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FEATURED ARTICLES
ypoxia and Myocardial Remodeling in Human Cardiac
llografts: A Time-course Study

elix Gramley, MD,a Johann Lorenzen, MD,b Francesco Pezzella, MD,c Klaus Kettering, MD,a

wald Himmrich, MD,a Cedric Plumhans, MD,d Eva Koellensperger, MD,e and Thomas Munzel, MDa

ackground: Cardiac allografts are known to develop myocardial fibrosis, which may be a cause of progressive
cardiac dysfunction. Apart from the renin–angiotensin and transforming growth factor-� system,
hypoxia has been proposed as an important player in the pathogenesis of fibrosis, but its significance
remains unclear. This study examines the degree of myocardial fibrosis, cellular remodeling and hypoxic
signaling over a time-course of 10 years after human cardiac allograft transplantation.

ethods: Serial right ventricular biopsies of 57 patients were collected in 6-month intervals after cardiac
transplant surgery for a total of 10 years to allow a retrospective longitudinal analysis. Over this
period, tissue remodeling, including interstitial fibrosis and cellular changes, were determined
morphometrically. Immunohistochemistry (IHC) was used to analyze expression of the following
hypoxia-related proteins: hypoxia-induced factor 1-alpha (HIF1�); the oxygen sensor prolyl hydroxylase
3 (PHD3); and vascular endothelial growth factor (VEGF).

esults: Fibrosis increased significantly from 12.6 � 6.5% at the point of transplantation throughout
follow-up to 28.8 � 7.7% at 10 years. The DNA content and number of nuclei changed over the
period of follow-up, displaying signs of cellular hypertrophy and a loss of myocytes. Whereas HIF1�
expression revealed a U-shaped pattern with both early and late elevation during fibrogenesis, PHD3
and VEGF expression patterns showed a gradual increase with PHD3 decreasing again in later
fibrogenesis.

onclusions: In cardiac allografts, extensive and progressive tissue remodeling is present. Hypoxia may play a role
in this process by up-regulating HIF1� and leading to differential regulation of pro-angiogenic
signals. J Heart Lung Transplant 2009;28:1119–26. Copyright © 2009 by the International Society

for Heart and Lung Transplantation.
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n the past 40 years, cardiac transplantation has become
routine procedure for patients with end-stage heart

isease. Despite great advances in post-transplant ther-
py and significantly longer survival of heart transplant
ecipients, some long-term sequelae remain as signifi-
ant problems. Among these are neoplastic diseases,
ardiac allograft vasculopathy (CAV) and myocardial
brosis. Although it has been established that some
egree of myocardial fibrosis occurs after transplanta-

rom the aDepartment of Cardiology and Vascular Medicine, Univer-
ity of Mainz, Mainz, Germany; bDepartment of Pathology, Dortmund
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009.
Reprint requests: Felix Gramley, MD, Department of Cardiology
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131-17-6615. E-mail: gramley@hotmail.com
opyright © 2009 by the International Society for Heart and Lung
ransplantation. 1053-2498/09/$–see front matter. doi:10.1016/
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ion, specific causes for this remodeling, particularly
ith a long-term perspective, have not been identified.

t has been suggested that cardiac allograft remodeling,
AV and myocardial fibrosis contribute to these func-

ional changes, which include myocardial stiffness and
iastolic and, to a certain degree, systolic dysfunction.1

Several factors have been proposed as participants in
llograft fibrogenesis: one may be cyclosporine A (CsA)
oxicity. Although CsA has significantly improved out-
omes after organ transplantation, its use may lead to
nterstitial fibrosis.2 The renin–angiotensin and trans-
orming growth factor-beta (TGF-�) system as well as
ypoxic signaling may participate in CsA-induced fibro-
enesis.3–5 Other factors in allograft fibrogenesis may
e donor ischemic time6 and CAV.7 Both factors imply
xygen supply and blood flow as influencing tissue
brosis. Thus, it seems likely that, apart from immune
echanisms, non-immune mechanisms could also con-

ribute to allograft fibrogenesis. In particular, acute
nd/or chronic hypoxia may play a role in this process.

An insufficient oxygen supply is often a cause for
yocardial dysfunction, cardiac remodeling and fibro-

enesis, which may cause systolic and diastolic heart

ailure and atrial fibrillation.8,9 Cardiac remodeling and
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brogenesis may also impair coronary microcirculation
nd, therefore, may impede myocardial tissue perfu-
ion.10 Cardiac fibrosis may increase oxygen diffusion
istances from capillaries to myocytes by accumulating
yocyte-encircling collagen within the interstitium.
his would further lead to local hypoxia and could

herefore trigger cellular adaptation.
The hypoxia-inducible factor (HIF) pathway has been

mplicated in disease development. In the absence of
xygen, HIF binds with the hypoxia-response elements
HREs) and, thus, induces genes such as vascular endo-
helial growth factor (VEGF) and TGF-�, a pro-fibrotic
ytokine.11 In normoxic conditions, however, prolyl
ydroxylases (PHDs) modify HIF for proteasomal deg-
adation, making the PHDs oxygen sensors.12

The aim of this study was to further characterize
ardiac allograft remodeling focusing on fibrosis forma-
ion over a 10-year follow-up period. Moreover, we
ssessed potential associations between ventricular fi-
rogenesis and the regulation of hypoxic signaling
hroughout this period.

ETHODS
tudy Population

ll patients regularly followed-up at our institution after
ransplantation were screened before participation. Pa-
ients with relevant comorbidities, such as malignancies
r chronic inflammatory diseases, were excluded. A
otal of 57 patients were included. All patients received
heir allografts between November 1993 and November
997. There were 50 male and 7 female recipients. The
re-transplantation cardiac diagnoses were atheroscle-
otic heart disease (n � 27), non-ischemic dilated
ardiomyopathy (n � 29) and rheumatic cardiomyopa-
hy (n � 1). The right ventricular (RV) allograft biopsies
sed were taken at 6-month intervals after transplanta-
ion. All biopsies (n � 1,119) were fixated in formalin
nd paraffin-embedded for histologic study. Rejection
eaction was judged according to the revised Interna-
ional Society for Heart and Lung Transplantation
ISHLT) classification (Grades 0 to 3R).13 CAV was
udged by reviewing coronary angiograms (n � 282)
ccording to a scoring system described by McGiffin et
l.14 This score represents a measure for the severity of
AV. Generally, a score of �15 is associated with
evere 3-vessel disease. In cases in which biopsies
ppeared to originate from a previous biopsy site, the
iopsies were excluded from the study and a different
iopsy from the same time-point was used (Table 1).

orphometry

eparaffined tissue sections were stained with Sirius
ed stain or according to Feulgen’s protocol (Figure 1A
nd B). A minimum of two characteristic areas per

iopsy were photographed and analyzed using OPENLAB t
version 2.2.5) software (Improvision, UK). To evaluate
brosis, Sirius red–stained sections were examined. To

udge DNA content and the number of nuclei as surro-
ate marker for myocytes, Feulgen-stained sections
ere analyzed. The size, intensity and number of nuclei
f each section were calculated in a standardized
ashion.

mmunohistochemistry for HIF1�, PHD3 and VEGF

n dewaxed and rehydrated sections antigen recovery
as performed in citrate buffer (0.1%, pH 6.0) using a
icrowave oven. Endogenous biotin and peroxidase

ctivity were blocked using a biotin blocking system
X0590; Dako, Denmark) and peroxidase blocking re-
gent (S2001; Dako), respectively. As primary antibody
PAB), ESEE 122 (anti-HIF1�), EG188e/E6 (anti-PHD3) and
G1 (anti-VEGF) were used in different dilutions (HIF1�
:30, PHD3 1:5, VEGF 1:2). The following procedures
ere carried out according to the EnVision System (Dako,
enmark). Diaminobenzidine D5905 (Sigma, Germany)
as used as chromogene. Computerized quantifica-

ion was performed using OPENLAB software, as de-
ailed elsewhere.15 Sample stainings are shown in
igure 1C–E.

tatistical Analysis

nalysis of variance (ANOVA) was performed for pairwise
omparison of longitudinal distributions. A multifactorial
ovariance analysis was used to study the effects of the
ariables shown in Table 1 on fibrosis (in percent). With
NOVA/unpaired t-tests (where appropriate), all factors
ere screened to filter the potentially relevant ones with

n impact on fibrosis. Only factors with a p � 0.2 were
onsidered to be potentially influential and included in the
ultifactorial covariance analysis. Results are presented as
ean � SD. A global significance level of � � 5% was used

or all tests. Because analyses were conducted in an
xploratory manner,16 p � 0.05 was considered statisti-
ally significant.

ESULTS
onor Hearts and Ischemic Time

here were 45 male and 12 female heart donors, aged
8 � 6 years. The mean donor body mass index (BMI)
as 24.7 � 3.5 years. Donor age and disparate donor

nd recipient body mass index were not found to
onsistently influence the amount of myocardial fibrosis
r signs of cellular hypertrophy at p � 0.05. Graphical
nalysis did not detect a significant correlation confirm-
ng these results.

The average donor heart ischemic time was recorded
t 153 � 45 minutes. Explosive brain death was found

o be present in 5 organ donors prior to heart explan-
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ation. Analysis of donor heart ischemic time and explo-
ive brain death did not reveal a significant correlation
etween ischemic time and the amount of myocardial
brosis or myocyte hypertrophy.

ight Ventricular Allograft Remodeling

o examine myocardial fibrosis Sirius red stainings were
nalyzed (Figure 1A). At the time of transplantation, the
llograft RV biopsies displayed fibrosis involving only
inor areas between cardiomyocytes and a thickened

nterstitial matrix. Fibrotic area was calculated to be 12.6
6.5%. Fibrosis increased gradually and started to form

brotic bundles separating groups of cardiomyocytes.
inally, fibrosis covered large areas, with a total fibrotic

able 1. Patient Characteristics and Results

0 year 2 years

art I: Patient characteristics
Age (years) 54.5 � 8.76 56.5 � 8.76 58
Gender (M/F) 50/7 –
Body mass index 26.9 � 4.9 26.7 � 4.6 27
NYHA class (1–4) 2 � 1 2 � 1
TR (degree 0–3) 1 � 1 1 � 1
RVSP (mm Hg � CVP) 26.3 � 5.4 26.5 � 5.4 27
LVEF (%) 57.0 � 5.9 62.0 � 8.4 60
LA (mm) 39.3 � 6.7 40.6 � 6.9 41
LV (mm) 44.6 � 5.01 46.9 � 6.59 46
DD (Grade 1–4) 1.42 � 0.51 1.56 � 0.73 1.
Hypertension (n/%) 16/29 16/29

IVS (mm) 12.2 � 3.2 11.8 � 1.6 12
DM (n/%) 20/35 20/35
Cyclosporine (mg/kg) 8.35 � 2.29 5.01 � 1.62 3.
Azathioprine (mg) 150 � 53 99 � 47
Prednisone (mg) 19.2 � 13.2 7.0 � 4.6 6
Spironolactone (n/%) 10/18 12/21
ACE-I (n/%) 28/49 30/53
�-blocker (n/%) 40/70 42/74
Statin (n/%) 47/82 49/86
ISHLT AR (0–3) 1.02 � 0.08 0.74 � 0.04 0.

Treated AR (n/%) 8/14 3/5
AR with HC (n/%) 4/7 1/2

CAV (0–105) 0.81 � 0.03 1.20 � 0.12 2.
art II: Results

Fibrosis (%) 12.6 � 6.5 18.2 � 7.1 21
DNA content (relative) 1.5 � 0.7 2.2 � 1.5 3
Number of nuclei 91.1 � 12.4 86.2 � 9.4 81
HIF1� (%) 21.6 � 6.1 17.1 � 3.4 11
PHD3 (%) 2.3 � 2.0 6.0 � 4.5 8
VEGF (%) 11.4 � 3.2 19.4 � 5.8 27

YHA, New York Heart Association; TR, tricuspid regurgitation (0 � none, 1 �
entral venous pressure; LVEF, left ventricular ejection fraction; LA, left atrium;
VS, intraventricular septum; DM, diabetes mellitus; ACE-I, angiotensin-convertin
R, acute rejection; HC, hemodynamic compromise; HIF, hypoxia-induced fact
tatistically significant. p-value: � � 5% (p � 0.05).
rea of 28.8 � 7.0% (Table 1 and Figure 2). a
With fibrogenesis, relative nuclear DNA content and
he number of nuclei according to Feulgen’s stainings
lso changed significantly (Figure 1B). Cardiomyocytic
NA content gradually increased from 1.5 � 0.7 rela-

ive units (RU) shortly after transplantation to 6.1 � 2.3
U after 10 years (p � 0.05). In contrast, the number of
uclei per image (and thus, indirectly, cardiomyocytes)
ignificantly decreased throughout follow-up from 91.1

12.4 at the time of transplantation to 76.1 � 10.1
fter 10 years (p � 0.05).

edications

atients received different amounts of the standard immu-
osuppressants CsA, azathioprine and prednisone. Gener-

Time of follow-up

p-valueears 6 years 8 years 10 years

� 8.76 60.5 � 8.76 62.5 � 8.76 64.5 � 8.76 –
– – – – –
� 5.2 27.4 � 5.1 27.8 � 4.7 28.4 � 4.3 NS
� 1 2 � 1 2 � 1 2 � 1 NS
� 1 1 � 1 1 � 1 1 � 1 NS
� 9.6 27.7 � 5.7 26.6 � 7.4 26.8 � 4.5 NS
� 9.9 58.4 � 7.3 59.1 � 11.9 58.2 � 8.8 NS
� 4.4 41.4 � 5.6 41.1 � 8.2 40.1 � 7.3 NS
� 4.67 46.8 � 5.89 47.6 � 4.72 48.0 � 5.66 NS
� 0.68 1.62 � 1.02 1.69 � 0.64 1.64 � 0.79 NS
/30 17/30 18/32 18/32 NS
� 2.2 12.4 � 1.9 12.1 � 2.5 12.7 � 2.3 NS
/39 22/39 23/40 24/42 NS
� 1.87 3.49 � 1.11 3.27 � 0.97 2.87 � 1.51 �0.05
� 34 50 � 36 46 � 27 38 � 22 �0.05
� 2.0 4.5 � 2.1 4.2 � 1.2 2.5 � 1.9 �0.05
/16 9/16 8/14 8/14 NS
/54 30/53 35/61 34/60 NS
/77 41/72 45/79 44/77 NS
/89 47/82 48/84 50/88 NS
� 0.03 0.53 � 0.03 0.56 � 0.03 0.93 � 0.09 NS
/11 3/5 4/7 5/9 NS
/4 1/2 2/4 1/2 NS
� 0.21 3.92 � 0.52 6.76 � 0.85 9.18 � 1.02 �0.05

� 3.9 25.2 � 6.3 26.8 � 2.9 28.8 � 7.0 See Fig 2
� 2.1 3.9 � 1.9 5.0 � 2.6 6.1 � 2.3 �0.05
� 16.1 79.3 � 7.4 77.2 � 4.7 76.1 � 10.1 �0.05
� 6.4 9.9 � 3.6 9.2 � 4.7 12.0 � 4.0 See Fig 3
� 4.8 8.1 � 4.0 9.0 � 2.8 5.2 � 2.0 See Fig 4
� 7.3 28.7 � 7.4 24.1 � 8.9 17.1 � 6.8 See Fig 5

d, 2 � moderate, 3 � severe); RVSP, right ventricular systolic pressure; CVP,
, left ventricle; DD, diastolic dysfunction determined by transmitral blood flow;
zyme inhibitor; ISHLT, International Society for Heart and Lung Transplantation;

PHD3, prolyl hydroxylase 3; VEGF, vascular endothelial growth factor; NS, not
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lly, the doses could be tapered over time. The daily mean
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ose of CsA decreased from an initial 8.35 � 2.29 mg/kg
o 2.87 � 1.51 mg/kg at 10 years after transplantation.
or azathioprine and prednisone the respective doses
ere 150 � 53 mg decreasing to 38 � 22 mg, and 19.2 �

3.2 mg decreasing to 2.5 � 1.9 mg.
During follow-up (depending on time-point) 29% to

2% of patients were treated for systemic hypertension
�140/90 mm Hg; see Table 1). Various anti-hyperten-
ive agents were used: 69% to 75% were on a diuretic
31.3 � 11.4% of maximum dose); 63% to 69% were on
calcium channel blocker (67.6 � 5.9% of maximum

ose); 39% to 51% took an angiotensin-converting en-
yme inhibitor (27.6 � 7.1% of maximum dose); and
0% to 79% took a beta-adrenergic blocker (59.3 � 9.5%

A

C D
igure 1. Representative sections (2 �m) processed according to the
NA (B). Images (C) and (D) show representative immunohistochemis

D) and VEGF (E). The brown color identifies the respective antigens.

igure 2. Right ventricular fibrosis: Results of morphometrically
etermined fibrosis using Sirius red stainings. Data displayed as mean �
tandard deviation. The black arrow indicates the point of allograft
aransplantation surgery. *p � 0.05 vs baseline at 0 year.
f maximum dose). Statistical analysis did not detect a
ignificant relationship between immunosuppressive
gent (or dose), anti-hypertensive regimen (or dose)
nd RV fibrosis.

ost-transplant Clinical Conditions

otentially influential factors on myocardial remodeling
fter transplantation were studied, including systemic
ypertension (�140/90 mm Hg), CAV, degree of ISHLT
llograft rejection and the number rejection episodes with
emodynamic compromise, and/or need for treatment.
eviewing angiographic data, CAV revealed a significant

ncrease over time (Table 1). Analysis of average ISHLT
rades showed a slight, non-significant trend to increase
uring the follow-up period. All factors were evaluated for
otential influence on myocardial fibrosis. A univariate
nalysis was performed followed by a multivariate analysis
f the univariate analysis yielded p � 0.2. Apart from CAV,
owever, we did not detect a statistically significant
elationship between the presence or absence of the
espective factors and RV fibrosis.

ensing Hypoxia

o determine possible hypoxia we performed immu-
ostainings for HIF1� (Figure 1C). After an initially
levated HIF1� level of 21.6 � 6.1% (shortly after
ransplantation) the expression of HIF1� decreased to
.0 � 4.3% at 6.5 years after transplantation. Next,

evels appeared not to change significantly until 8.5
ears after surgery, then expression rose to 12.0 � 4.0%

B

E
rius red protocol to stain collagen (A) and Feulgen’s protocol to stain

using diaminobenzidine (DAB) as a chromogen for HIF1� (C), PHD3
inal magnification: �40.
Si
tries
t 10 years post-transplantation (Table 1 and Figure 3).
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ensing Oxygen

ext, immunostainings for PHD3 were performed (Fig-
re 1D). Here, a different picture was found, with initial

evels being relatively low at 2.3 � 2.0%. Levels in-
reased significantly and reached 10.2 � 4.9% at 4.5
ears after transplantation. Next, PHD3 expression de-
reased slightly. Nine years after transplantation the
ecrease appears to have to accelerated to reach ex-
ression levels of 5.2 � 2.0% after 10 years (Table 1 and
igure 4).

ro-angiogenic Signaling

inally, we performed immunohistochemistry on our
iopsies to assess VEGF expression as a potential hy-
oxia-related target gene (Figure 1E). VEGF expression

n these specimens started at 11.4 � 3.2% and increased
rom there to reach a maximum expression level of 30.8 �
.3% at 5 years after transplantation. For the next 2.5
ears, levels stayed relatively constant and then started
o decrease again to reach 17.1 � 6.8% at 10 years after
ransplantation (Table 1 and Figure 5).

In an effort to ascertain possible associations be-
ween myocardial fibrosis (i.e., Sirius red staining) and
he factors listed in Table 1, a univariate analysis was
arried out. Although age, CAV, HIF1�, PHD3 and VEGF
ould be identified as potentially influencing factors
defined as p � 0.2), no other factors, including hyper-
ension and myocardial hypertrophy, showed signifi-
ant influence. However, when the effect of these
arameters on RV fibrosis was analyzed in a multifacto-
ial covariance analysis, only CAV, HIF1�, PHD3 and
EGF emerged as powerful predictors of RV fibrosis.

ISCUSSION

he present study is first to investigate myocardial

igure 3. HIF1�: Right ventricular biopsies were stained using immu-
ohistochemistry with DAB as chromogen. Computer analysis identi-
ed the amount of HIF1� staining. Results are displayed as mean �
tandard deviation. The black arrow indicates the point of allograft
ransplantation surgery. *p � 0.05 at baseline at 0 year.
llograft remodeling over a 10-year follow-up period. A b
ovel and most important finding the significant fibro-
enesis that may be associated with a differential regu-
ation of hypoxia-related proteins.

llograft Myocardial Remodeling

erial RV biopsies revealed a significant progression of
llograft fibrosis and a marked loss of myocytes with the
emaining cells displaying signs of hypertrophy. Arm-
trong et al, in their study of allograft myocardial remod-
ling, also demonstrated progressive fibrosis and cellular
ypertrophy.1 General levels of fibrosis were similar.
owever, the kinetics of fibrogenesis appears to have
iffered from ours: They found that fibrosis increased
ostly in the first year after transplantation, whereas
e found increasing fibrosis throughout follow-up.
ifferent follow-up periods (6 vs 10 years) and im-
roved immunosuppressive therapy, possibly delaying
llograft remodeling, may explain this finding. How-
ver, average fibrosis 6 years after transplantation was
omparable in the studies (20% vs 25.2%).
Although we did not find a significant correlation

etween donor heart ischemic time and myocardial
emodeling, donor ischemia may influence remodeling.
vidence concerning this matter has been conflict-
ng.1,6,17 One study suggesting such an influence lim-
ted investigation of donor organ ischemia-related re-

odeling to one measurement 5 to 10 days after
urgery.6 It appears that only early allograft fibrosis may
orrelate with ischemic time.
Explosive brain death in organ donors has been

uggested to increase inflammatory cytokines and ele-
ate levels of epinephrine with subsequent ischemic
amage to the heart and poor functional recovery.18,19

n influence on the development of CAV has also been
eported.20 However, in the present study, no signifi-

igure 4. PHD3: Right ventricular biopsies were stained using immu-
ohistochemistry with DAB as chromogen. Computer analysis identi-
ed the amount of PHD3 staining. Results are displayed as mean �
tandard deviation. The black arrow indicates the point of allograft
ransplantation surgery. §p � 0.05 vs peak at 4.5 years; *p � 0.05 vs

aseline at 0 year.
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ant influence was found, which may be explained by
he relatively small number of donors affected (n � 5).

Calcineurin inhibitors such as CsA have been sug-
ested to cause fibrosis2 by inducing TGF-�.21 The
elevance of calcineurin inhibitors for allograft remod-
ling is unclear.17 Information regarding cardiac allo-
rafts is scarce. We did not detect a significant influence
f immunosuppressants on fibrosis. One reason may be
he low and decreasing CsA blood levels in our study.
sA is known to induce systemic hypertension.22 Hy-
ertension is a possible stimulus for myocardial fibro-
is.23 TGF-� is an established pro-fibrotic cytokine in
ardiac fibrosis23–25 and is closely related to the renin–
ngiotensin system.26,27 Inhibition of the renin–angio-
ensin system (and, thus, indirectly TGF-�) has been
hown to prevent CsA-induced fibrosis.5 However,
tudying angiotensin-converting enzyme (ACE) inhibi-
ion and its influence on remodeling revealed no signif-
cant influence. One reason may be the moderate
umber of patients having received ACE inhibition
39% to 51%) and the low average percentage of the
aximum dose (27.6 � 7.6%).
A donor–recipient graft size mismatch may lead to

llograft remodeling.28,29 Such an influence, however,
as not detected in our study as the ratio between
onor–recipient graft size was 0.93. Generally accept-
ble are ratios as low as 0.71,30 putting our ratio well
nto the range.

Graft rejection may cause myocardial fibrosis. The
nderlying mechanism may be recurrent inflammatory
pisodes ultimately leading to tissue scarring with inter-
titial fibrosis.23 CAV itself has been associated with
entricular echocardiographic remodeling.31 This re-
odeling has been suggested to be linked to cardiac

brosis.32 In our study the average rejection among all

igure 5. VEGF: Right ventricular biopsies were stained using immu-
ohistochemistry with DAB as chromogen. Computer analysis identi-
ed the amount of VEGF staining. Results are displayed as mean �
tandard deviation. The black arrow indicates the point of allograft
ransplantation surgery. §p � 0.05 vs peak at 5 years; *p � 0.05 vs
aseline at 0 year.
atients was only mild to moderate. Throughout follow- o
p, acute rejection episodes did not change significantly;
owever, a non-significant trend to more rejection epi-
odes was found after Year 4 post-transplantation. Longer
ollow-up and/or more patients may be necessary for this
rend to reach significance. Angiographically determined
AV increased significantly throughout follow-up. It thus
eems possible that CAV may have contributed to the
istologic changes observed.

ensing Hypoxia

IF1 is a heterodimer consisting of HIF1� and HIF1�. It
s constitutively expressed and has an extremely short
alf-life of �5 minutes under normoxia.33 Oxygen
romotes the hydroxylation of HIF1 by HIF-specific PHDs,
required condition for von Hippel–Lindau protein (VHL)

o associate with and inactivate HIF1.34 A deficient
xygen supply (i.e., hypoxia) may be a cause for
yocardial injury and dysfunction. The latter, in turn,

ommonly develops in cardiac allograft recipients.7 We
ound HIF1� to be up-regulated early after transplanta-
ion and then to be significantly down-regulated over
he following years. This finding points to early myo-
ardial allograft hypoxia, which then may trigger adap-
ive mechanisms to reduce hypoxic stress. Although the
arly hypoxic response may have been influenced by
echanisms such as graft ischemia time, peri-transplant
emodynamic status of the donor and myocardial reper-
usion damage, the chronic hypoxic response needs
dditional explanation. Allograft rejection, character-
zed by an inflammatory reaction, could serve as such
n explanation. HIF1 may help counteract inflammation
nd remodeling because it has anti-inflammatory prop-
rties.35 Apparently however, HIF1 is unable to stop the
rogression of fibrogenesis.

ensing Oxygen

n normoxia, PHDs hydroxylate HIF1� and thus target it
or proteasomal degradation. In acute hypoxia, PHD
xpression is down-regulated, leading to HIF1� stabili-
ation. In chronic hypoxia, however, the oxygen-sens-
ng PHDs may be up-regulated.36 In the present study

e observed early low levels of PHD3, which then
ncreased in parallel with myocardial fibrosis. Finally,
HD3 reached a plateau and then decreased again. Our
esults show that the initial up-regulation of PHD3 may
ranspire despite chronic hypoxia. After years of chronic
ypoxia and increasing fibrosis it then seems to be
ventually down-regulated. From animal studies it is
nown that mice react to chronic hypoxia by overex-
ressing PHDs. This may help the organism in the
revention of chronic hypoxic HIF-triggered signal-

ng.36 Our data allow us to speculate that, in long-
tanding hypoxia, compensatory mechanisms may fail

nce myocardial fibrogenesis reaches a critical point.
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ro-angiogenic Signal

n the absence of oxygen, HIF1� binds to the HRE, and
hus induces genes such as VEGF.11 VEGF then may
nteract with and activate its receptors, leading to
ro-angiogenic signaling. We found VEGF expression to
e differentially regulated in cardiac allograft recipients.
n the first years after transplantation, VEGF expression
ncreased significantly and then peaked at 5 years after
urgery. In the following years, VEGF levels decreased
gain slightly. Because in our study VEGF expression
id not track HIF1� expression, there must be other,
dditional factors at work. For kidney allografts, a link
etween VEGF expression and interstitial fibrosis has
een postulated,4,37 and these findings were linked to
sA toxicity. Furthermore, it has been shown that
orticosteroid treatment may reduce VEGF express-
ion.38 In our study, initial high doses of corticosteroids
ay have contributed to lower VEGF expression. How-

ver, it appears that, despite a significant reduction in
orticosteroid dose during the follow-up period, VEGF
tarted to decline again 5 years after transplantation.
his suggests other additional mechanisms at work.
AV and rejection episodes have been suggested to

ncrease VEGF expression.39 These factors may have
nfluenced VEGF regulation in the present study.

In conclusion, in the cardiac allografts studied, exten-
ive and progressive tissue remodeling was present.
yocardial fibrosis was central to this process. Hypoxia
ay have also played a role in this process, leading to

ifferential regulation of pro-angiogenic signals: After
arly post-operative tissue hypoxia, as indicated by
levated HIF1� levels, hypoxia seems to have im-
roved, as confirmed by decreasing HIF1� and rising
HD levels. This improvement in hypoxia may have
een caused by an increase in pro-angiogenic signaling,
uch as in the elevation of VEGF levels. However, later
fter cardiac transplantation these processes appeared
o have been reversed: Progressive fibrogenesis and
AV were observed and may have hampered tissue
xygen supply and thus helped to promote tissue
ypoxia.
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