosidase staining is only
present in chronically rejecting kidney grafts. (Am J
Pathol 2003, 162:1305–1312)

Chronic allograft rejection (CR) is the most important
cause of renal transplant loss. Various immunological
and non-immunological factors have been implicated in
its pathogenesis.1 The pathological lesions observed in
chronic rejection and allograft nephropathy overlap with
the changes observed in aging kidneys2 and it has been
suggested that senescence of renal cells might contrib-
ute to the deterioration of graft function.3

Somatic cells in vivo have a limit in their replicative
capacity termed the Hayflick limit.4 This limit has been
ascribed to the loss of telomeric sequences at the end of
chromosomes. Loss of telomeric repeats (TTAGGG) dur-

ing sequential replications eventually compromises telo-
mere function, leading to chromosomal instability and
loss of genetic information. After cells have reached their
maximal replicative potential they stop proliferating and
may become senescent. Senescent cells are irreversibly
arrested in the G1 phase of the cell cycle. Cells in senes-
cence do not respond to various external stimuli, but
remain metabolically active and contribute to an impaired
tissue integrity and persistent inflammation.5 In vivo cel-
lular senescence has been proposed to act as a mech-
anism to prevent neoplastic transformation of cells. Fur-
thermore, it is thought to act as a homeostatic mechanism
to prolong the cellular lifespan.6,7

Senescent cells display several characteristics, includ-
ing shortened telomeres, increased expression of spe-
cific tumor suppressor genes and an increased activity of
senescence-associated �-galactosidase (SA �-gal).8,9 In
addition, alterations in cell shape, altered matrix metallo-
proteinase and cytoskeletal collagen expression have
been described.10,11 Telomere erosion associated with
senescence of somatic cells in culture has been extrap-
olated to the features of chronological aging, including a
decrease in physiological capacity, loss of mass and
decreased resistance to stress. Relatively short telo-
meres in old kidneys2,12 may predispose to impaired
graft outcome post-transplant. One important observa-
tion, in this respect, is that kidneys from older donors
show worse graft survival.13

The molecular mechanism by which telomere erosion
limits proliferative potential has not been elucidated and
a number of equivocal hypotheses have been proposed.
One hypothesis is that critically shortened telomeres are
unable to recruit sufficient telomeric proteins to form a
functional nucleoprotein cap, which would expose a free
broken DNA end as a consequence. Alternatively, a
shortened telomere repeat stretch or an increase in the
availability of free telomeric proteins arising through loss
of substrate sites resulting in the necessary signals for
senescence.14

As cells become senescent there are accompanying
changes in the expression of p21 and p16, which are
involved in an arrest in the G1 phase of the cell cycle.
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These are induced in response to DNA damage (eg, via
p53 activation), which subsequently may activate mem-
bers of the cyclin dependent kinase (CDK) inhibitor fam-
ily.15 Activation of p53 results in activation of inhibitors of
CDK4 (INK4 family, including p16ink4) and inhibitors of
the cyclin E and A dependent kinases (Cip/Kip family,
p21

Cip1, Waf1, Sdi1
).16 Activation of INK4 and Kip family mem-

bers results in inhibition of the cell cycle in the G1 phase
via the retinoblastoma protein. An increased expression
of p21 is involved in the induction of senescence whereas
p16 accumulates in senescent cells and is involved in
maintenance of senescence.16–18 A marker suggested to
be specific for senescent cells is accumulation of lyso-
somal senescence-associated �-galactosidase (SA
�-gal) which is active at pH 6.0.8,9 In vitro observations
indicate that SA �-gal accumulates as cells senesce,
though in vivo observations supporting this are limit-
ed.19,20

In the present study, we used a rat model of human
chronic transplant rejection to investigate to what extent
the senescence markers are present in renal allografts.
Transplantation of a F344 kidney into a LEW recipient
results after a brief episode of acute rejection in chronic
rejection.21 Transplantation of a LEW kidney into a F344
recipient also results in acute rejection but chronic rejec-
tion does not occur. In this model we demonstrate telo-
mere shortening, and subsequent expression of p21 and
p16 proteins in both F344 to LEW and LEW to F344
allografts. However, SA �-gal staining was only found in
tubular epithelial cells of F344 allografts with chronic
rejection and not in syngeneic or LEW allografts. Thus, in
this rat model of chronic rejection we found that telomere
shortening is a first step for cellular senescence and
occurs due to ischemia but additional processes are
required for the induction of SA �-gal accumulation.

Materials and Methods

Animals

Nine-week-old male inbred Fisher (F344, RT1lv1) and
Lewis (LEW, RT1l) rats were purchased from Harlan,
Horst, The Netherlands. Animals had free access to water
and standard rat chow. Animal care and experimentation
were undertaken in accordance with the National Insti-
tutes of Health Guide for the care and use of laboratory
animals.

Kidney Transplantation

Kidney transplantations were performed as previously
described.22 Rats were 9 to 11 weeks of age at the time
of transplantation. The left kidney of the recipient was
removed and a donor kidney was transplanted in the
orthotopic position. The remaining native right kidney was
removed 7 days after transplantation. Postoperatively,
animals received 1 mg/kg body weight of Temgesic sub-
cutanously (buprenorphine-hydrochlorid, Schering-Plough
B.V., Amstelveen, The Netherlands) for pain relief. Cold
ischemia times varied between 30 and 45 minutes.

LEW rats that received a F344 kidney graft were sac-
rificed on days 7, 14, 30, 60, and 100 after transplantation
and kidneys were perfused with PBS and snap-frozen in
liquid nitrogen. Similarly, F344 rats received a LEW kid-
ney and were sacrificed on days 7, 14, 30, 60, and 100.
In addition syngeneic transplants, both F344 to F344 and
LEW to LEW, were performed and sacrificed on day 14
and day 60 post-transplantation (post-Tx). All experi-
ments were performed in the absence of immunosup-
pression.

Ischemia-Reperfusion Experiments

Male F344 rats (9 weeks of age) were operated under
halothane anesthesia. The renal artery was clamped us-
ing small artery clamps for 45 minutes (warm ischemia).
From each rat both kidneys were clamped for 45 minutes,
one kidney was removed after 45 minutes of ischemia,
the second kidney was reperfused for 2 hours. Kidneys
were harvested and snap-frozen in liquid nitrogen.

Histology

Tissue samples were fixed in methyl Carnoy’s solution
(50% methanol, 30% chloroform, 20% acetic acid), par-
affin-embedded, and stained with periodic acid-Schiff
(Merck, Darmstadt, Germany) or hematoxylin and eosin
(Klinipath, Duiven, The Netherlands). Sections were
scored blindly by a pathologist according to the Banff
working classification.23

Telomere Length Assay

To determine total telomeric DNA content the TeloREAD
assay was used (Promega Corporation, WI, USA) as
described.24 Briefly, total genomic DNA was isolated ac-
cording to standard phenol/chloroform extraction methods.
Ten nanograms of DNA were denatured and incubated with
TeloDetection enzymes and a telomere- specific probe;
pyrophosphorolysis was performed at 55°C for 60 minutes.
Finally, ENLITEN reagent was added and light output was
measured in a luminometer. Telomere lengths calculated by
the TeloREAD assay were verified by comparison with in-
dependent control samples of known telomere lengths de-
termined by standard Southern blot analyses of telomere
restriction fragment lengths (TRF).

Protein Isolation and Western Blot Analysis

To detect protein levels of the cell cycle regulators p21
and p16 in renal allografts, Western blot analysis was
performed. Pieces of kidney cortex were homogenized
using an ultra turrax (IKA Labortechnik, Staufen, Ger-
many) and lysed in lysis buffer, containing 20 mmol/L
Tris-HCl (pH 7.4), 137 mmol/L NaCl, 10% glycerol, 1%
Triton X-100, 2 mmol/L ethylene diamine tetra acetic acid
(EDTA), 1 mmol/L phenylmethylsulfanylfluoride (PMSF), 2
�g/ml leupeptin, 2 �g/ml antipain, 2 �g/ml chymostatin
and 5 units/ml trasylol. The amount of protein was deter-
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mined using the bicinchoninic acid (BCA) protein assay
(Pierce Chemical Co., Rockford, IL) and 70 �g of protein
was applied under reducing conditions to 12% (p21) or
15% (p16) SDS-PAGE gels. After electrophoresis, pro-
teins were blotted semi-dry to polyvinyldene fluoride
(PVDF) membranes (Immobilon-P, Millipore, Bedford,
USA). Membranes were blocked with PBS/0.05% Tween
20/2% casein before incubation with the primary anti-
body. For staining of p21 protein we used goat antibodies
directed against p21 (sc-397G, Santa Cruz Biotechnol-
ogy, CA, USA) that were subsequently incubated with a
HRP-conjugated rabbit anti-goat antiserum (Dako,
Glostrup, Denmark). To detect p16 protein we used a
mouse monoclonal antibody (sc-1661, Santa Cruz) fol-
lowed by a HRP conjugated goat-anti-mouse antiserum
(Dako). Finally, development of the blots was performed
with Supersignal (Pierce) and exposure to Hyperfilm films
(Amersham Pharmacia Biotech, UK).

Blots were stripped using Restore Western Blot Strip-
ping buffer (Pierce) for 20 minutes at 37°C. Subsequently
blots were incubated with a mouse monoclonal antibody
reactive with actin (sc-8432, Santa Cruz) followed by a
HRP conjugated goat-anti-mouse antiserum (Dako) to
quantify the amount of proteins in all samples. Expression
was quantified using Stratagene-EagleSight software
(Stratagene, Amsterdam, The Netherlands).

Immunohistochemistry

Detection of p16 protein expression was performed with
immunohistochemistry using acetone fixed, 3-�m thin
cryostat sections. First the endogenous peroxidase ac-
tivity and non-specific protein binding were blocked us-
ing 0.6% H2O2/0.01% NaN3 in PBS and PBS/1% BSA/1%
normal goat serum respectively. The primary antibody, a
mouse monoclonal antibody against p16 (Santa Cruz)
diluted in PBS/1% BSA was applied overnight. After
washing, the sections were incubated with the secondary
antibody, HRP-conjugated goat-anti-mouse immuno-
globulins (Dako). Finally, the sections were stained with
diaminobenzidine hydrochloride (DAB, Sigma) and em-
bedded in entellan (Merck, Darmstadt, Germany).

Senescence Staining

Staining for senescence-associated �-galactosidase (SA
�-gal) activity was performed as previously described8

with some modifications. Briefly, cryostat sections (3 �m)
of snap-frozen post-Tx and normal kidneys were fixed
with 0.2% glutaraldehyde and 2% formaldehyde. After
washing with PBS, sections were incubated for 18 hours
with freshly prepared stain solution at 37°C (no CO2). The
stain solution contained 2 mg/ml 5-bromo-4-chloro-3-in-
dolyl �-D-galactopyranoside (X-gal, Sigma Chemical
Company, St. Louis, MI, USA) in 40 mmol/L citric acid/
sodium phosphate (pH 6.0), 5 mmol/L potassium ferro-
cyanide, 5 mmol/L potassium ferricyanide, 150 mmol/L
NaCl, 30 mmol/L MgCl2. Subsequently, sections were
washed and counterstained with eosin.

Quantification of SA �-gal staining was performed us-
ing a Zeiss microscope equipped with a full-color 3 CCD
camera. Images were analyzed with KS-400 image anal-
ysis software from Zeiss Kontron to quantify the amount of
blue staining within the cells. Damaged tissue, vessels,
and glomeruli were excluded from the analysis manually.
All sections analyzed were stained at the same time and
all analysis parameters were kept identical.

Results

Telomere Shortening Is Found in Both F344 and
LEW Allografts from Day 7 Post-Transplant

F344 renal allografts removed from LEW recipients at
various time points post-Tx showed interstitial infiltrate
and various glomerular lesions. Tubular atrophy and vas-
cular lesions were present in kidneys removed at day 30
post-Tx and at later time points (Figure 1). In contrast,
LEW allografts removed from F344 recipients did not
show tubular atrophy or vascular abnormalities at any
time point.

Telomere lengths were measured using the TeloREAD
assay24 in F344 to LEW and LEW to F344 renal allografts
and compared these to control, non-transplanted LEW,
and F344 kidneys. Normal rat kidneys have median telo-
mere lengths of about 45 kb (Figure 2A). F344 to LEW
and LEW to F344 allografts removed at day 60 post-Tx
both have shortened telomeres of about 10 to 20 kb
(Figure 2A). Furthermore, F344 to LEW renal allografts
removed at day 7 post-Tx already have shortened telo-
meres (Figure 2B). The shortening of telomeres found at
all later time points (including day 100) was comparable
to telomere lengths found in day 7 kidneys (Figure 2B).
LEW allografts removed from F344 rats at comparable
time points showed similar telomere shortening (data not
shown).

Transient Expression of p21 and Subsequent
Expression of p16 in Both F344 and LEW
Allografts

Expression of the cell cycle regulatory proteins, like p21,
has been described to be the consequence of telomere

Figure 1. Tubular atrophy in F344 to LEW renal allografts at day 7, 14, 30, 60,
and 100 post-Tx according to Banff criteria (0, no tubular atrophy; 1, tubular
atrophy in �25% of cortical tubules; 2, tubular atrophy in 26 to 50% of
cortical tubules; 3, tubular atrophy in �51% of cortical tubules). LEW to F344
allografts are shown in day 60 post-Tx.
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shortening. Therefore we performed Western blot analy-
sis on lysates of F344 and LEW renal allografts and
determined the p21 protein levels. In normal F344 or LEW
kidneys no p21 protein was detected by Western blot
analysis (Figure 3A), whereas in both cases p21 protein
level was increased by day 7 after Tx and decreased
thereafter (Figure 3B).

Expression of p16 has been suggested to increase
after p21 protein levels decreased and to remain ele-
vated during senescence.17,18 Normal F344 or LEW kid-
neys do not show p16 expression. In F344 to LEW renal
allografts nuclear expression of p16 was found in tubular
epithelial cells (Figure 4A). In addition, tubular basement
membrane staining is found, but this is also observed in
a control without the primary antibody and therefore con-
sidered non-specific (Figure 4A). Expression of p16 in the
F344 to LEW renal allografts was observed from day 7
and increased with time up to day 60 (Figure 4B). In LEW
to F344 allografts p16 was detectable from day 14 and
increased with time, remaining at an elevated level up to
day 60 (Figure 4B).

SA �-Gal Staining Parallels with Chronic
Rejection

F344 to LEW renal allografts and LEW to F344 allografts
were stained with SA �-gal at pH 6.0. In normal F344
kidneys SA �-gal-positive cells were found sporadically
whereas in F344 to LEW renal allografts by day 60 after
Tx increased numbers of SA �-gal-positive cells were
present (Figure 5A). In F344 allografts SA �-gal positivity
was mainly observed in tubular epithelial cells and never
in glomerular cells. In contrast, LEW to F344 renal allo-
grafts by day 60 after Tx showed hardly any SA �-gal-
positive cells. Quantification of the amount of SA �-gal
staining showed that LEW to F344 and normal kidneys
had comparable numbers of SA �-gal-positive cells. The
F344 to LEW renal allografts had an increased number of
SA �-gal-positive cells at day 60 (Figure 5B).

Figure 2. Telomere restriction fragment (TRF) length as measured with the
TeloREAD assay in normal F344 and LEW kidneys or in F344 and LEW
allografts on day 60 (A). Telomere length in F344 to LEW renal allografts in
time after transplantation (B). Values are expressed as mean of 3 samples �
SEM (sem).

Figure 3. A: Western blot analysis of p21 and actin expression in lysates of
normal and F344 to LEW renal allografts (day 7). Samples are representative
for 3 samples in each group. B: Densitometry of p21 Western blots of F344
and LEW renal allografts at various time points after transplantation, cor-
rected for actin content of the samples. Data are expressed as mean � SEM
(sem). (n � 3 samples for all groups).

Figure 4. A: Immunohistochemical staining of nuclear p16 protein in normal
F344 (left) and F344 to LEW allograft at day 60 (middle). No nuclear staining
is observed in the absence of the primary antibody (right). (�400) B:
Densitometry of total p16 staining on Western blot of F344 and LEW renal
allografts on various time points after transplantation, corrected for actin
content of the samples. Data are expressed as mean � SEM (sem). (n � 3
samples for all groups).
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Since the F344 to LEW renal allografts showed an
increased SA �-gal staining at day 60 post-Tx, we inves-
tigated several other time points. F344 allografts have an
increased SA �-gal staining from day 30 post-Tx, which
further increased until day 100. Quantification of this
staining clearly shows that there is an increase in SA
�-gal-positive cells in time after Tx in rejecting F344 allo-
grafts (Figure 5C).

Syngeneic F344 and LEW Grafts Do Not Show
SA �-Gal Staining, Ischemia Is Sufficient to
Induce Telomere Shortening

In addition to allogeneic transplantations we performed
syngeneic F344 to F344 and LEW to LEW renal transplan-
tations and determined TRF lengths and SA �-gal stain-
ing. Syngeneic F344 to F344 transplants showed hardly
any SA �-gal-positive cells at day 60 after Tx (Figure 6A).
However, the TRF length of syngeneic renal grafts was as
short as the TRF length of allogeneic F344 or LEW grafts
at day 60 (Figure 6B).

Since both allogeneic and syngeneic transplants al-
ready at day 7 post-transplant were characterized by
shortened telomeres, we investigated whether ischemia

or reperfusion injury was sufficient to induce telomere
shortening. Clamping of the renal artery for 45 minutes
was enough to induce substantial telomere shortening
which was not further increased by subsequent reperfu-
sion (Figure 7).

Discussion

We investigated characteristics of cellular senescence in
the F344 to LEW model of chronic renal graft rejection. In
both F344 and LEW allografts, as well as syngeneic
grafts, telomere shortening occurred. This resulted in
activation of the cell cycle regulators p21 and p16 in F344
and LEW allografts. Interestingly, only F344 allografts
show SA �-gal staining, the cytological marker for cellular
senescence. LEW allografts or syngeneic transplants do
not show SA �-gal staining despite comparable telomere
shortening. Therefore we postulate that an additional
(perhaps immunological/physiological) event contributes
to the development of cellular senescence. Although telo-
mere shortening can be a trigger for senescence, it is not
sufficient for the induction of SA �-gal staining in a rat
kidney transplantation model (Figure 8).

Figure 5. A: Senescence-associated �-galactosidase staining (SA �-gal) (pH 6.0) in frozen sections of normal F344 kidney, F344 to LEW renal allograft at day 60,
and a LEW to F344 renal allograft at day 60. Biopsies are representative for 6 biopsies in each group. (�250) B: Quantification of SA �-gal staining using Zeiss
ks400 analysis for normal F344 kidneys, F344 and LEW renal allografts on day 60 post-Tx. Data are expressed as mean � SEM (sem) (n � 6 for all groups). C:
Quantification of SA �-gal staining using Zeiss ks400 analysis. F344 to LEW day 7 (n � 3), day 14 (n � 3), day 30 (n � 3), day 60 (n � 6) and day 100 (n �
3), data expressed as mean � SEM (sem).
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These transplantation data are remarkable, both for the
degree of observed telomere loss and the rapidity of its
onset. The degree of loss is too great to be accounted for
by proliferation. It most likely reflects DNA fragmentation
due to reactive oxygen species, as it is observed after
only 45 minutes of ischemia.

Ischemia and reperfusion during transplantation result
in a transient increase of reactive oxygen species in the
organ, which are potent inducers of DNA breaks. The
ability of reactive oxygen species to damage DNA may
be related to site-specific Fenton reactions. Telomeres
are G-rich and therefore particularly sensitive to DNA
oxidation and thus single-strand breaks.25,26 In the F344
to LEW rat model we observed a decrease in TRF length,
from approximately 45 kb to 20 kb after ischemia. This
loss of approximately 25 kb is consistent with rapid telo-
mere shortening as a consequence of oxidative damage
and disruption of nucleoprotein complexes.27,28 This sit-

uation is exacerbated by the fact that telomere binding
proteins are also involved in DNA repair. General chro-
mosomal breaks induced by oxidative stress might at-
tract these proteins from the telomeres, resulting in sta-
bilization of telomeres.

Such rapid and specific telomere loss is not without
precedent. Similar massive telomere loss has also been
reported as an early event in DNA damage-induced ap-
optosis in lymphocytes.29 Although we cannot compare
lymphocytes and tubular epithelial cells directly, similar
mechanisms might occur also in tubular epithelial cells.
Apoptosis of tubular epithelial cells has been found after
ischemia and reperfusion of the kidney.30

The SA �-gal staining seems to parallel with the histo-
logical and functional presence of chronic rejection in the
F344 to LEW model. SA �-gal staining was observed only
in F344 renal allografts transplanted in LEW recipients
and not in LEW allografts transplanted in F344 rats. In
addition, F344 syngeneic grafts did not show SA �-gal
staining, although both LEW to F344 and syngeneic
grafts have shortened telomeres. Apparently acute rejec-
tion episodes that occur in both F344 to LEW and LEW to
F344 transplants are not enough to induce cells to go into
senescence (defined as SA �-gal positivity), even when
they already have decreased TRF lengths. F344 to LEW
renal transplants develop signs of CR after day 30, the
time frame within which the first SA �-gal-positive cells
were detected. Since LEW to F344 allografts do not show
increased SA �-gal positivity we believe that additional
(immunological/physiological) events are required. Previ-
ously, we have demonstrated an humoral response
against kidney proteins in LEW recipients of F344 grafts,
that is not present in F344 recipients of LEW allografts or
in recipients of syngeneic grafts.22 We cannot exclude
that factors involved in the induction of these immunolog-
ical responses contribute to the accumulation of SA
�-gal, but the presence of telomere erosion, p16, and
p21 expression are consistent with its induction as a
function of cellular senescence.

In the F344 to LEW renal allografts, tubular atrophy, a
histopathological feature of CR, was present from day 30
post-Tx. Furthermore, SA �-gal accumulation is mainly
found in tubular epithelial cells and not in glomeruli. In
patients, ischemia/reperfusion injury can result in delayed
graft function. Recently it has been shown that a defect in

Figure 6. A: SA �-gal staining of F344 to LEW allograft (left) and F344 to
F344 syngraft (right) on day 60 post-Tx. (�250). B: Telomere restriction
fragment (TRF) length of normal F344 and LEW kidneys (n � 3) compared
with F344 to F344 (day 14 and 60, n � 3) and LEW to LEW syngrafts (day 14,
n � 3), expressed as mean � SEM (sem).

Figure 7. Telomere restriction fragment length of F344 kidneys after 45
minutes of ischemia (n � 3) and 45 minutes of ischemia followed by 2 hours
of reperfusion (n � 3), expressed as mean � SEM (sem).

Figure 8. Schematic representation of events as observed in the F344 to LEW
and LEW to F344 renal allografts. Transplantation results in shortening of
telomeres in all combinations investigated, this results in activation of p21
and p16. However, only in F344 to LEW renal allografts SA �-gal staining is
observed, this suggests that an additional event is required to induce cellular
senescence.
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tubular function is responsible for delayed graft function.31

This supports the hypothesis that tubular epithelial cells are
extremely sensitive to oxidative damage. In addition, in
aging human kidneys the decrease in telomere length is
faster in cortex compared to medulla.2 In the TRF length
assay cortical DNA was used, which consists predomi-
nantly of tubular cell DNA. Therefore the decreased TRF
length is most likely a result of loss of tubular telomeric DNA.
This implies that predominantly tubular epithelial cells are
damaged by oxidative damage and that this contributes to
the deterioration of graft function.

Senescence of tubular epithelial cells implies an inap-
propriate response to damage signals, resulting in per-
sistent inflammation and thereby scarring. In case of
senescence, injured tissue cannot be replaced by
healthy epithelium and fibrosis may be a consequence.32

Recently, expression of p21 has been associated with
early chronic liver allograft rejection. P21 expression was
predominantly found in biliary epithelial cells and was
increased in patients with early CR.33 Replicative senes-
cence of the epithelial cells was responsible for the char-
acteristic phenotypic changes observed. In our model,
p21 expression is transiently found in both F344 to LEW
and LEW to F344 allografts, however this increase was
not sufficient to induce SA �-gal accumulation. Tubular
epithelial cells in F344 grafts with CR become SA �-gal-
positive, thus impaired function of tubular epithelial cells
might contribute to decreased renal function.

In humans, in vivo telomere shortening with age has
been demonstrated and in human renal transplantation
older donor kidneys have an inferior prognosis.12,13

Since the transplantation procedure might induce telo-
mere erosion, it is conceivable that if telomeres are al-
ready shortened in aging kidneys and the kidneys re-
ceive an additional stress during ischemia, the outcome
will be worse. However data obtained in rodents cannot
be extrapolated to humans without any precaution. Al-
though rodents are frequently used as experimental mod-
els to study human diseases it is known that they are
different in some ways. In senescence research mice and
man have been shown to have a different pathogene-
sis,34 whereas in rats it is not yet clear.

Patients with CR have increased oxidative stress mark-
ers and decreased anti-oxidants suggesting that oxida-
tive stress plays a role in the development or progression
of CR.35,36 Ischemia/reperfusion of organ transplants re-
sults in generation of free radicals, inducing DNA breaks
and telomere erosion. To prevent telomere erosion and
thereby the first prerequisite for the senescent pheno-
type, generation of free radicals should be prevented.
The usage of antioxidants in kidney preservation solu-
tions might be helpful in preventing oxidative damage in
transplant organs and influence long-term function.37,38

Expression of anti-oxidants can prevent lesions of CR
after antibody transfer. However, the timing of anti-oxi-
dant expression is important.39

In conclusion, oxidative damage during transplanta-
tion results in damage to genomic DNA, leading to a
decreased telomere length and thereby activation of the
cell cycle regulators. Shortening of telomeres will not be

solely sufficient for cells to become SA �-gal-positive,
though this will be affected by yet unknown factors.
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