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Protein phosphatase 2A (PP2A) plays a central role in myocardial ischemia-reperfusion (I/R) injury. Several studies
showed a detrimental function of PP2A by using either overexpression models of the catalytic subunit (PP2Ac) or ex-
ogenous inhibitors of PP2Ac. However, all of these approaches underestimate the contribution of regulatory B subunits
in modulating the PP2A holoenzyme. To better understand the influence of B subunits on a “controlled” regulation of
PP2A, we tested a mouse model overexpressing PP2A-B56α (TG) in the heart under the conditions of I/R in compar-
ison towild-type littermates (WT). Contractility was increased after reperfusion in isolated TG hearts that were initially
subjected to a 20-min no-flow ischemia. This was associatedwith lower phosphorylation levels ofmyosin-binding pro-
tein C and the ryanodine receptor 2 in TG compared to WT. The application of okadaic acid abolished the contractile
and biochemical effects in TG hearts. Moreover, reperfusion resulted in the detection of higher PP2A-B56α levels in
mitochondrial preparations of TG hearts. The phosphorylation of ERK1 was increased in the early reperfusion phase
in TG compared to WT hearts corresponding to a transient attenuation of PP2A activity. Ischemia led to a prolonged
contracture time in TG hearts and a lower acidification in isolated TG cardiomyocytes. The formation of interstitial fi-
brosis by transient ligation of the left anterior descending (LAD) artery was reduced in TG compared to WT hearts.
Taken together, these findings indicate that overexpression of PP2A-B56α is protective against I/R injury and that
B56α merits further investigation as a potential therapeutic target.
1. Introduction

Myocardial ischemia is a major cause of morbidity andmortality world-
wide. It is well known that myocardial ischemia results in reduction or loss
of contractility and tissue damage as a result of cardiomyocyte death [1].
Prompt reperfusion of the ischemic heart restores coronary flow, supply
of oxygen and nutrients and finally cardiac contractile function leading to
the rescue of myocardium and patient survival [2]. However, paradoxically
reperfusion results also in inflammatory reactions and oxidative stress lead-
ing to cell death and irreversible myocardial injury. This process is called
ischemia-reperfusion (I/R) injury.

Over the past two decades, much work has been devoted to identifying
the cellular mechanisms that both contribute to ischemia and/or reperfu-
sion damage and protect against it [3,4]. It is now widely accepted that
phosphorylation levels of cardiac Ca2+ regulatory proteins play a critical
role in determining the extent of myocardial I/R injury [5]. Reversible pro-
tein dephosphorylation is thereby exerted by serine/threonine protein
.
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phosphatases (PP's). Studies at the end of the last century already demon-
strated that protein phosphatase 2A (PP2A) significantly contributes to
the myocellular regulation of ischemia and I/R. This was demonstrated
by the use of naturally occurring and synthetic inhibitors of the catalytic
subunit (PP2Ac). For example, calyculin A and okadaic acid were able to re-
duce the anoxic and ischemic injury in isolated rat cardiomyocytes [6]. In
line with these findings, fostriecin, also an inhibitor of PP2A, protected
the rabbit heart from infarction [7]. Both studies suggest that higher levels
of PP2Ac contribute to the development of irreversible myocardial cell in-
jury. Consistently, PP2Ac-overexpressing mice developed hypertrophy
and fibrosis of the remote myocardial infarct site after chronic myocardial
infarction by ligation of the left anterior descending (LAD) artery [8].
These findings were associated with restoration of the disrupted basal
Akt/glycogen synthase kinase (GSK)-3β/β-catenin signaling in transgenic
mice. Surprisingly, despite the negative effects of increased PP2A activity
the survival of transgenic mice was even improved in the chronic phase
after myocardial infarction suggesting even protective effects of PP2A. All
studies mentioned so far aimed to directly alter PP2A activity. However, a
large number of studies also exist thatmimic cardiac ischemia or I/R by dif-
ferent interventions which were associated with a higher PP2A activity
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and/or expression [9,10]. In contrast, in a rat heart I/Rmodel PP2A activity
was decreased which was associated with higher phosphorylation levels of
Akt, ERK1/2 and GSK3β [11]. A reduced PP2A activity was also detected in
an isolated heart model of I/R [12].

The somewhat ambiguous results on PP2A activity/expression in both
ischemia studies and I/R models may arise from the fact that samples
were analyzed on different time points, that various intervention models
were used and that only global cellular effects on PP2Ac were considered.
It is therefore difficult to deduce from these experimentswhether an altered
PP2A activity per se leads to I/R damage or may only represent the attempt
tomaintain normalmyocardial function. This requires amore detailed view
on the local regulation of PP2Ac in myocardial tissue. This, in turn, is con-
trolled by regulatory B subunits that provide substrate specificity and sub-
cellular targeting [13,14] forming together with PP2Ac and a scaffolding
A subunit an active heterotrimer. The B′ subfamily is the largest B subfamily
with five members and is preferentially expressed in the heart [15,16] of
which B56α in turn shows the highest expression in the heart [13,17,18].
It has been shown by our group that B56α was able to inhibit the PP2A
[19]. In addition, transgenic mice with heart-directed overexpression of
PP2A-B56α exhibited concomitantly higher PP2Ac expression levels and
PP2A activity. This aspect was linked to a target-specific dephosphorylation
of myofilament proteins resulting in increased Ca2+ sensitivity and higher
contractility [20].

Therefore, the present study was undertaken to test whether the posi-
tive contractile effects shown in our previously characterized PP2A-B56α
overexpression model can be transferred to a potential protection against
I/R injury. For this purpose, functional effects were measured in the
whole animal after transient LAD ligation, in isolated hearts with global is-
chemia and subsequent reperfusion, and in individual cardiomyocytes with
ischemia simulation.

2. Materials and methods

2.1. Experimental animals

Generation of transgenic FVB/N mice with overexpression of PP2A-
B56α (TG) [20] was previously described. TG and wild-type (WT) litter-
mates were used at 20–24 weeks of age. Mice were kept at room tempera-
ture under a 12 h light/dark cycle and received normal diet (Altromin) and
water ad libitum. Themice were euthanizedwith CO2. All procedures were
conducted in accordance with local animal welfare authorities and ap-
proved by the LANUV, Germany (Ref. no. 84_02.04.2014.A485).

2.2. Langendorff-perfused hearts

Heart preparations were obtained as described previously [20]. Mice
were anesthetized intraperitoneally with 2.0 g/kg body weight urethane
and treated with 1.5 units of heparin. Hearts were removed from the
opened chest, immediately attached by the aorta to a 20-gauge cannula,
and perfused retrogradely under constant pressure of 50 mm Hg with
oxygenized Krebs-Henseleit buffer (37.4 °C) in an isolated heart system
(Hugo Sachs Elektronik). The heart preparations were allowed to equili-
brate for 30 min before starting measurements. The hearts were stimulated
at 8 Hz and heart rate, aortic pressure, and LV pressure were measured and
monitored continuously. The first derivative of LV pressure (+dP/dt and
-dP/dt) and the time to ischemic contracture were calculated (ISOHEART
Software, Hugo Sachs Elektronik). To generate global ischemia, the perfu-
sion was stopped for 20 min and thereafter the hearts were reperfused for
40 min. Where indicated, 3 nM okadaic acid was added to the perfusion
buffer to block completely PP2A activity.

2.3. Isolation of mouse cardiomyocytes

Cardiomyocytes were isolated from mice by enzymatic digestion [21].
Briefly, excised hearts were rinsed with heparin and retrogradely perfused
with collagenase solution (collagenase type II; Worthington Biochemical,
2

Lakewood, NJ, USA) in a modified Langendorff apparatus (37 °C, 2
ml/min). The cells were then separated by mechanical dispersion and Ca2+

concentration was progressively increased to 1 mM before initiating the ex-
periments.

2.4. Preparation of mitochondria from isolated hearts

Mitochondria-enriched samples were isolated from Langendorff-
perfused hearts by differential centrifugation using a modified protocol
[22]. Briefly, heartswerewashed in ice-cold isolation buffer (225mMman-
nitol, 75 mM sucrose, 10 mM Hepes, 10 mM Tris, and 1 mM EGTA, pH =
7.4 adjusted with Tris), and 1-mm3 pieces were homogenized in the isola-
tion buffer, supplemented with 0.1 mg/ml Nagarse (Sigma-Aldrich), using
a glass-Teflon homogenizer. 6 ml of isolation buffer, in which bovine
serum albumin (0.2%)was dissolved, were added and sampleswere centri-
fuged at 500 × g for 10 min (at 4 °C). Thereafter, the supernatant was fil-
tered through a 150-μm mesh and centrifuged again at 10,000 ×g for 10
min. The pellet was resuspended in the isolation buffer (with added 0.2
% BSA) and spun at 7500×g for 6min. The pellet was washed with the iso-
lation buffer and centrifuged at 7500 ×g for 6 min. Finally, the
mitochondria-enriched pellet was resuspended in the isolation buffer and
stored at − 80 °C. Protein concentration was determined based on the
Bradford method utilizing Bio-Rad protein assay kit (Bio-Rad).

2.5. Protein phosphatase assay

Protein phosphatase activity was measured as previously described
[23]. Mouse ventricular tissue was homogenized by sonification at 4 °C
for 1 min in buffer containing 4 mM EDTA (pH = 7.4) and 15 mM 2-
mercaptoethanol. Homogenates were centrifuged at 14,000 × g for
20 min at 4 °C, and supernatants were used for determination of phosphor-
ylase phosphatase activity. The reaction mixture contained 20 mM Tris/
HCl (pH = 7.4), 5 mM caffeine, 0.1 mM EDTA, and 15 mM 2-
mercaptoethanol. Dephosphorylation was initiated by adding 32P-
phosphorylase a to a final concentration of 0.5 mg/ml (40,000 cpm/
nmol) and carried out at 30 °C for 10 min in the absence and presence of
3 nM okadaic acid. The reaction was terminated by addition of 50 % tri-
chloroacetic acid. Precipitated proteins were sedimented at 10,000 × g
and an aliquot of the supernatants was counted in a liquid scintillation
counter (Packard Tri-Carb).

2.6. SDS-PAGE and immunoblotting

Homogenates were prepared from mitochondrial preparations or from
frozen pulverized heart tissue powder that was suspended in 10 mM
NaHCO3 solution supplemented with a protease and phosphatase inhibitor
cocktail (Roche). The mixture was homogenized with three 10-s pulses
using ultrasound (HTU Soni 130). Then, proteins were denatured in 5 %
SDS and incubated at room temperature for 20 min. After a centrifugation
at 14,000× g for 20min, supernatantswere removed for subsequent deter-
mination of protein concentration and analysis of protein expression. De-
pending on the protein to be analyzed, a volume equivalent to 100 or 200
μg of protein was taken from the supernatants that were supplemented
with an equal volume of 2×-Laemmli buffer. Samples were boiled for
10 min and then subjected to SDS polyacrylamide gel electrophoresis.
Thereafter, separated proteins were transferred to nitrocellulose mem-
branes. Blots were incubated with specific antibodies raised against the fol-
lowing proteins: B56α of PP2A (1:1000, Bethyl), Akt (1:1000, Santa Cruz),
Akt pSer473 (1:1000, Cell Signaling), ERK1/2 (1:1000, Fitzgerald), pERK1/
2 (1:1000, BioLegend), cTnI (1:1000, Cell Signaling), cTnI pSer23/24

(1:1000, Cell Signaling), cMyBP-C (1:1000, LSBio), cMyBP-C pSer282

(1:1000, Enzo), MLC2 (1:1000, Cell Signaling), MLC2 pSer18 (1:1000,
Origene), RyR2 (1:1000) [24], RyR2 pSer2808 (1:1000, Badrilla), VDAC1
(1:2000, Abcam). The amounts of bound antibodies were detected by use
of secondary antibodies (ECL rabbit/goat IgG, HRP-linked whole Ab, GE
Healthcare). Signals were visualized and quantified with the ECL plus
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detection system (Amersham ECL Plus, GE Healthcare) and the ChemiDoc
XRS system, respectively. All antibodies used have been applied several
times in previous studies where they were already established. Phospho-
antibody adjustment was performed on the protein to be determined. A
control sample was loaded on each blot to control for normal variation be-
tween blots. The individual samples were adjusted to this control sample.

2.7. Measurement pH resistance (pHrodo Red AM)

Isolated ventricular cardiomyocytes were placed into an incubation
chamber on Laminin-coated coverslips. 1 μl of pHrodo Red AM
(ThermoFisher Scientific) was mixed with 10 μl of PowerLoad concentrate
and then diluted in 989 μl Krebs-Henseleit buffer. Cardiomyocytes were in-
cubated in thismix at room temperature for 30min. Cells were thenwashed
for 5 min with Krebs-Henseleit buffer gassed with carbogen (5 % CO2 and
95%O2). Perfusionwas changed tomixed gas (20%CO2) for 30min. Fluo-
rescence was recorded with an LSM 710 confocal fluorescence microscope
(Zeiss) with excitation at 543 nm. Emission was detected through 555–597
nm bandpassfilters. ZEN blue software (Zeiss) was used to define regions of
interest and F1/F0 was calculated continuously.

2.8. 2D differential gel electrophoresis and mass spectrometry

Tissue (30 mg±5mg) was homogenized in 1ml lysis buffer (7M urea,
2M thiourea, 2%CHAPS, 65mMDTT, 2%Bio-Lyte 3/10 (40%, Bio-Rad))
using the Labsonic M (Sartorius) ultrasonic device with a 2.0 mm diameter
probe. The homogenates were centrifuged at 30,000×g for 15 min at 4 °C,
and 700 μl of each supernatant was transferred into a new vial. The protein
concentration was determined with the Advanced Protein Assay Reagent
(ADV01-A, Cytoskeleton).

Differential two-dimensional gel electrophoresis (2D) was performed
using the HPE Flat Top Tower (SERVA) and pre-cast 2D HPE large format
gels (2DHPE™ Large Gel NF 12.5 %; size 255 × 200 × 0.65 mm). All re-
agents and material were from SERVA if not otherwise noted. For isoelec-
tric focusing, 24 cm IPG BlueStrips pH 3-10 L were passively rehydrated
with 450 μl rehydration buffer (8 M urea, 1 % CHAPS, 13 mM DTT, 0.5
% SERVALYTE 3-10 (40 %), 0.004 % (w/v) bromophenol blue) without
sample at room temperature overnight. Per strip, 500 μg of sample was ap-
plied via cup-loading at the anodic end. Focusing was performed with an
Ettan IPGphor II (GE) using the following program: 3 h at 150 V and 3 h
at 300 V, then the voltage was gradually increasing to 1000 V within 6 h
and to 8000 V within 4 h. At the end it was held for 3 h at 8000 V. Subse-
quently, each strip was first equilibrated for 15 min at room temperature
and 50 rpm in 6 ml IPG-strip equilibration buffer containing 6 M urea
and 1%DTT and then for 15min in 6ml IPG-strip equilibration buffer con-
taining 6 M urea and 2.5 % (w/v) iodoacetamide. The second dimension
was performed with the HPE Flat Top Tower as suggested by the manufac-
turer. Electrode wicks were soaked for 30 min in 50 ml of the ready-to-use
electrode buffers included in the 2DHPE™ Large Gel NF 12.5 % Kit. Four
pre-cast 2D HPE large format gels were run at the same time. Afterwards,
each gel was stained with ProQ-Diamond phosphoprotein gel stain (Life
Technologies) according to the manufacturer's instructions using half of
the recommended volumes. Briefly, gels were fixated in 250 ml fixation so-
lution for 30 min at room temperature using a horizontal shaker (50 rpm).
With fresh 250 ml fixation solution fixation continued overnight. Subse-
quently, gels were washed three times in 250 ml MilliQ-water (15 min,
50 rpm). Gels were then placed in 250 ml Pro-Q Diamond phosphoprotein
gel stain and stained on a horizontal shaker (2 h, room temperature, 50
rpm). Afterwards, the staining solution was replaced by 250 ml destaining
solution and destained thrice (30 min each, 50 rpm). Gels were washed in
250 ml MilliQ-water twice (5 min, 50 rpm). Stained gels were scanned
with Typhoon 9400 (GE). Gel differential analysis of TG and WT samples
(n= 4 each) and spot quantificationwas performedwith the Delta 2D soft-
ware (DECODON). Spots that differed significantly (P≤ 0.05) >1.5-fold in
intensity between groups were selected for further analysis.
3

For protein identification, one of the gels was stained with Quick
Coomassie Stain (SERVA) according to the manufacturer's instruction,
scanned, and matched to the corresponding ProQ-Diamond stain gel image.
A pick list was generated and sent to Ettan Spot Picker (GE), which extracted
the chosen spots. These were destained, washed, and tryptically digested in
the gel. Peptides were extracted and subjected to nano-reversed-phase chro-
matography coupled to high-resolution mass spectrometry using
nanoAcquity coupled to Q-TOF Premier (Waters Corp.) as described [25] in
data-dependent mode. Data analysis was performedwith ProteinLynx Global
Server 2.3 (Waters Corp.) and the 2013 release of the in-house Mascot server
(MatrixScience Ltd.) with the Mus musculus Uniprot database (download
March 2009). Methionine oxidation was set as flexible and carbamidometh-
ylation as fixed modification allowing one missed cleavage. The mass toler-
ance was 30 ppm for precursor and 50 ppm for fragment ions. Results were
manually evaluated for spectral quality.

2.9. Induction of myocardial infarction

Mice were anesthetized by a combination of injection anesthesia
(0.04mg fentanyl/4mgmidazolam/kg body weight) and by inhalation an-
esthesia (isofluorane 1.5–2.5 % v/v in O2) for surgical procedures. Myocar-
dial infarction was induced by transient ligation of the left anterior
descending artery (LAD) as previously described [26]. In brief, animals
were intubated orotracheally and mechanically ventilated. A left thoracot-
omy was performed in the fourth intercostal space, the pericardium
opened, and the LAD ligated with 7.0 nylon suture with a small plastic tub-
ing inserted in the thread loop. The tubing was removed after 120 min
which stopped vessel compression, leading to reperfusion of the LAD. Fi-
nally, the thorax, subcutaneous tissue and skin were closed in separate
layers by a surgical thread (6.0), and animals were weaned from the venti-
lator as soon as they started rebreathing during awakening. Postsurgical an-
algesia was performed by repeated subcutaneous application of
buprenorphine (0.1 mg/kg body weight) for at least 24 h after surgery.
Mice were killed after a 3-week recovery period by whole-body perfusion
and fixation with paraformaldehyde (4 %) in phosphate-buffered saline
under deep anesthesia. Hearts then were excised, weighed, and embedded
in paraffin for histology.

2.10. Histological examination of fibrosis

Paraffin-embedded hearts were cut into 5-μm serial short-axis sections
from apex to base,whereby collecting every 4th and5th cut (∼400 sections
per heart). Subsequently, sections were deparaffinized, rehydrated, and
subjected to Heidenhain's AZAN trichrome staining which colorizes con-
nective tissue such as the infarct scar deep blue, in contrast to the red car-
diomyocytes of the remote heart tissue appearing brick red. For analysis
of fibrosis in the sections, the software Image Pro Analyzer 7.0 (Media Cy-
bernetics) was used.

2.11. Data analysis

Data are shown as means ± SD (scatter dot plots with bar) or SE (2-D
line plots). Data points represent individual hearts (“N”) or individual car-
diomyocytes per heart (“n”). The statistical analysis was performed using
the SigmaPlot software (Systat Software GmbH). Depending on the re-
search question and the comparison groups, various statistical tests were
used. If the calculation resulted in a P value ˂0.05, differences between
groups were considered significant. Tests and significances are noted in
the figure legends.

3. Results

3.1. Improved contractility in the late phase of reperfusion in TG hearts

Several studies on the effects of PP2A on the cellular damage and car-
diac remodeling after ischemia report inconsistent findings. Therefore, we
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first aimed to test the contractile effects of cardiac-specific overexpression
of PP2A-B56α in isolated, Langendorff-perfused hearts that were subjected
to a 20-min global no-flow ischemia followed by a 40-min reperfusion pe-
riod. Both the maximum intraventricular pressure Pmax (Fig. 1A) and the
maximum rate of left ventricular pressure development (Fig. 1B) were in-
creased after 20 min of reperfusion in TG compared to corresponding WT
hearts. The application of 3 nM okadaic acid abolished completely the in-
crease in contractility, indicating a PP2A-specific effect. The maximum
rate of left ventricular pressure decline was only transiently increased in
TG compared to corresponding WT (Fig. 1C). However, this effect was
also sensitive to an inhibition of PP2A activity by okadaic acid resulting
in a comparable relaxation. The time of ischemic contracture is regarded
as an important parameter that reflects themyocardial energy consumption
of the heart during phases of ischemia. Here we measured the time when
left ventricular diastolic pressure reached 30 mm Hg during global ische-
mia. The time of ischemic contracture was prolonged by 25 % in TG com-
pared to corresponding WT hearts (Fig. 2A & C). The inhibition of PP2A
activity by okadaic acid was associated with a comparable time of ischemic
contracture between both groups (Fig. 2B&C), supporting the specificity of
the contractile functional phenotype of the PP2A-B56α overexpression
model.
Fig. 1. Improved left ventricular pressure development in TG after ischemia.
Isolated, Langendorff-perfused hearts of WT and TG mice were equilibrated (B=
basal) and then subjected to a 20-min global no-flow ischemia that was followed
by a 40-min reperfusion period. The maximum left ventricular (LV) pressure (A),
the maximum rate of LV pressure development (B) and the maximum rate of LV
pressure decline (C) were constantly monitored in the absence and presence of 3
nM okadaic acid (±OA) (*P < 0.05 vs. WT; two-way ANOVA RM with Holm-
Sidak's posttest; N = 5 hearts each group).

4

3.2. Reduced phosphorylation levels of cardiac regulatory proteins after 40 min
of reperfusion in TG hearts

Next, we analyzed whether the improved contractile effects in reper-
fused TGheartswere associatedwith concomitant changes in the phosphor-
ylation level of force-generating and/or Ca2+ cycling proteins. To this end,
we performed immunoblotting experiments on homogenates from samples
of Langendorff-perfused hearts after 40 min of reperfusion in the presence
and absence of 3 nM okadaic acid. Protein phosphorylation of myosin-
binding protein-C (MyBP-C) was reduced by 33% in TG compared to corre-
sponding WT hearts (Fig. 3A). When okadaic acid was added to the perfu-
sion solution there was no difference anymore between both groups. In
contrast, the protein phosphorylation of both the myosin light chain-2
(Fig. 3B) and the troponin inhibitor (Fig. 3C) was not different between
TG and WT hearts whether measured in the absence nor in the presence
of the PP2A inhibitor. Besides these myofilament proteins, we detected
the phosphorylation level of the cardiac ryanodine receptor (RyR2), repre-
senting the Ca2+ release channel of the junctional sarcoplasmic reticulum.
Its phosphorylation level was decreased by 27 % in TG compared to
Fig. 2. Attenuated ischemic contracture in TG hearts. Isolated, Langendorff-
perfused hearts of both genotypes were equilibrated and then subjected to a 20-
min global non-flow ischemia that was followed by a 40-min reperfusion. The
maximum diastolic left ventricular pressure was measured in the absence (A) and
presence (B) of 3 nM okadaic acid (+OA) (N = 5 hearts each group). The time of
ischemic contracture (C) was detected when the diastolic pressure reached
30 mm Hg (red dotted line) (*P < 0.05 vs. non-treated WT; unpaired Student's t-
test; N = 5–12 hearts).

Image of Fig. 1
Image of Fig. 2


Fig. 3. Reduced phosphorylation of cardiac regulatory proteins in TG hearts in late reperfusion. Isolated, Langendorff-perfused hearts of WT and TGmice were equilibrated
and then subjected to a 20-min global non-flow ischemia that was followedby reperfusion. Heartswere analyzed for relative protein phosphorylation 40min after reperfusion
in the absence (non-treated) and presence (+OA) of 3 nM okadaic acid. The following phosphoproteinswere detected:MyBP-C, myosin-binding protein C (A), MLC2,myosin
light chain type 2 (B), TnI, troponin inhibitor (C), RyR2, ryanodine receptor type 2 (D). The levels of phosphoproteins were related to the expression of total proteins. Shown
are representative immunoblots of non-phosphorylated and phosphorylated proteins (*P < 0.05 vs. WT; unpaired Student's t-test; N = 5–6 hearts). Protein phosphatase ac-
tivity was measured in homogenates of hearts sampled under basal conditions, 5 min and 40 min after reperfusion. 3 nM okadaic acid was used to discriminate between type
2A (E) and type 1 (F) phosphatase activities (*P < 0.05 vs. WT; one-way ANOVA with Student-Newman-Keuls posttest; N= 5 hearts each group). More original examples of
immunoblots are provided in Supplemental Fig. 1.
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corresponding WT hearts (Fig. 3D). The application of okadaic acid
abolished the decrease in phosphorylation. The levels of non-
phosphorylated proteins were unchanged between TG and WT
(Fig. 3). Of note, the lower phosphorylation levels of MyBP-C and
RyR2 after 40 min of reperfusion fit well with a higher PP2A activity
in TG heart homogenates at the corresponding time (Fig. 3E). A higher
PP2A activity was also observed at basal conditions before global ische-
mia was started. In contrast, PP1 activity remained unchanged between
both groups (Fig. 3F), suggesting an exclusivity of PP2A-B56α to the al-
tered phosphorylation data.
5

3.3. Activation of ERK1 in the early phase of reperfusion in TG hearts

To further assess the contribution of the RISK pathway, a vital signaling
pathway associated with I/R injury, to the improved contractility in TG
hearts, we investigated the phosphorylation levels of AKT and ERK1/2 at
different time points. We detected an increased phosphorylation of ERK1
after 5 min of reperfusion in TG compared to corresponding WT heart ho-
mogenates (by 182 %), whereas phosphorylation levels of both AKT
(Fig. 4A) and ERK1/2 (Fig. 4B& C)were not different between both groups
at basal conditions. The levels of non-phosphorylated proteins were not

Image of Fig. 3
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different between both groups (Fig. 4). Consistent with the time-dependent
changes in ERK1 phosphorylation the PP2A activity was attenuated in TG
hearts after 5 min of reperfusion compared to basal conditions resulting
overall in comparable activity values between both genotypes (Fig. 3E).
The recovery of higher PP2A activity in TG hearts after 40 min of reperfu-
sion is paralleled by normalized ERK1 phosphorylation levels (Fig. 4B). A
higher phosphorylation was also observed for ERK2 in TG but did not
reach statistical significance (Fig. 4C).

3.4. Delayed acidification during ischemia in TG cardiomyocytes

Since the development and progression of I/R injury depend not only on
the activation of pro-survival protein kinases during reperfusion but also on
metabolic conditions during ischemia, we tested the progression of the in-
tracellular pH value. For this purpose, we loaded isolated cardiomyocytes
with the pH-sensitive dye pHrodo Red/AM under conditions of a simulated
ischemia by perfusion of cells with 20 % carbon dioxide. At neutral pH
(=7.4) the dye showed a low fluorescence signal while it showed a
brighter fluorescence with decreasing pH in more acidic environments
(Fig. 5A). This acidification results from the hypoxia under perfusion
with carbon dioxide, which switches cell metabolism to anaerobic glycoly-
sis and lactate production. Surprisingly, the maximal intracellular acidic
Fig. 4. Enhanced phosphorylation of ERK1 in TG hearts in early reperfusion. Isolated
reperfusion. Thereafter, the expression of RISK phosphoproteins was determined under
heart homogenates. The summarized data are shown for relative phosphorylation of
expression of the total protein. Representative immunoblots are depicted on the right-h
N = 4–7 hearts). More original examples of immunoblots are provided in Supplementa
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pHwas reached later in TG compared to correspondingWT cardiomyocytes
(Fig. 5B) reflected by a slower rise in the fluorescence signal F1/F0. The
time to 50 % increase in F1/F0 was prolonged by 64 % in TG compared to
corresponding WT cells (Fig. 5C). To study whether an altered localization
of PP2A-B56αmayhave an impact onmitochondrial function either during
ischemia or reperfusion, wemeasured the expression of B56α in mitochon-
drial preparations at different conditions.We found that the protein expres-
sion of B56α was increased after 30 min of reperfusion compared to basal
conditions in TG hearts (Fig. 5D). The very low expression level of B56α
in preparations of WT hearts allowed only a detection in TG. The protein
expression of B56αwas corrected to the voltage-dependent anion selective
channel (VDAC), representing a marker for mitochondria.

3.5. Reduced fibrosis in TG hearts

To investigate whether the improved contractile function after
ischemia-reperfusion in isolated hearts of transgenic mice is also reflected
by corresponding changes in the intact animal, anesthetized WT and TG
mice were subjected to transient LAD ligation for 120 min. After a 3-week
recovery period, the formation of collagen fibers was quantified in heart
sections stained with Heidenhain's AZAN trichrome. The collagen-rich fi-
brotic tissue is stained in blue (Fig. 6A). An attempt was always made to
, Langendorff-perfused hearts were subjected to global ischemia and subsequent
basal conditions and after early (5 min) and late (40 min) phases of reperfusion in
Akt (A), ERK1 (B) and ERK2 (C). The level of phosphorylation was related to the
and site (*P < 0.05 vs. WT; one-way ANOVA with Student-Newman-Keuls posttest;
l Fig. 2.

Image of Fig. 4


Fig. 5. Delayed development of acidosis in TG cardiomyocytes during ischemia. (A) Shown are representative images of isolated WT cardiomyocytes labeled with pHrodo
Red (A). Cells were gassed with carbogen (5 % CO2 and 95 % O2) and the basal fluorescence signal was detected. Thereafter, cardiomyocytes were incubated with 20 %
CO2. A decrease in pH results in higher fluorescence intensities. The summarized data of percent increase of maximal fluorescence signal after incubation with 20 % CO2

are given (B). The time to 50 % increase in F1/F0 signal was determined in both genotypes (C) (*P < 0.05 vs. WT; unpaired Student's t-test; n = 25–27 cardiomyocytes;
N = 3 hearts each group). Mitochondrial preparations were obtained from isolated, Langendorff-perfused hearts subjected to a standard I/R protocol. The mitochondrial ex-
pression of B56α was measured under basal conditions, after a 30-min period of global ischemia and after 30 min of reperfusion. The summarized results are given (D, left
panel) (*P< 0.05 vs. basal; one-wayANOVAwith Student-Newman-Keuls posttest; N=3hearts each group). Representative immunoblots of B56α and the voltage-dependent
anion channel, VDAC, which served as a reference protein, are depicted (D, right panel). Exhibiting very low expression levels in WT hearts, B56α could be only detected in
mitochondrial preparations of TG hearts.
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select the same cardiac cross-section for the following quantification of the
degree of fibrosis representing the amount of fibrotic tissue in comparison
to intact muscle tissue (in red). Here, we detected a reduced degree of fibro-
sis (by 53 %) in TG compared to corresponding WT hearts (Fig. 6B).

3.6. Identification of potential targets of PP2A-B56α after 40 min of reperfusion

To identify potential targets of PP2A-B56α that may explain the im-
proved resistance against I/R injury, we performed 2D-differential gel elec-
trophoresis with Pro-QDiamond phosphoprotein staining followed bymass
spectrometry-based protein analysis on heart samples that underwent
20 min of global ischemia with a subsequent 40-min-reperfusion phase
(Fig. 7A) since contractile function was increased in TG vs. WT hearts at
40 min of reperfusion (Fig. 1). A fold value of 1.5 in protein spot staining
intensity difference at P ≤ 0.05 was set for the determination of signifi-
cantly regulated proteins. In total, we identified 5 hyperphosphorylated
and 28 hypophosphorylated proteins based on the response visualized by
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the phosphostain (for heatmap, see Fig. 7B); the spots of best quality were
excised and analyzed (Table 1). This predominantly reduced phosphoryla-
tion of potential PP2A target proteins reflectswell the increased PP2A activ-
ity after 40 min of reperfusion (Fig. 3E). Most of the detected proteins are
located in the cytoplasm. However, we also found mitochondrial phospho-
proteins representing potential targets of PP2A-B56α, which exhibited a
higher expression in mitochondrial preparations of TG hearts after 30 min
of reperfusion (Fig. 5D).

4. Discussion

Dysregulation of PP2A plays a key role in the development, progression,
and severity of ischemia and I/R, but the exact mechanisms of its contribu-
tion remain poorly understood because it is not yet clear how regulatory B
subunits can influence the phosphatase. However, this knowledge of the
function of B subunits in the pathogenesis of I/R is necessary to utilize
PP2A as a potential therapeutic target. In the heart, PP2Ac associates with

Image of Fig. 5


Fig. 6. Reduced fibrosis in heart sections of TG mice after coronary banding. Myocardial infarction was induced by 120 min ligation of the left anterior descending artery.
Mice were killed 3 weeks after ligation by whole-body perfusion and fixation with paraformaldehyde (4 %). Hearts were excised, embedded in paraffin and then cut into
5-μm sections. Subsequently, sections were deparaffinized, rehydrated, and subjected to Heidenhain's AZAN trichrome staining which colorizes connective tissue such as
the infarct scar deep blue, in contrast to the red cardiomyocytes of the remote heart tissue appearing brick-red. Representative sections of the same transverse heart level
are shown for both genotypes (A). The amount of fibrotic area in percent of the whole heart section area was determined (B) (*P < 0.05 vs. WT; unpaired Student's t-test;
N = 8 hearts each group).
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over 40 specificity-determining B subunits that govern its local regulation
by modulating subcellular localization and catalytic activity. Here, we
demonstrate for the first time that direct cardiac-specific overexpression
of the PP2Ac B′ subunit B56α increases contractile parameters in an iso-
lated mouse heart model of I/R. Biochemical analyses demonstrated
lower phosphorylation levels of MyBP-C and the RyR2 which was asso-
ciated with higher PP2A activities in TG. The specificity of PP2A-B56α
effects were confirmed by use of okadaic acid. The improved
8

contractility in reperfused TG hearts was accompanied by a higher
abundance of PP2A-B56α protein in mitochondrial preparations. We
discovered that early reperfusion attenuated PP2A activity, thereby
enhancing ERK1 phosphorylation in TG. We measured a prolonged is-
chemic contracture time in isolated TG hearts and a lower acidification
in anoxic cardiomyocytes of TG hearts. Finally, we found that TG ventri-
cles developed less fibrosis after transient LAD ligation and subsequent
3-week reperfusion.

Image of Fig. 6


Fig. 7. Identification of potential PP2A-B56α targets under I/R conditions. Samples
were taken from isolated Langendorff-perfused hearts of WT and TG mice after
40 min of reperfusion. After 2D-gel electrophoresis and ProQ Diamond staining,
differentially regulated spots (showing a WT/TG ratio of > ± 1.5, P ≤ 0.05)
where excised and analyzed by mass spectrometry (A). The individual
phosphorylation levels of up- and downregulated proteins are represented by a
heat map (B). A larger detailed image of the 2D gel with circled spots is shown in
Supplemental Fig. 3. More details on the mass spectrometry analysis and Mascot
engine search results are provided in Supplemental Table 1.
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4.1. Regulation of PP2A catalytic activity by B56α during ischemia

The impact of changes in PP2A activity during ischemia and I/R re-
mains controversial. In general, it seems to be consensus that during global
ischemia, free radical-mediated oxidative cellular injury decreases activity
and/or abundance of PP2A. In addition to the impairment of oxidative me-
tabolism, hypoxia-inducible transcription factors (HIF) are also involved in
9

the decrease of PP2A mRNA and expression [27]. Consistently, the admin-
istration of antioxidants attenuates the hypoxia-mediated attenuation of
PP2A abundance [28,29]. The reduced abundance of PP2A could in turn di-
rectly affect the activity of the enzyme. This is contradicted, at least in part,
by the decrease in activity observed in some studies without corresponding
changes in protein expression [30,31], which may reflect an increased de-
methylation of PP2Ac, as occurs following prolonged intermittent hypoxia
[32]. Alternatively, an increased phosphorylation of one of its regulatory
subunits could be involved in the down-regulation of PP2A activity during
ischemia. However, the kinase(s) responsible for phosphorylation of B sub-
units and subsequent inhibition of PP2A during ischemia remain(s) to be
determined and we did not measure expression levels of phosphorylated
B56α under I/R conditions. However, we demonstrated that under PKC-
dependent phosphorylation of B56α at serine-41, PP2A activity decreases
[19,33]. Although we have not yet directly measured PKC activity under
conditions of ischemia, an increase has already been shownby other studies
[34,35] and might explain the reduction of PP2A activity at the end of is-
chemia in ourmodel. Thus, the prevention of a B subunit decrease observed
by administration of antioxidants could contribute to the decrease in PP2A
activity under 24 h of whole-organ-ischemia [28]. Unfortunately, these au-
thors did not further specify which B subunit was detected. In line with this
study, showing protective effects of a preserved expression of regulatory B
subunits during ischemia, reduced PP2A-B55α contributed to an enlarge-
ment of the infarct size [36]. In contrast, short-term ischemia in a different
cell culture model increased B56α expression levels [37]. Consistently,
overexpression of PP2A-B56α was detrimental. Overall, discrepancies on
the effects of individual regulatory subunits on PP2A activity suggest that
the ischemia model used (i.e., analysis of samples at different time points),
the expression level of the B subunits in different tissues (brain, kidney, or
heart), and the specific signaling cascades activated play a role. The studies
performed to date on this topic have only targeted the functional effects of
ischemia on PP2A and its regulatory subunits. In the future, attempts
should rather bemade to stabilize the PP2A heterotrimer toward individual
phospho-protein substrates by use of both specific genetically manipulated
animal models of regulatory subunits or so-called small molecule PP2A ac-
tivators, previously termed SMAPs [38].
4.2. PP2A-B56α-overexpressing mice resist against ischemic stress

The functional effects of B56α-mediated regulation of PP2A activity
during the ischemic arrest of our I/R model were measured by determina-
tion of the time to 30 mm Hg of diastolic ventricular pressure. This param-
eter is a measure for the development of a so-called ischemic contracture,
which is characterized by a firm, contracted left ventricle with obliteration
of the ventricle cavity and blanching of the deeper layers of the myocar-
dium [39]. The so-called “stone heart” has been attributed to the anaerobic
depletion of energy stores leading to reduced ATP concentrations and
strong linkages between actin and myosin [40]. The anaerobic generation
of ATP in nonperfused hearts accumulates carbon dioxide and protons.
Hence, we suggest that the increased time of ischemic contracture in TG, re-
sulting in a weakened stiffness of the heart, is linked to the prolonged pH
drop in TG cardiomyocytes under 20 % carbon dioxide (Fig. 8). Whether
PP2A-B56α directly influences enzymes that are involved in lactate metab-
olism remains to be elucidated. However, it is conceivable that the lower
acidification in TG may delay intracellular Ca2+ overload that is caused
by aberrant ATP-dependent pump/exchanger ion activities [1]. A lower ac-
cumulation of Ca2+might then contribute to the reduced degree of fibrosis
after transient LAD occlusion in TG hearts. Changes in intracellular Ca2+

handling [41] have been implicated in the induction of myocardial hyper-
trophy and fibrosis, as observed 72 h after myocardial infarction [42]. Be-
cause calcium is the most dominant inducer of mitochondrial
permeability transition pore (mPTP) opening [43], calcium overload
would thus counteract the physiological closure of mPTPs during ischemia
(Fig. 8). Mitochondrial Ca2+ influx in turn enhances proton leak and thus
cytosolic acidification [44]. The prevention of Ca2+ overload would

Image of Fig. 7


Table 1
Here, we show potential target proteins of PP2A-B56α, differentially phosphorylated in B56α-TG vs. WT hearts under ischemia-reperfusion. Proteins were identified bymass
spectrometry. More details on the mass spectrometry analysis and Mascot engine search results are provided in Supplemental Table 1.

Spot-ID Protein UniProt entry Localizationa Functiona Phos.

30166 Glutathione S-transferase Mu 1 GSTM1_MOUSE Cytoplasm Glutathione conjugation ↓
29908 Phosphoglycerate kinase 1 PGK1_MOUSE Cytoplasm Glycolysis ↓
30318 60S acidic ribosomal protein P2 RLA2_MOUSE Cytoplasm Protein synthesis: elongation ↓
30156 Triosephosphate isomerase TPIS_MOUSE Cytoplasm Glycolysis ↓
30482 Myoglobin MYG_MOUSE Cytoplasm, close to

mitochondria
Oxygen storage ↑

30089 Myosin 6 MYH6_MOUSE Filaments Contraction ↓
29746 Myosin 7 MYH7_MOUSE Myofilaments Contraction ↓
30417 Cytochrome c oxidase subunit 6B1 CX6B1_MOUSE Mitochondria Electron transport chain ↓
30170 Glutamine amidotransferase-like class 1 domain-containing

protein 3 (Gatd3, Gatd3a)
ES1_MOUSE Mitochondria Mitochondrial function ↓

30179 Cysteine and glycine-rich protein 3 CSRP3_MOUSE Nucleus, cytoplasm,
cytoskeleton, filaments

Mechano-signaling, calcium homeostasis,
energy metabolism

↓

a Information was collected fromUniProt database (www.uniprot.org); Phos. = extent of phosphorylation in TG vs. WT hearts, measured by ProQ-diamond staining after
2D-gel electrophoresis.
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therefore contribute to the reduced apoptosis and fibrosis of cardiomyo-
cytes [45], as observed in our LAD model.

4.3. Attenuation of PP2A activity leads to activation of ERK in TG hearts after
ischemia

With the onset of reperfusion after the ischemic phase, oxidative phos-
phorylation is restored, leading to ATP production, pH correction, and reac-
tivation of ion pumps. However, the O2 burst also provides increased ROS
production and cardiolipin oxidation, exacerbating dysfunction of electron
transport chain [46]. Increased sarcolemmal Ca2+ influx and restoration of
mitochondrial membrane potential drive Ca2+ into mitochondria, promot-
ing mPTP opening and cytochrome c release. This leads to apoptosis and
cardiomyocyte death. However, GSK-3β is also involved in the opening of
mPTP during reperfusion [47]. In our study, the increase in ERK1 phos-
phorylation, which is associated with an attenuation of PP2A activity,
leads to phosphorylation and inactivation of GSK-3β [48] and may
Fig. 8. Hypothesis of preservation of cardiac function in PP2A-B56α-overexpressing m
probably by an inhibition of myocellular Ca2+ overload and mPTP opening. The prolon
decreased fibrosis in transiently LAD-ligated mice. During early reperfusion (+O2) t
inhibition of mPTP opening and cardioprotection. The translocation of B56α into mitoc
At the late phase of reperfusion, higher PP2A activity was restored, which was paralle
levels of MyBP-C and the RyR2.
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contribute to the prevention of opening of mPTP and thus protection
against reperfusion injury [47]. A link between increased ERK phosphory-
lation and decreased PP2A activity has also been described in other I/R
models [49,50]. However, the mechanisms by which inactivation of GSK-
3β leads to prevention of mPTP opening are still not fully understood. In
any case, GSK3-3β has been identified as the integration point of many
pathways (e.g., RISK) and transfers protective signals downstream to tar-
gets that act at the mPTP [51]. ERK-mediated phosphorylation of GSK-3β
could abolish binding to ANT, resulting in a weakened interaction of ANT
with CyPD, a trigger to close mPTP [51]. The translocation of PP2A-B56α
in transgenic mitochondrial preparations 30 min after reperfusion may
also contribute to a premature opening of mPTP. Cardiac arrest triggered
translocation of PKC to mitochondria at 1 h reperfusion [52]. This was as-
sociated with inhibition of PP2A (probable via a member of the B′ family),
inhibition of Bad dephosphorylation and a decrease in cytochrome c re-
lease. Whether an inhibition of Bcl-2 dephosphorylation by the mitochon-
drial PKC-phosphoB56α-PP2Ac signaling pathway contribute to anti-
ice. During ischemia (-O2) overexpression of PP2A-B56α prevents cardiac stiffness
ged acidification in TG cardiomyocytes may contribute to this process leading to a
he B56α-mediated attenuation of PP2A activity might activate ERK1 resulting in
hondria might help to inhibit PP2A, which suppresses the release of cytochrome c.
led by an increased contractility and lower okadaic acid-sensitive phosphorylation

http://www.uniprot.org
Image of Fig. 8
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apoptotic cardioprotective effects in our TG model remains to be eluci-
dated. However, a role of PP2A-B56α as a regulator of the Bcl-2 family is
likely [53].

4.4. Targeting of PP2A activity by B56α overexpression improves contractility
during late reperfusion

The decrease in PP2A activity observed at the end of ischemia in our
model was restored at the end of the reperfusion period. This finding sup-
ports our assumption of a direct regulation of PP2A activity by B56α
when oxygen supply and cellular metabolism improve and the conditions
for an inhibition of PP2A disappear. But how can the increase in PP2A ac-
tivity be related to the higher contractility in isolated TG hearts? Previous
studies detected a higher PP2A activity in the remote myocardium 24 h
after 60 min LAD occlusion in mice that led to diminished phosphorylation
of phospholamban at serine-16 and an impaired Ca2+ cycling [9]. The later
may contribute to myocellular Ca2+ overload, a hallmark of I/R injury.
Ca2+ overload was observed after ischemia and was suggested to result
from a dysfunction of the sarcoplasmic reticulum (SR) complexome [54,
55]. In contrast, antioxidant treatment attenuated Ca2+ overload [55].
The development of intracellular Ca2+ overload was also detected in reper-
fused rat hearts after 30 min of coronary artery occlusion [35]. However,
this was linked to a PP1-dependent dephosphorylation of phospholamban.
In our transgenic mouse model, the increased basal contractility was attrib-
uted to an enhanced myofilament Ca2+ sensitivity [20]. This, in turn, was
related to a decrease in phosphorylation restricted to proteins of contractile
myofilaments, whereas the phosphorylation of membrane-associated pro-
teins was unaffected. We suggested a B56α-mediated targeting of PP2A to
contractile relevant substrates. This effect might also occur in our present
I/R model, where phosphorylated MyBP-C was reduced in TG after
40 min of reperfusion. The normalization of the phosphorylation level
under application of okadaic acid indicates a PP2A-dependent process. Be-
cause PP2A is the main phosphatase controlling dephosphorylation of
MyBP-C and loss of MyBP-C is associated with a higher Ca2+ sensitivity
[56], we suggest that the decreased phosphorylation ofMyBP-C contributes
to the higher force development after reperfusion in TG (Fig. 8). Our data
are in contrast to studies demonstrating that the phosphorylation level of
MyBP-C is reduced after I/R injury, which was paralleled by increased
cleavage of the protein, disruption of thick filaments, reduction in actomy-
osin cross-bridges and contractile impairment [57,58]. PP2A activity was
not determined limiting the interpretation of the results. Whether the re-
duced phosphorylation of the RyR2 contributes to the improved contractil-
ity in reperfused TG hearts remains to be elucidated. However, exposure to
myocytes to PP2Ac caused an immediate increase in Ca2+ spark frequen-
cies followed by a depletion of SR Ca2+ stores [59]. The application of
okadaic acid prevented these changes in SR Ca2+ cycling. Because PP2A
co-localizes with the RyR2 [60] it is possible that B56α may also target
PP2A to the junctional SR macromolecular complex during reperfusion
leading to an enhanced SR Ca2+ release and contraction.

5. Limitations

Although showing overexpression of PP2A-B56α might protect against
I/R injury, our study embodies some limitations. The threemodels we used,
ex vivo ischemia-reperfusion hearts, in vivo LAD ligation mice and in vitro
ischemic cardiomyocytes, approach the effects of PP2A-B56α overexpres-
sion on I/R very differently. Therefore, the comparability is limited, and
conclusions must be handled carefully (Fig. 8). While contractile and bio-
chemical characterization was carried out for 5 min and 40 min of reperfu-
sion, 2D-gel electrophoresis with ProQ Diamond staining and mass
spectrometry were undertaken only at 40 min of reperfusion (Fig. 7). It
has not been elucidated how the potential target proteins, identified by
mass spectrometry, are connected to the effects of PP2A-B56α overexpres-
sion. Moreover, ProQ-diamond staining is a well-established method for
phosphoprotein identification, but a nonspecific staining can lead to false
positive results. So, further investigation on the phosphoproteomic data is
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required (Fig. 7, Table 1). Under reperfusion, an increase of mitochondrial
B56α levels was shown. But cytosolic B56α levels aswell asmitochondrium
associated PP2A activity were not measured and experiments were carried
out only in TG hearts (Fig. 5). Further research is necessary to clarify the
role of PP2A-B56α in mitochondria under I/R conditions.

6. Conclusions

Taken together, our results demonstrate that PP2A-B56α-
overexpressing mice are protected against I/R injury which is associated
with higher contractility, appropriate changes in the phosphorylation of
Ca2+ regulatory proteins, and the activation of a cardioprotective signal
transduction program. Moreover, transgenic mice resist against ischemic
stress at the cellular level, in isolated Langendorff-perfused hearts and
after transient LAD ligation in intact animals. We suggest that both sub-
strate specificity and regulation of PP2Ac activity by B56α overexpression
account for the cardioprotective effects in our mouse model. PP2A-B56α
may represent an interesting therapeutic target in the pharmacological re-
cruitment of myocardial salvage signaling in I/R.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmccpl.2022.100030.
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