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Prolylhydroxylase domain proteins (PHD) are cellular oxy-
gen-sensing molecules that regulate the stability of the �-sub-
unit of the transcription factor hypoxia inducible factor (HIF)-1.
HIF-1 affects cardiac development as well as adaptation of the
heart toward increased pressure overload or myocardial infarc-
tion. We have disrupted PHD2 in cardiomyocytes (cPhd �/�)
using Phd2flox/flox mice in combination with MLCvCre mice,
which resulted in HIF-1� stabilization and activation of HIF
target genes in the heart. Although cPhd2�/� mice showed no
gross abnormalities in cardiac filament structure or function,we
observed a significant increased cardiac capillary area in those
mice. cPhd2 �/� mice did not respond differently to increased
mechanical load by transverse aortic constriction compared
with their wild-type (wt) littermates. After ligation of the left
anterior descending artery, however, the area at risk and area of
necrosis were significantly smaller in the cPhd2�/� mice com-
paredwithPhd2wtmice in linewith thedescribedpivotal role of
HIF-1� for tissue protection in case of myocardial infarction.
This correlated with a decreased number of apoptotic cells in
the infarcted myocardium in the cPhd2�/� mice and signifi-
cantly improved cardiac function 3 weeks after myocardial
infarction.

When oxygen availability is impaired, the resulting hypoxia
activates homeostatic mechanisms at the systemic and cellular
level (1). Hypoxia-inducible factors (HIFs)2 are essential players
in these responses because they regulate the transcription of a

large number of genes that affect a myriad of cellular processes,
including angiogenesis, metabolism, cell survival, and oxygen
delivery (2). HIF is a heterodimeric protein comprising the oxy-
gen-sensitive �-subunit HIF-1� or the more cell type-specifi-
cally expressed HIF-2� or HIF-3� and the oxygen-insensitive
�-subunit (3). In the presence of oxygen, HIF� becomes
hydroxylated at two critical proline residues by prolylhydroxy-
lase domain (PHD) enzymes (4, 5). The PHD protein family
responsible for HIF� regulation consists of three members
called prolylhydroxylase domain (PHD)1, PHD2, and PHD3 (6,
7). Following prolyl-4-hydroxylation of the critical prolyl
residues under normoxic conditions, the ubiquitin ligase von
Hippel-Lindau tumor suppressor protein recognizes ��F-1�
subunits and targets them for rapid ubiquitination and protea-
somal degradation (8–10).
Based on the ubiquitous expression pattern and its dominant

effect in normoxia, it had to be assumed that PHD2 is the most
critical HIF-1�-regulating PHD isoform in most tissues (11–
13). This notion, learned from in vitro studies, was confirmed
by the up to now available genetically modified Phd2 mouse
models (14). Phd2 knock-out embryos die between embryonic
day (E) 12.5 and E14.5 (15). This time point coincides with the
increased levels of PHD2 in wild-type (wt) mice starting from
E9.0. A major role of PHD2 in regulating the HIF system is
further underscored by mouse models with a somatic Phd2�/�

knock out, which enable to analyze the in vivo function of PHD2
in the adult mice. Two independent inducible Phd2�/� mouse
models were developed by Takeda et al. (16) andMinamishima
et al. (17). The phenotype of these mice most obviously resem-
bles the consequences of HIF� overexpression with increased
angiogenesis, erythropoiesis, and extramedullar hematopoiesis
(17, 18). Most interestingly, these mice also develop a cardiac
phenotype with symptoms of dilated cardiomyopathy. In the
heart, HIF-1� and thereby also the PHDs are known to influ-
ence key components of heart development, morphogenesis,
and function (19, 20). Long term activation of HIF-1� in the
heart seems to activate detrimental pathways resulting in the
development of heart failure (21). Thus, it is tempting to spec-
ulate that loss of PHD2 in the heart is responsible for the dilated
cardiomyopathy as observed in the inducible Phd2�/� mice.
However, because these mice also develop an increased hema-
tocrit, secondary blood hyperviscosity-dependent cardiac
changes cannot be ruled out.
Therefore we have generated cardiomyocyte-specific PHD2

knock-out mice (cPhd2�/�) by crossing MLCvCre mice with
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Phd2flox/flox mice. While this work was ongoing Moslehi et al.
have recently reported the generation of cardiac-specific PHD2
knock-out mice using �MHCCre expressing mice as deleter
mice in combination with Phd2flox/flox mice (22). In line with
our observation, Moslehi et al. observed no striking differences
in morphology or function of resting young cPhd2�/� mice.
Moslehi et al. additionally analyzed older mice and demon-
strated that with increasing age cardiomyocyte-specific PHD2
knock-outmice developed changes,which phenocopy ischemic
cardiomyopathy. At a young age these animals responded to
increased afterload with fortified heart failure despite the suc-
cessful development of cardiac hypertrophy.
In contrast to the results ofMoslehi et al., we did not observe

significant changes in the development of hypertrophy and
heart failure of young PHD2-deficient mice toward increased
afterload in our animal model. Moreover, we observed cardio-
protective effects in the PHD2-lackingmice in a model of myo-
cardial ischemia. Challenging themicewith permanent ligation
of the left anterior descending artery (LAD) resulted in cardiac
tissue protection and decreased myocardial infarct size in the
cPhd2�/� mice compared with Phd2 wt littermates. Taken
together, our results show for the first time that lack of PHD2 in
cardiomyocytes protects the heart from an acute ischemic
insult. This phenomenon is at least in part most likely due to an
increased capillary area in the cPhd2�/� mice.

EXPERIMENTAL PROCEDURES

Mice—The generation and detailed characterization of
Phd2flox/flox mice will be reported elsewhere.3 In brief, LoxP
sites were cloned into the Phd2 gene via Red/ET recombination
(23) flanking exons 2 and 3. To characterize the Phd2flox/flox
mice, full inactivation of the Phd2 gene was achieved via an
intercross with PGKCre mice. Consistent with earlier reports,
no viable PHD2�/� mice were obtained (15, 17).

Cre-mediated excision of exons 2 and 3 results in a frameshift
mutation from exon 1 to 4 leading to an early translational stop
and subsequent Phd2 knock out. Exons 2 and 3 encode for
almost the entire catalytic domain of Phd2. The successful dele-
tion of Phd2 in the floxedmicewas verified byWestern blotting
on protein extracts of embryonic hearts (E14.5) from
PGKCre � Phd2flox/floxmice using a homemade Phd2 antibody
against a C-terminal peptide (supplemental Fig. 1). No PHD2
protein could be detected in Phd2�/� hearts. Moreover, the
fact that HIF-1� protein is stabilized in these samples verifies
the loss of functionality of Phd2. To analyze, if a shorter PHD2
protein encoded by exon 1 is formed, we performed Western
blotting using an antibody,which detects theN-terminal part of
PHD2 (supplemental Fig. 2). There is indeed a shorter Phd2
protein detectable in the Phd2�/� and Phd2�/� mice, which in
its apparent molecular mass matches the predicted number of
31.5 kDa. The putatively exon 1-encoded protein, however, was
expressed compared with the wt PHD2 protein in wt or
Phd2�/� embryos only at very low levels. Whether this shorter
protein would have a dominant negative character and there-
fore would bind to its interaction partner (e.g.HIF�) and block

its normal function has not been studied. However, it was sug-
gested that in human PHD2 both Arg371 and Pro317 (in mice
Arg348 and Pro294 located in exons 3 and 2, respectively) con-
tribute to the HIF-1� or HIF-2� binding (24). In ourmice these
sites are not present anymore, and a dominant negative inter-
action with HIF-1� is therefore unlikely.
All animals in this study were backcrossed to C57BL/6

mice at least five times. Phd2flox/flox mice
were crossed with MLCvCre�/� mice (25) to generate
Phd2flox/flox � MLCvCre�/� mice within two genera-
tions. Phd2flox/flox � MLCvCre�/� mice were then crossed
with Phd2flox/flox mice to obtain cPhd2�/� (Phd2flox/flox �
MLCvCre�/�) mice and littermate control wild-type mice
(Phd2flox/flox).

Mice were genotyped by PCR using the following primers:
Cre forward, 5�-CGTACTGACGGTGGGAGAAT-3� and Cre
reverse, 5�-CGGCAAAACAGGTAGTTA-3�; PHD2 forward,
5�-CTCACTGACCTACGCCGTGT-3� and PHD2 reverse,
5�-CGCATCTTCCATCTCCATTT-3�.
The deletion of floxed exons in cDNAs isolated from ventri-

cles or atria by PCRs was shown with the following primers:
PHD2 forward, 5�-TACAGGATAAACGGCCGAAC-3� and
PHD2 reverse, 5�-GGCAACTGAGAGGCTGTAGG-3�. The
forward primer binds in exon 1, the reverse primer binds in
exon 5.
Animal Experimentation and Echocardiography—Animal

experimentation was performed with cPhd2�/� mice and lit-
termate Phd2 wt control mice. All protocols regarding animal
experimentationwere conducted according to theGerman ani-
mal protection laws and approved by the responsible govern-
mental authority (Niedersächsisches Landesamt für Ver-
braucherschutz und Lebensmittelsicherheit in Oldenburg;
animal experimentation numbers 33.942502-04-10/0024 and
33.9-42502-04-10/0069). Pressure overload was induced by
transverse aortic constriction (TAC) and performed essentially
as described previously by our group with blunted 27-gauge
needles as placeholders in 10-week-old female mice (26).
LAD ligations were performed by an investigator who was

blinded regarding the genotypes of themice. Themeasurement
of infarct size was performed by an additional investigator, who
was likewise blinded.
LAD ligation was performed on female mice having a mini-

mum weight of 21 g (8–12 weeks of age). Mice were anesthe-
tized (2% isoflurane). The trachea was surgically exposed, and
tracheal intubation was performed. A blunt intubation cannula
(intubation cannula, stainless steel with Y-adapter, 1.2-mm
outer diameter, 30-mm length; Hugo Sachs Elektronik, Har-
vard Apparatus GmbH) was inserted into the trachea. Correct
tube placement was confirmed by direct visualization of the
cannula within the previously exposed trachea. The tracheal
tube was connected to a mechanical ventilator (MiniVent;
Hugo Sachs Elektronik, Harvard Apparatus GmbH), and the
animals were ventilated by using a pressure-controlled ventila-
tion mode (stroke volume 150 �l, 150 strokes/min fractional
inspired O2 � 0.3). After exposing the heart, the pericardium
was removed, and a 9-0 polyamide suture with a U-shaped nee-
dle was passed under the left anterior descending artery. The

3 B. Wielockx, K. Anastassiadis, A. F. Stewart, and G. Breier, unpublished
observations.

PHD2 and Myocardial Ischemia

11186 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 13 • APRIL 1, 2011

http://www.jbc.org/cgi/content/full/M110.186809/DC1
http://www.jbc.org/cgi/content/full/M110.186809/DC1


suture was tied to occlude the artery. The chest was closed and
the mouse recovered.
Echocardiography and measurement of posterior wall thick-

ness, septum thickness, left ventricular end systolic diameter,
left ventricular end diastolic diameter, and fractional shorten-
ing (FS) were performed as described by Silter et al. (26).
Measurement of Infarct Size—Six hours after LAD ligation

the mice were given heparin (250 units) and anesthetized, and
the heartswere excised.Myocardial infarct sizewas determined
by using Evans blue/2,3,5-triphenyltetrazolium chloride (TTC)
staining as described by Bohl et al. (27). Briefly, the ascending
aorta was cannulated with a 20-gauge tubing adapter, and 1%
Evans blue was perfused into the aorta and coronary arteries to
delineate the “area at risk” (AAR). The Evans blue dye was dis-
tributed uniformly to those areas of the myocardium, which
were well perfused; hence, the area of themyocardium that was
not stained with Evans blue was defined as the AAR. The left
ventricle was separated from the rest of the heart and sectioned
into three transverse slices. Sections were incubated in 2%TTC
for 20 min at 37 °C to identify viable tissue. Infarct quantifica-
tion was performed on digital photographs (SMZ 100; Nikon,
Tokyo, Japan) using ImageJ (National Institutes of Health). The
area of necrosis (AON) and AAR were determined as the aver-
age percent area per slice from the middle section and the low-
est section. Also, myocardial samples were collected for cyro-
sectioning and assessment of apoptosis.
Protein Extraction and Immunoblot Analyses—Heart tissue

was rapidly homogenized in a buffer containing 4 M urea, 140
mM Tris (pH 6.8), 1% SDS, 2% Nonidet P-40, and protease
inhibitors (Roche Applied Science). Protein concentrations
were quantified (DC Protein Assay; Bio-Rad). For immunoblot
analysis protein samples were resolved by SDS-PAGE and
transferred onto nitrocellulosemembranes (AmershamBiosci-
ences) by semidry blotting (PeqLab). Primary antibodies used
were: anti-PHD2 (NB100-2219; Novus), anti-HIF-1� (NB100-
479; Novus), and anti-vinculin (hVin-1, V9264; Sigma).
For detection of immunocomplexes, horseradish peroxi-

dase-conjugated secondary goat anti-rabbit or goat anti-mouse
antibodies (Santa Cruz Biotechnology) were used, and mem-
braneswere incubatedwith 100mMTris-HCl (pH8.5), 2.65mM

H2O2, 0.45mM luminol, and 0.625mM coumaric acid for 1min.
Chemiluminescence signals were detected with the LAS3000
camera system (Fuji Film Europe, Düsseldorf, Germany).
RT-PCR Analyses—After RNA extraction reverse transcrip-

tion (RT) was performed with 2 �g of RNA and a first strand
cDNA synthesis kit (Fermentas, St. Leon-Rot). mRNA levels
were quantified by using 1 �l of the cDNA reaction and a SYBR
Green qPCR reaction kit (Clontech) in combination with a
MX3000P light cycler (Stratagene). The initial template con-
centration of each sample was calculated by comparison with
serial dilutions of a calibrated standard. Primers were as fol-
lows: glucose transporter-1 (Glut-1) forward, 5�-TGGCCTTG-
CTGGAACGGCTG and Glut-1 reverse, 5�-TCCTTGGGCT-
GCAGGGAGCA-3�;mS12 forward, 5�-GAAGCTGCCAAGG-
CCTTAGA-3 and mS12 reverse, 5�-AACTGCAACCAACCA-
CCTTC-3�; PHD2 forward, 5�-TTGCTGACATTGAACCC-
AAA-3� and PHD2 reverse, 5�-GGCAACTGAGAGGC-
TGTAGG-3�; PHD1 forward, 5�-GCTAGGCTGAGGGAGG-

AAGT-3� and PHD1 reverse, 5�-TCTACCCAGGCAATCTG-
GTC-3�; PHD3 forward, 5�-GGCCGCTGTATCACCTGT-
AT-3 and PHD3 reverse, 5�-TTCTGCCCTTTCTTCAGCAT-
3�; brain natriuretic peptide (BNP) forward, 5�-AAGTCCTAG-
CCAGTCTCCAGA-3� and BNP reverse, 5�-GAGCTGTCTC-
TGGGCCATTTC-3�; phosphofruktokinase 1 (Pfkl) forward,
5�-ACGAGGCCATCCAGCTCCGT-3� and Pfkl reverse 5�-T-
GGGGCTTGGGCAGTGTCCT-3�; pyruvate dehydrogenase
kinase 1 (PDK-1) forward, 5�-GTTCACGTCACGCTGGG-
CGA-3� andPDK-1 reverse, 5�-CCAGGCGTCCCATGTGCG-
TT-3�; phosphoglycerate kinase (PGK) forward, 5�-ACGTCT-
GCCGCGCTGTTCTC-3� and PGK reverse, 5�-ACCATGGA-
GCTATGGGCTCGGT-3�; VEGF forward, 5�-CGAACGTAC-
TGCCGATTGAGA-3 and VEGF reverse, 5�-TGGTGAGGT-
TTGATCCGCATGATCTG-3�; angiopoietin (Ang)-1 forward,
5�-CGCTCTCATGCTAACAGGAGGTTGG-3� and Ang-1
reverse, 5�-GCATTCTCTGGACCCAAGTGGCG-3�; Ang-2
forward, 5�-CACCCAACTCCAAGAGCTCGG-3� and Ang-2
reverse, 5�-CACGTAGCGGTGCTGACCGG-3�; BCL2/ade-
novirus E1B 19-kDa protein-interacting protein 3 (Bnip3)
forward, 5�-GTCCAGTGTCGCCTGGCCTC-3� and Bnip3
reverse, 5�-TGGGAGCGAGGTGGGCTGTC-3�; iNOS,
inducible nitric-oxide synthase; (iNOS) forward, 5�-GCTGCC-
TTCCTGCTGTCGCA-3� and iNOS reverse, 5�-GGAGCCG-
CTGCTGCCAGAAA-3; hemoxygenase (Hox)-1 forward, 5�-
TGGTGCAAGATACTGCCCCTGC-3� and Hox-1 reverse,
5�-TGGGGGACAGCAGTCGTGGT-3�, apelin forward,
5�-TGCAGTTTGTGGAGTGCCACTG-3� and apelin re-
verse, 5�-GCACCGGGAGGCACT-3�; adrenomedullin for-
ward, 5�-TGGCCCCCTACAAGCCAGCAAT-3� and adre-
nomedullin reverse, 5�-GCCAACGGGATACTCGCCCG-3�.
The sets of primers for adenosine receptor A2b and CD73 were
according to previously published sequences (28).
BNP Enzyme Immunoassay—Plasma BNP levels were mea-

sured using a commercially available enzyme immunoassay kit
(catalog number EK-011-23; Phoenix Pharmaceuticals) accord-
ing to the manufacturer’s instructions.
Histological Analyses—For Trichrome staining, heart tissue

was fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) and embedded in paraffin before sectioning.
Cryosectioning and Immunofluorescence Labeling—Freshly

isolated hearts were treated as described before (29). Briefly,
hearts were sectioned (5–10 �m) in a cryostat, mounted on
glass slides, and dried for at least 30 min. After being washed
with PBS, the sections were briefly incubated with 1% Triton
X-100 and then fixed with 4% formaldehyde and permeabilized
with 0.2% Triton X-100. Nonspecific binding of antibodies was
blocked by incubation with 1% bovine serum albumin for 1 h.
The sections were then incubated with the polyclonal anti-
CD31 antibodies (DIA 310, diluted 1:20; Dianova) and anti-
vinculin antibodies (hVin-1, diluted 1:100; Sigma) at room tem-
perature for 1 h, washed three times in PBS, and then incubated
with anti-mouse TR (diluted 1:200; Santa Cruz Biotechnology)
and anti-rat FITC (1:200; Santa Cruz Biotechnology). Samples
were counterstained for DNA (Hoechst). Finally, samples were
washed extensively in PBS, mounted in Mowiol, and examined
by fluorescence microscopy (Axio Observer D1; Carl Zeiss,
Göttingen, Germany). The capillary area was determined by
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analyzing CD31-positive pixels using ImageJ. In addition, the
number of capillaries were counted per view of field.
Immunohistochemistry—Paraffin-embedded sections were

immunostained as described by others (22). The anti-HIF-1� pri-
mary antibody (Novus NB100-123) was used at a 1:1000 dilution.
Electron Microscopy—Standard procedures were applied for

fixation (1.5% glutaraldehye and 1.5% paraformaldehyde in
phosphate buffer) of hearts of cPhd2�/� andPhd2wtmice. The
hearts were then washed in PBS and fixed in 2% osmium
tetroxide. The samples were dehydrated in a graded series of
alcohol and embedded in Araldite. Ultrathin sections were

stained with 2% methanolic uranyl acetate. Samples were
then examined in a transmission electron microscope
equipped with photodocumentation.
TUNEL Assay—Apoptotic cells were detected with a TUNEL

assay according to themanufacturer’s protocol (In SituCell Death
Detection kit, catalog number 11 684 795 001; RocheApplied Sci-
ence). Three hearts of each genotype were analyzed, and five ran-
dom high power fields from each heart sample were quantified.
Statistical Analyses—Data were analyzed by two-tailed

Student’s t test or (in case of repeated echocardiography
analysis after TAC treatment) as paired t test and presented

FIGURE 1. Generation and analyses of cPhd2�/� mice. A, schematic description of the gene targeting strategy is shown. In the targeted Phd2 locus, exons 2
and 3 are flanked by two loxP sites. Exons 2 and 3 are deleted by Cre-mediated recombination by crossing Phd2flox/flox mice with MLCvCre mice. B, PCRs were
performed with cDNAs isolated from left ventricles or atria of cPhd2�/� or Phd2 wt control mice to demonstrate the deletion of floxed exons in the ventricles
but not the atria. Incomplete recombination in the ventricles is most likely due to the presence of noncardiomyocytes in the tissue samples. Additional bands
resemble splice variants. C, RT-PCR analysis confirmed the significant reduction of PHD2 mRNA transcripts in the left ventricles but not the atria of 8-week-old
cPhd2�/� mice compared with wt littermates. Transcripts of the HIF-target PHD3 were increased whereas PHD2 mRNA was unchanged. In total, 11 wild-type
mice and 7 cPHD2�/� were analyzed. *, p � 0.05; **, p � 0.01. Data represent mean values 	 S.E. (error bars). D, PHD2 protein was detected by Western blot
analysis. Protein extracts prepared from left ventricles and atria of 8-week-old Phd2 wt and cPhd2�/� mice were analyzed with anti-PHD2, anti-HIF-1�, and
anti-vinculin antibodies, confirming that PHD2 was successfully knocked out in the left ventricles but not in the atria.
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as mean 	 S.E. A p value � 0.05 was considered statistically
significant.

RESULTS

Generation of Cardiac-specific PHD2 Knock-out Mice—For
generating cPhd2�/� mice, we crossed Phd2flox/flox mice with
mice that express the Cre recombinase under the control of the
MLCv promoter (25). TheMLCv-driven Cre permits recombi-
nation of the floxed Phd2 exons 2 and 3 in ventricular car-
diomyocytes (Fig. 1A). Isolation and PCR analysis of cDNAs
from atria and ventricles of cPhd2�/� and littermate Phd2 wt
controlmice verified successful recombination in the ventricles
but not in the atria of the cPhd2�/� mice (Fig. 1B). The addi-
tional bands seen in the PCR analysis of Phd2 wt mice most
likely are the result of described PHD2 splice variants (30).
Quantification of PHD2 RNA levels in the left ventricles and

atria of cPhd2�/� mice compared with Phd2 wtmice revealed a
roughly 5-fold reduction in the knock-out ventricles but not the
atria, confirming theMLCvCre-mediated knock out in the ven-
tricular cardiomyocytes (Fig. 1C). Considering that the RNA
was isolated from the whole left ventricles, which besides the
cardiomyocytes also contain especially cardiac fibroblasts but
also endothelial cells, smoothmuscle cells etc., this reduction in
PHD2 expression is in accordance with a successful recombi-
nation in the Cre-expressing cardiomyocytes. In line, cardiac
PHD2 expression was also reduced at the protein level in left
ventricles but not the atria of cPhd2�/� mice as determined by
immunoblot analysis (Fig. 1D). As a consequence of the PHD2
knock out, HIF-1� protein levels were slightly increased (Fig.
1D). Immunohistochemical analysis confirmed the accumula-
tion of HIF-1� protein in cell nuclei of the cardiomyocytes (Fig.
2). Detection of HIF-2� by immunohistochemistry was ham-
pered by varying qualities of the batches of the commercially
available polyclonal anti-HIF-2� antibodies. At least in vitro it
was described that in contrast to PHD3, PHD2 seems to have

higher activity toward HIF-1� compared with HIF-2� (30).
Therefore the increased levels of HIF-1� in the cardiomyocytes
are in line with an effective PHD2 knock out in our mouse
model. A moderate activation of the HIF-signaling pathway in
the hearts of cPhd2�/� mice was likewise detected by analyzing
the expression of the HIF target genes PHD3 (Fig. 1C), Glut-1,
Pfk1, and PDK1 (Fig. 3A). Whereas increased levels of Glut-1,
Pfk1, and PDK1 reflect the impact of HIF on glucose transport
and glucosemetabolism, respectively (31), the elevated levels of
PHD3 are indicative of the described negative HIF/PHD feed-
back loop, which involves the HIF-dependent transcription of
PHD3 (32). In contrast, PHD1RNA levels, which are not induc-

FIGURE 2. HIF-1� protein accumulates in cPhd2�/� hearts. Immunohisto-
chemical analyses of hearts from 8-week-old cPhd2�/� and Phd2 wt mice are
shown. HIF-1� protein accumulates in the nuclei of cPhd2�/� ventricles.

FIGURE 3. PHD2-deficient ventricles exhibit increased expression of HIF
target genes. A and B, quantitative real-time RT-PCR (qPCR) analysis of left
ventricles from 8-week-old cPhd2�/� or Phd2 wt mice was performed. Tran-
script levels of genes involved in glucose transport and glucose metabolism
(A) as well as HIF-target genes related to angiogenesis, vasotonus regulation,
and apoptosis (B) were analyzed. The numbers in the bars indicate the number
of animals analyzed. *, p � 0.05. Data represent mean values 	 S.E. (error bars).
C, changes of BNP mRNA in the left ventricles or in serum protein levels of
cPhd2�/� compared with Phd2 wt mice were not detectable by qPCR and
ELISA, respectively. Data represent mean values 	 S.E.
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ible by hypoxia (13), were not affected in the hearts of cPhd2�/�

mice (Fig. 1C). HIF target genes involved in angiogenesis
(VEGF, Ang-1, Ang-2), vasotonus regulation (adrenomedullin,
apelin, iNOS, and Hox-1), purinergic signaling (CD73, and
adenosine receptor A2b), and apoptosis (Bnip3) were found to
be unchanged (Fig. 3B). BNP is produced in the ventricles and is
regarded as surrogate marker for heart failure (33). Analyzing

BNP RNA levels in the left ventricles or BNP plasma levels of
Phd2wt and cPhd2�/�mice revealed no significant differences,
indicating that there were no obvious signs for heart failure in
the cPhd2�/� mice (Fig. 3C).

Histological assessment of the heart revealed no gross abnor-
malities in the cPhd2�/� mice (Fig. 4A). Furthermore, electron
microscopy analysis displayed no significant changes in ultra-
structure or filament architecture (Fig. 4B). Heart weight (Fig.
5A) and heart function as determined by echocardiography of
the cPhd2�/� mice were found to be not different compared
with Phd2 wt mice (Fig. 5, B–D). Interestingly, a significant
difference between Phd2 wt and cPhd2�/� mice, however,
could be observed when analyzing capillaries in the heart via
CD31 immunostaining (Fig. 6). In the cPhd2�/� hearts signifi-
cantly more CD31-positive staining was detected. This was due
to an increased capillary area but not to an increase in the num-
ber of capillaries (Fig. 6B). Taken together, basal heart structure
and function are, besides an increased diameter of the capillar-
ies, not changed in 8 weeks old mice as a consequence of a lack
of PHD2 in ventricular cardiomyocytes. In this regard it should
be noted thatMLCvCre � HIF-1�flox/flox mice similarly do not
present obvious changes in resting heart function (34). In con-
trast to resting conditions, however, HIF-1� indeed seems to

FIGURE 4. cPhd2�/� hearts show no gross structural abnormalities. A, par-
affin-embedded tissue sections of Phd2 wt and cPhd2�/� hearts stained with
Trichrome. B, transmission electron microscopy of the Phd2 wt and cPhd2�/�

hearts.

FIGURE 5. Cardiac PHD2 deficiency does not affect heart function in
8-week-old mice. A, hearts of Phd2 wt or cPhd2�/� mice were excised, and
the ratios of heart weight (HW) compared with body weight (BW) were deter-
mined. Data represent mean values 	 S.E. (error bars). The numbers in the bars
indicate the number of animals analyzed. B–D, fractional shortening (FS) (B),
left ventricular end diastolic diameter (LVEDD) (C), and left ventricular end
systolic diameter (LVESD) (D) were analyzed by echocardiography and
showed no differences between indicated genotypes. The numbers in the
bars indicate the number of animals analyzed. Data represent mean values 	
S.E.

FIGURE 6. Increased capillary area in PHD2-deficient hearts. A, hearts of
cPhd2�/� mice (n � 4) and Phd2 wt (n � 4) littermates were excised and
analyzed for angiogenesis as determined by anti-CD31 staining. Sections
were co-stained for vinculin and DNA (Hoechst). B, the area of capillaries,
which were determined in A, were quantified by determining the extent of
CD31-positive staining, and the number of capillaries were counted. *, p �
0.05. Data represent mean values 	 S.E. (error bars).
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play a role in the adaptation of the heart to increased mechan-
ical load or ischemia (20, 26). Therefore, we analyzed the
cPhd2�/� mice under stressed conditions, i.e. TAC or LAD.
Lack of PHD2 in the Heart Does Not Affect the Cardiac

Response to Increased Afterload—Increasedmechanical load by
TAC stimulates an adaptation program,which results in hyper-
trophy and if the load sustains in cardiac failure.We applied the
aortic constriction between the branches of the truncus bra-
chiocephalicus and the arteria carotis communis and followed
the mice up to 15 weeks by echocardiography. As expected

TAC-treated Phd2 wt and cPhd2�/� mice developed cardiac
hypertrophy as a consequence of the aortic constriction (Fig.
7A) whereas sham-treated animal did not (data not shown).
The load-induced increase in posterior wall thickness and sep-
tum thickness, however, was not different in Phd2wt compared
with cPhd2�/� mice. Likewise, both, i.e. TAC-treated Phd2 wt
and cPhd2�/�mice, but not the sham-treated animals (Fig. 7D),
developed an increased left ventricular end systolic diameter
(Fig. 7B) and a drop in FS (Fig. 7C) to a similar extent at around
12–15 weeks after the intervention. Furthermore, no change in

FIGURE 7. PHD2 does not affect cardiac hypertrophy and cardiac function after TAC in female mice. Sustained pressure overload was induced in
10-week-old female Phd2 wt and cPhd2�/� mice by TAC. Subsequently (A) posterior wall thickness (PWT) and septum thickness (ST) as well as (B) left ventricular
end diastolic diameter (LVEDD) and left ventricular end systolic diameter (LVESD) were analyzed before (pre) and up to 15 weeks after TAC by echocardiography.
Based on the left ventricular end diastolic diameter and left ventricular end systolic diameter, fractional shortenings (FS) of TAC-treated (C) and sham-operated
animals (D) were determined. In addition, heart weight (HW) to body weight (BW) ratios were determined 15 weeks after TAC (E). *, p � 0.05 TAC-treated Phd2
wt versus nontreated/pre Phd2 wt mice; **, p � 0.01 TAC-treated Phd2 wt versus nontreated/pre Phd2 wt mice; #, p � 0.05 TAC-treated cPhd2�/� versus
nontreated/pre cPhd2�/� mice; ##, p � 0.01 TAC-treated cPhd2�/� versus nontreated/pre cPhd2�/� mice; ###, p � 0.001 TAC-treated cPhd2�/� versus
nontreated/pre cPhd2�/� mice. Data represent mean values 	 S.E. (error bars).
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the heart to bodyweight ratio was seen in TAC-treated Phd2wt
mice compared with cPhd2�/� mice (Fig. 7E).
Cardiac PHD2 Knock-out Mice Are Protected from Acute

Myocardial Ischemia—Ligation of the LAD allows studying the
acute and chronic pathophysiological processes in myocardial
ischemia and was applied to Phd2 wt and cPhd2�/� mice. The
extent of tissue, which was well supplied by blood 6 h after the
intervention, was analyzed by Evans blue perfusion.Myocardial
slices were additionally stained with TTC to discriminate
between nonperfused dead and vital tissue. This technique
relies on the ability of dehydrogenase enzymes and co-factors in
the vital tissue to react with tetrazolium salts to form a forma-
zan pigment. Vital tissue appears red and reflects the AAR,
whereas dead/nonvital tissue appears white, indicating the
AON. The AAR and the AON were significantly smaller in the
cPhd2�/�mice comparedwith littermate Phd2wt controlmice
(Fig. 8A). This correlated with a significantly smaller number of
apoptotic cardiomyocytes in the infarcted area in the cPhd2�/�

mice as determined by TUNEL assays (Fig. 8, B and C).
Echocardiography was performed at base line and 3 weeks

after myocardial infarction in cPhd2�/� mice compared with
Phd2 wt control mice (Fig. 8D). Before LAD ligation the FS was
not different between cPhd2�/� and control mice and was
reduced in both groups after myocardial infarction. In line with
the smaller AAR and AON, myocardial function was better
preserved in the cPhd2�/� mice as indicated by a significant
higher FS 3 weeks after surgery in cPhd2�/� mice than in Phd2
wt control mice.

DISCUSSION

Small molecule PHD inhibitors have been demonstrated to
be promising in strategies for treating diseases related to
hypoxic adaptation like anemia, stroke, or myocardial infarc-
tion (14, 35, 36). The concept of cardiac tissue protection is
delineated from several recent preclinical studies. Intramyocar-
dial injection of small hairpin RNA targeting PHD2 following
LAD ligation results in improved neovascularization in the
peri-infarct region and improved cardiac function as indicated
by determining FS (37). Treatment ofmicewith the PHD inhib-
itors dimethyloxaloylglycine or GSK60 had similar protective
effects in mouse or rat myocardial infarction models (28, 38).
Furthermore, a recent report by Hyvärinen et al. has under-
scored the cardiac protective effect of HIF-1� in a PHD2 hypo-
morphic mouse model (39). Taken collectively, these studies
point to a cardiac tissue protective mechanism by inhibiting

FIGURE 8. cPHD2�/� mice are protected from myocardial infarction.
A, hearts of female Phd2 wt and cPhd2�/� mice were harvested 6 h after LAD
ligation, and the AON (white area) and the AAR (non-blue red area) were

determined with Evans blue perfusion and TTC staining. Representative mid-
myocardial cross-sections of stained hearts are shown. AAR and AON were
significantly smaller in cPHD2�/� hearts. The numbers in the bars indicate the
number of animals analyzed. **, p � 0.01. Data represent mean values 	 S.E.
(error bars). B, heart sections of cPhd2�/� mice (n � 3) and wt mice (n � 3)
were analyzed for apoptotic cells by TUNEL assay after LAD ligation. Nuclei
were stained with Hoechst (blue), apoptotic nuclei were stained green by the
TUNEL assay. Representative images are shown. C, apoptotic cells per field of
view within the AAR after myocardial infarction of cPhd2 �/� and Phd2 wt
mice were quantified. **, p � 0.01. Data represent mean values 	 S.E. (error
bars). D, cardiac function is preserved in cPHD2�/� mice 3 weeks after myo-
cardial infarction. FS was analyzed before (initial) and 3 weeks after LAD liga-
tion by echocardiography. *, p � 0.05; ***, p � 0.001. Data represent mean
values 	 S.E. The numbers in the bars represent the number of animals
analyzed.
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PHD activity in ischemia; however, they do not explicitly
answer whether inhibiting the activities of PHDs in cardiomyo-
cytes is involved in this process. In our study, in which the
surgeon and the investigator analyzing the myocardial infarct
size were blinded, both, i.e. AAR and AON, were significantly
decreased after LAD ligation in cPhd2�/� mice, which lack
PHD2 just in ventricular cardiomyocytes compared with Phd2
wt littermates. This correlatedwith a decreased number of apo-
ptotic cells. Moreover, 3 weeks after LAD ligation cPhd2�/�

mice demonstrated better heart function compared with Phd2
wt control animals. To this end the present study adds to the
understanding of the consequences of loss of PHD2 specifically
in cardiomyocytes.
In line with recently published results obtained with amouse

model similar to the one developed in our study, filament struc-
ture and cardiac function were not affected by the cardiomyo-
cyte-specific loss of PHD2 in youngmice (22). However, we did
not observe any change in the response of cPhd2�/� mice com-
pared with Phd2 wt mice to sustained pressure overload in
regard to cardiac hypertrophy or development of heart failure.
This is in contrast to the results of Moslehi et al. (22), who have
described a decompensation in PHD2-deficient hearts in
response to increased afterload. TAC in the mouse is a com-
monly used experimental model for pressure overload-induced
cardiac hypertrophy and heart failure. The discrepancy in the
TAC model comparing the study by Moslehi et al. and our
studymay be in part explained by the different deleter Cremice
applied. Furthermore, the development of cardiac failure after
TAC intervention is highly depending on the severity of aortic
constriction. The severity is mainly determined by the ratio of
the basal diameter of the aorta and the diameter of the needle,
which is used as placeholder during the constriction procedure.
Whereas the needle sizewas the same in both studies, the sever-
ity of the constriction still seems to be more severe in the study
of Moslehi et al. because the fractional shortening in the chal-
lenged mice was reduced already after 4–8 weeks, whereas our
mice responded just after 12–15 weeks with a diminished FS.
Interestingly, we observed a significant increase in myocar-

dial capillary size as defined by CD31 staining but not in the
number of capillaries. This is consistent with the observation
that genes involved in angiogenesis were not found to be up-
regulated in the cPhd2�/� mice presented in this study. Still, it
is conceivable that the increased capillary diameter results in an
improved cardiac blood supply which might contribute to the
cardiac tissue protection in the cPhd2�/�mice 6 h after ligation
of the LAD.
AHIF-1�-mediated cardioprotection has also been observed

in cardiac-specific HIF-1 transgenic mice after myocardial
infarction (40) and in ischemia-reperfusion in mice carrying a
hypomorphic Phd2 allele (39) and, very recently, in Phd1�/�

mice (41). The cause of cardioprotection is likely multifactoral
and due to the activation of several HIF target genes and the
subsequent modulation of pathways involved in, for example,
�-catenin signaling (41), the purinergic signaling pathways
(28), and the glucose metabolism (39). However, in the
cPhd2�/� mice presented in our study purinergic signaling was
not affected as no significant changes in adenosine 2B receptor
and CD73 transcriptional levels were observed. Yet, similar to

the study by Hyvärinen et al. (39), we noticed significantly
increased mRNA levels for Glut-1 and several enzymes of gly-
colysis which are all known HIF targets (42). A shift from oxi-
dative to glycolytic metabolism in the heart confers an advan-
tage in surviving ischemic insults. Thismight, together with the
increased capillary vessel area in cPhd2�/� hearts, explain the
cardioprotection after acute myocardial infarction.
Taken together, our data indicate that deficiency of PHD2 in

the heart does not affect the response toward increased
mechanical load but induces an acute tissue protective effect in
case of myocardial ischemia. Long term inhibition of PHD2 as
well as long term stabilization of HIF-1� in the heart seem to
impair heart function as demonstrated in old (8 months)
cPhd2�/� mice (22) (and own observations) and heart-specific
HIF-1� transgenic mice (21). Further studies, which clarify for
how long and when in relation to the myocardial insult PHD
activity needs to be diminished, are therefore needed to delin-
eate whether the application of small molecule PHD inhibitors
are feasible and useful for inducing tissue protective effects in
case of myocardial infarction.
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