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Long-term survival of renal allografts depends on the chronic
immune response and is probably influenced by the initial injury
caused by ischemia and reperfusion. Hypoxia-inducible transcrip-
tion factors (HIFs) are essential for adaptation to low oxygen.
Normoxic inactivation of HIFs is regulated by oxygen-dependent
hydroxylation of specific prolyl-residues by prolyl-hydroxylases
(PHDs). Pharmacological inhibition of PHDs results in HIF accumu-
lation with subsequent activation of tissue-protective genes. We
examined the effect of donor treatment with a specific PHD
inhibitor (FG-4497) on graft function in the Fisher–Lewis rat model
of allogenic kidney transplantation (KTx). Orthotopic transplanta-
tion of the left donor kidney was performed after 24 h of cold
storage. The right kidney was removed at the time of KTx (acute
model) or at day 10 (chronic model). Donor animals received a
single dose of FG-4497 (40 mg/kg i.v.) or vehicle 6 h before donor
nephrectomy. Recipients were followed up for 10 days (acute
model) or 24 weeks (chronic model). Donor preconditioning with
FG-4497 resulted in HIF accumulation and induction of HIF target
genes, which persisted beyond cold storage. It reduced acute renal
injury (serum creatinine at day 10: 0.66 � 0.20 vs. 1.49 � 1.36
mg/dL; P < 0.05) and early mortality in the acute model and
improved long-term survival of recipient animals in the chronic
model (mortality at 24 weeks: 3 of 16 vs. 7 of 13 vehicle-treated
animals; P < 0.05). In conclusion, pretreatment of organ donors
with FG-4497 improves short- and long-term outcomes after allo-
genic KTx. Inhibition of PHDs appears to be an attractive strategy
for organ preservation that deserves clinical evaluation.

hypoxia-inducible transcription factors � kidney injury � protection �
transplantation

In patients suffering from end-stage renal disease, kidney
transplantation (KTx) offers the best form of renal replace-

ment therapy, leading to improved quality of life and survival in
comparison to dialysis (1). However, organ shortage significantly
limits the opportunities for transplantation. Moreover, despite
improvements in immunosuppressive therapy leading to a de-
creased incidence of acute rejection episodes, there has been
little improvement in long-term graft survival. The mean half-
life of renal allografts from cadaveric donors is �8 years (2).
Accordingly, chronic allograft nephropathy contributes signifi-
cantly to the need for initiation of regular dialysis (3). Reducing
the risk for late graft loss therefore remains a major challenge in
KTx.

The mechanisms of chronic allograft failure reflect a complex
interplay between immune and nonimmune mechanisms (4).
Acute kidney injury immediately after transplantation, which is
induced by the sequence of cold ischemia, warm ischemia, and
reperfusion, in conjunction with an early immune response, not
only impairs early graft function but is associated with reduced
long-term graft survival (5, 6). Although causality of this link has
not been proven, it is tempting to assume that minimizing early

graft injury improves long-term outcome. At the same time, the
need to extend donor criteria in light of organ shortage further
increases the risk for delayed graft function. Several approaches
have already been taken to reduce early graft dysfunction,
including optimization of the perfusion fluid (7, 8) and the use
of pharmaceuticals that interact with single steps in the patho-
genesis of ischemia reperfusion injury (9). We reasoned that an
effective way to improve early and possibly late graft function
could be the induction of an array of endogenous protective
mechanisms before the initiation of the acute injury associated
with transplantation. Moreover, we hypothesized that the induc-
tion of genes that have become inducible by hypoxia during
evolution could confer such protection. Testing this hypothesis
has become possible because of recent progress in understanding
the mechanisms by which hypoxia influences gene expression
through activation of hypoxia-inducible transcription factors
(HIFs). HIFs are heterodimers of a constitutive �-subunit
(HIF-�) and one of two alternative oxygen-regulated �-subunits,
HIF-1� or HIF-2�. Under normoxia, HIF� is rapidly degraded
via the ubiquitin–proteasome pathway. To target HIF-� for
degradation, two specific prolyl residues are hydroxylated by
HIF-prolyl hydroxylases [prolyl hydroxylation domain (PHD)
proteins] that require dioxygen and 2-oxoglutarate as cosub-
strates (10, 11). Oxoglutarate analogues therefore act as com-
petitive inhibitors of PHDs (PHD-I) and HIF stabilizers. To
date, far more than 100 HIF target genes have been identified,
including erythropoietin (EPO), VEGF, glucose transporters,
and heme oxygenase-1 (HO-1), which have the potential to
confer nephroprotection under different conditions (12). We
and others have previously shown that the application of PHD-
Inhibitor stabilizes HIF in the kidney (13, 14) and confers
protection against prolonged warm renal ischemia (14, 15) and
toxic renal injury (16). Here, we have used a small molecule
PHD-I (FG-4497) to test the hypothesis that stabilization of HIF
in organ donors prevents early graft dysfunction in an allogenic
rat kidney transplant model and that this effect translates into a
long-term improvement of allograft function.

Results
FG-4497 Stabilizes HIF-� and Induces HIF Target Genes in Human
Proximal Tubular Cells. FG-4497 (FibroGen, Inc.) was identified
from a PHD-I library for its capacity to activate the HIF pathway
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in vitro (17). It has previously been demonstrated that 4–6 h
after treatment of rats with FG-4497, EPO production is induced
(18) and protection occurs against ex vivo ischemic injury in
isolated perfused kidneys (19). Moreover, FG-4497 was found to
protect mucosal cells in a murine colitis model (18) and neuronal
cells (20). To test its ability to inhibit HIF degradation in kidney
cells, increasing concentrations of FG-4497 were applied in vitro.
Immunoblotting of protein extracts of HKC-8 cells (immortal-
ized human tubular cells) showed stabilization of both HIF-�
isoforms (HIF-1� and HIF-2�) after treatment with dipyridyl
(positive control) or FG-4497 (0.5–100 �M) for 6 h (Fig. 1A).
Analysis of the time course of HIF induction by FG-4497

revealed very rapid stabilization of HIF-� (15 min) and stable
HIF protein levels for up to 6 h (Fig. 1B). To test the time course
of HIF target gene expression, mRNA levels of angiopoietin-like
4 (AngPTL4), glucose transporter-1 (Glut-1), and VEGF were
determined for up to 6 h. Expression levels of the genes were
initially elevated after 2 h and increased further up to 6 h.

FG-4497 Stabilizes HIF-� in Rat Kidneys, and HIF Remains Stable After
Cold Ischemia. Next, we injected FG-4497 into rats to test the time
course of HIF stabilization in the kidney in vivo. Both HIF-�
isoforms were detectable in rat kidneys 1, 4, and 6 h after i.v.
injection of FG-4497 at a dose of 40 mg/kg, which was found to
stimulate HIF in prior dose-finding experiments (Methods; Fig.
2A). There was no apparent difference between the extent of
HIF accumulation between 1 and 6 h. Based on these results, the
time course of target gene expression (Fig. 1C), and published
data (14, 18–21), we chose a 6-h interval between injection and
kidney explantation for cold preservation. To determine
whether HIF-� is still detectable after cold ischemia, kidneys
were removed, perfused with University of Wisconsin solution,
and maintained in this solution for 24 h at 4 °C following prior
treatment with FG-4497. Immunohistochemistry revealed strong
intranuclear accumulation of HIF-� after FG-4497 treatment,
whereas cold ischemia did not induce HIF-� in vehicle (Veh)-
treated rats (Fig. 2B). The expression pattern of the two HIF-�
isoforms stabilized by FG 4497 resembles physiological activa-
tion under systemic hypoxia (22); HIF-1� was expressed in
tubular epithelial cells [Fig. 2 A (Upper) and B (Left)], and
HIF-2� was expressed in interstitial, glomerular, and endothelial
cells [Fig. 2 A (Lower) and B (Right)].

FG-4497 Transactivates HIF Target Genes in Vivo. To examine the
activation of HIF target genes 6 h after i.v. injection of FG-4497
(40 mg/kg) with and without subsequent cold storage for 24 h,
we performed real-time PCR for selected known HIF target
genes, which may be of particular relevance for a potential
nephroprotective effect. FG-4497 was found to increase HO-1
and EPO 4–5-fold and more than 200-fold, respectively, inde-
pendent of cold storage (Fig. 3). In addition, HIF target genes
involved in glucose metabolism, such as Glut-1 or hexokinase,
were increased (Fig. S1A). Given their potential pathophysio-
logical relevance, we also tested the expression of inflammatory
cytokines known to be inducible by HIF and found that IL-1�
was induced approximately 2-fold by FG-4497 [0 h, of cold
ischemia (c.i.): 2.27 � 0.19; 24 h of c.i.: 2.23 � 0.49]. To identify
additional genes that may be involved in mediating the protective
effect, we performed an oligonucleotide microarray analysis of
whole kidney extracts. Table S1 shows additional genes that were
more than 2.0-fold up-regulated in whole kidney extracts 6 h
after application of FG-4497. The change of mRNA in renal
cortical extract may underestimate the change in expression level
of the respective gene in specific cell populations that contribute
only a proportion to total kidney mRNA. The microarray
revealed that FG-4497 up-regulated known HIF target genes and
additional genes not previously identified as HIF target genes.
The activation of all these genes remained stable over 24 h of
cold storage. Change in expression of the 2 most strongly up- and
down-regulated genes (Rarres 2, Lox, and IGFBP3, Id2, respec-
tively) was confirmed by Real Time-PCR (Fig. S1 B and C).
Single genes, such as the sodium channel Scnn1a, were induced
by cold ischemia only but not by FG-4497. Taken together,
FG-4497 stabilizes HIF and transactivates HIF target genes in
rat kidneys, and this effect remains stable during cold ischemia,
which is a prerequisite for a potentially protective effect during
reperfusion. We then tested the effect of donor pretreatment
with FG-4497 in a rat model of allograft KTx.

Fig. 1. Induction of HIF-� and HIF target genes by FG-4497 in human
proximal tubular cells. (A) HKC-8 cells were exposed to dipyridyl (DP, positive
control) or FG-4497 (0.5, 1, 5, 10, 25, 50, and 100 �M) for 6 h. Immunoblotting
for HIF-� protein shows dose-dependent accumulation of HIF-1� and HIF-2�

by FG-4497, with a maximal level of HIF-� stabilization at concentrations
above 10 �M. (B) Fifteen minutes after FG-4497 treatment (150 �M), HIF-1�

and HIF-2� were stabilized and remained stable over the observation period
of 6 h. (C) With a delay of approximately 2 h, the mRNA (real-time PCR) of the
HIF target genes AngPTL4, Glut-1, and VEGF was significantly up-regulated
compared with baseline (set as ‘‘1’’) and further increased up to 6 h after
treatment with FG-4497. Normoxic untreated cells (N) served as a negative
control.
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Donor Treatment with FG-4497 Ameliorates Renal Function in the
Acute Phase of Allograft KTx. To test the effect of FG-4497 on early
graft function, the left kidney from a donor animal (Fisher
strain) treated with FG-4497 or Veh was transplanted ortho-
topically into a recipient animal (Lewis strain) following 24 h of
cold storage, with a warm ischemia period of �30 min. Imme-
diately after transplantation, the right kidney of the recipient was
removed so that survival became graft-dependent and the
occurrence of delayed graft function predictably resulted in the

death of the recipient animal after 2–5 days. Animals were not
treated with immunosuppressants so as not to blunt the devel-
opment of allograft injury. In control experiments, the same
procedure was performed in isogenic animals (Lewis–Lewis
strain). In the allogenic constellation, kidney injury was severe,
resulting in survival of only 6 (23.1%) of 26 animals in the
Veh-treated group. FG-4497 pretreatment significantly reduced
mortality, with 8 (53.3%) of 15 animals surviving (P � 0.019; Fig.
4A). In addition, among animals surviving for 10 days, those
receiving a kidney from a donor pretreated with FG-4497 (n �
8) had significantly lower serum creatinine levels as compared
with animals receiving a transplant from a Veh-treated donor
(n � 6) (Fig. 4B). This functional improvement was paralleled by
reduced structural damage, as reflected by an acute tubular
necrosis score (Fig. 4C). In contrast, animals subjected to
isogenic transplantation all survived (Fig. 4A) and showed only
a very moderate increase in serum creatinine, with no difference
between animals receiving kidneys from donors pretreated with
FG-4497 or Veh (Fig. 4B). However, renal morphology was
significantly better preserved in kidneys from FG-4497-
pretreated donors (Fig. 4C), indicating an effect of FG-4497 on
ischemic injury that was independent of immunological mis-
match. The kidney leukocyte infiltrate as assessed according to
the Banff 97 classification (23) (Table S2) and the number of T
lymphocytes (CD3� cells) (Fig. S2) did not reveal differences
between Veh- and FG-4497-treated groups.

Donor Treatment with FG-4497 Significantly Improves Long-Term
Graft Survival. To investigate the long-term consequences of
protection against early graft dysfunction induced by donor
pretreatment with FG-4497, an additional group of animals was
studied in which nephrectomy of the right kidney of the recipient
animal was delayed until day 10 after transplantation. This
allowed animals to survive periods of early severe graft dysfunc-
tion and assessment of the effect of the intervention on chronic
graft failure by studying survival rates. As in the acute setting, we
chose not to treat rats with immunosuppressants to accelerate
chronic allograft nephropathy. Fig. 5 illustrates that donor

Fig. 2. Kinetics of HIF accumulation after FG-4497 treatment in the kidneys of Fisher (F-344) rats before and after cold ischemia. b.w., body weight. (A) At 1,
4, and 6 h after i.v. injection of FG-4497, HIF-1� was immunohistochemically detectable in tubular epithelial cells of rat kidneys and HIF-2� was detectable in
interstitial, endothelial, and glomerular cells. (B) After FG-4497 and cold ischemia of 24 h, HIF-� was still detectable to a comparable degree as before cold
ischemia. Veh treatment with or without cold ischemia did not lead to detectable HIF-� accumulation.

Fig. 3. Effect of FG-4497 on the expression of HIF target genes. Single
potentially protective HIF target genes were quantified by real-time PCR 6 h
after FG-4497 treatment without cold ischemia (c.i.) or after an additional 24-h
period of cold ischemia. The nephroprotective genes HO-1 and EPO were
strongly up-regulated after FG-4497 treatment irrespective of cold ischemia
(*, P � 0.05).
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treatment with FG-4497 markedly prolonged graft-dependent
survival in recipient animals by more than 50%. Two weeks after
transplantation, when all animals in both groups were still alive,
recipients of FG-4497-treated donors already showed a tendency
toward lower serum creatinine concentrations (1.45 � 0.66
mg/dL vs. 2.75 � 1.55 mg/dL; P � 0.07). Isogenically trans-
planted control animals showed no mortality within the obser-
vation period.

FG-4497 Treatment Protects Human Proximal Tubular Cells from
Apoptosis. To test whether HIF accumulation induced by FG-
4497 protects cells under in vitro conditions mimicking ischemia
reperfusion injury, we used an in vitro model of cell injury
induced by oxygen–glucose deprivation and subsequent reoxy-
genation. After 24 h of exposure to 1 Vol% O2 in a glucose-free
medium, cells were reoxygenated (21 Vol% O2) in glucose-
containing medium for another 24 h. At the end of the exper-
iment, the apoptosis rate was determined. Pretreatment for 6 h
with FG-4497 significantly reduced the rate of apoptosis by
about 30% in the HKC-8 cell line and in primary human tubular
cells (Fig. S3A). In vivo, however, there was no detectable
difference in the number of apoptotic cells at day 10 after KTx
(Fig. S3B) between surviving recipients of Veh- and FG-4497-
treated donors as assessed by Tunel staining.

FG-4497 Has No Influence on NF-�B Signaling. Hydroxylation of
aspargyl-residues of ankyrin repeats by factor-inhibiting HIF
(FIH) has been shown to influence signaling pathways in addi-
tion to HIF signaling, such as Notch (24, 25) or NF-�B signaling
(26). Therefore, we examined NF-�B expression after FG-4497
treatment. Using a luciferase assay and electrophoretic mobility
shift assay we found no influence of FG-4497 on NF-�B induc-
tion (Fig. S4 A and C) or on protein levels of its regulatory
subunit I�B (Fig. S4B).

Discussion
This study translates recent knowledge on the molecular mech-
anisms of hypoxia-inducible gene expression into a widely
accepted animal model of allograft nephropathy. Donor pre-
treatment using a single dose of a small molecule inhibitor of
HIF PHDs, FG-4497, which stabilizes HIF and activates HIF
target genes in the kidney, significantly reduced the frequency of
delayed graft function and markedly improved long-term out-
come, suggesting opportunities for improvement of kidney func-
tion after transplantation.

Previous experimental data suggest that short periods of
ischemia/reperfusion can protect against subsequent ischemic
injury (27–29). However, the clinical application of this so-called
‘‘ischemic preconditioning’’ is limited by (i) obvious difficulties
to induce controlled ischemia in vivo, (ii) sensitivity of the
protective effect to changes in the duration and sequence of
ischemia and reperfusion episodes, and (iii) the failure to
identify unequivocally the molecular mediators. In contrast, the
approach used in this study relies on mimicking the response to
hypoxia through inhibition of the enzymes that degrade the
transcription factor HIF. The analysis of mRNA expression

Fig. 4. Effect of FG-4497 on early graft function and renal morphology. In
the acute setting, FG-4497 significantly improved survival within the initial
days after KTx (A), indicating a lower incidence of delayed graft function. In
addition, in surviving animals, FG-4497 donor pretreatment resulted in an
earlier and more pronounced decrease in serum creatinine from days 3–10
after allogenic transplantation (Allo) when compared with donor pretreat-
ment with Veh only (B). In isogenic KTx, there was no measurable difference
in serum creatinine and survival between FG-4497 and Veh. (C) Blinded scoring
for acute tubular necrosis revealed better preservation of renal morphology
after FG-4497 compared with Veh independent of the immunological con-
stellation (*, P � 0.05).

Fig. 5. Effect of FG-4497 on long-term graft survival. Kaplan-Meier curves
after allograft KTx in animals with and without pretreatment of the donor
with FG-4497. Animals that received a renal transplant from an FG-4497-
treated donor had significantly better survival rates (black line) than animals
transplanted with a kidney from a Veh-treated donor (dotted gray line). None
of the isogenic control animals died (dashed gray line). (*, P � 0.05).
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confirmed that a number of genes previously identified as
HIF-dependent are inducible in the kidney, including EPO,
which has previously been demonstrated to be nephroprotective
in renal ischemia-reperfusion models (30–33), and HO-1, which
has also been shown to improve short- and long-term graft
function in the same rat model (34, 35). In addition, HIF
activation facilitates cellular anaerobic metabolism by inducing
Glut-1 or enzymes involved in glycolysis. Although it is possible
that among the large number of genes induced by HIF, single
genes like EPO and HO-1 are of particular importance, identi-
fication of their relative contribution is of theoretical rather than
practical relevance, because the concerted activation is likely to
be superior to single gene induction. In terms of target gene
specificity, the parallel activation of HIF-1� and HIF-2� is
possibly of particular relevance. Although HIF-2� transactivates
EPO (36, 37), HIF-1� is the subunit stabilized in tubular cells,
and target genes involved in glucose metabolism are predomi-
nantly HIF-1�-dependent (38).

The design of this study sheds further light on the dependence
of long-term graft function on early graft injury. Although an
association between the occurrence of early graft dysfunction
and long-term graft failure has been clearly demonstrated
(39–41), causality of this link has not been proven to date. It is
thus noteworthy that donor pretreatment limiting early graft
dysfunction had a significant impact on long-term graft survival.
The HIF system responds primarily to reduced availability of
molecular oxygen, but changes in cellular function induced by
HIF apparently also confer protection against more complex
types of cellular injury, including those induced by the sequence
of ischemia and reperfusion in vivo (14, 42, 43) and partially
mimicked by oxygen–glucose deprivation in vitro. HIF activation
by FG-4497 reduced apoptosis in vitro and tubular necrosis in
vivo. Using Tunel staining, we did not observe reduced apoptosis
rates in vivo after 10 days, but this may be attributable to survival
bias, because only animals not developing early graft failure
survived until this time point. We also observed no effects of HIF
stabilization on lymphocyte counts in allogenic animals at day 10
after KTx, which might suggest that the observed protection is
most likely attributable to reduction of the ischemic injury rather
than to a modulation of immunological factors. Nevertheless, the
far better outcome of transplantation between isogenic animals
indicates that the interplay between ischemia reperfusion injury
and immunological factors is of crucial importance both for early
and late graft dysfunction. HIF has recently been shown to
influence several aspects of the innate and adaptive immune
response (44–46), but donor treatment limits such effects to

immune cells residing in the graft. Although HIF may stimulate
dendritic cells (47), any potential adverse effects of such stim-
ulation are obviously offset by inhibition of ischemia reperfusion
injury. FIH has also been shown to hydroxylate defined residues
of ankyrin repeats, thereby possibly affecting the regulation of
other signaling pathways, including Notch (24, 25) and NF-�B
(26). Although we found no evidence that FG-4497 influences
NF-�B or I�B-signaling, non-HIF-dependent effects of hydrox-
ylase inhibition cannot be definitively ruled out.

Although current management of organ donors is largely
focused on maintenance of physical homeostasis, this study
suggests that there is significant potential to improve the results
of organ transplantation by inducing protective biological mech-
anisms before organ explantation. A recent analysis of human
kidney graft biopsies obtained immediately after engraftment
revealed significant variability in the extent of baseline HIF
expression (48), consistent with animal experiments showing
that ischemia reperfusion injury, per se, is only a weak stimulus
for HIF activation (22). Interestingly, however, renal allografts
with higher baseline HIF expression tended to have better
functional outcomes (48), suggesting that the current experi-
mental strategy of pharmacological HIF induction is potentially
suitable for translation into clinical practice. The 6-h time
interval between drug dosing and nephrectomies used in this
study would be achievable in human organ donors, and future
studies will have to address whether shorter pretreatment peri-
ods are sufficient to induce protection, even though HIF-
dependent gene expression is not yet maximal. The potential
applicability of our approach to humans is underscored by the
fact that a small molecule inhibitor of PHDs was used, and other
members of this class of drugs are already being developed for
the treatment of anemia through stimulation of endogenous
EPO production (49).

Methods
Details for cell culture, HIF, and I�B� protein extraction and immunoblotting,
animal experiments/transplantation protocol, functional studies, tissue prep-
aration, immunohistochemistry, morphological analysis, real-time PCR, oxy-
gen–glucose deprivation, caspase 3/7 assay, oligonucleotide microarray anal-
ysis, luciferase reporter assays, electrophoretic mobility shift assay, and
statistics are given in SI Materials and Methods.
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