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Abstract Sustained increase of cardiac workload is known
to trigger cardiac remodeling with eventual development of
cardiac failure. Compelling evidence points to a critical role
of enhanced cardiac Na™/H" exchanger (NHE1) activity in
the underlying pathophysiology. The signaling triggering up-
regulation of NHE1 remained, however, ill defined. The
present study explored the involvement of the serum- and
glucocorticoid-inducible kinase Sgkl in cardiac remodeling
due to transverse aortic constriction (TAC). To this end,
experiments were performed in gene targeted mice lacking
functional Sgkl (sgkl™"") and their wild-type controls
(sgkI™™). Transcript levels have been determined by RT-
PCR, cytosolic pH (pH;) utilizing 2’,7’-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein (BCECF) fluorescence, Na*/
H™ exchanger activity by the Na*-dependent realkalinization
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after an ammonium pulse, ejection fraction (%) utilizing
cardiac cine magnetic resonance imaging and cardiac glucose
uptake by PET imaging. As a result, TAC increased the
mRNA expression of Sgk1 in sgk/ " mice, paralleled by an
increase in Nhel transcript levels as well as Na'/H™'
exchanger activity, all effects virtually abrogated in sgkl ™~
mice. In sgk/™" mice, TAC induced a decrease in Pgcla
mRNA expression, while Sppl mRNA expression was
increased, both effects diminished in the sgk/ ~~ mice. TAC
was followed by a significant increase of heart and lung
weight in sgk/™" mice, an effect significantly blunted in
sgkl™"~ mice. TAC increased the transcript levels of Anp and
Bnp, effects again significantly blunted in sgkl ™~ mice.
TAC increased transcript levels of Collagen I and III as well
as Ctgf mRNA and CTGF protein abundance, effects sig-
nificantly blunted in sgk/ ™"~ mice. TAC further decreased
the ejection fraction in sgkl ™" mice, an effect again atten-
uated in sgkl ™"~ mice. Also, cardiac FDG-glucose uptake
was increased to a larger extent in sgk/™" mice than in
sgkl™~ mice after TAC. These observations point to an
important role for SGK1 in cardiac remodeling and devel-
opment of heart failure following an excessive work load.

Keywords Nhel - Na™/H" exchanger - PI3 kinase -
Sgkl - Heart failure

Abbreviations

Anp Atrial natriuretic peptide

Bnp Brain natriuretic peptide

Ctgf Connective tissue growth factor

EF Ejection fraction [(end-diastolic volume —
end-systolic volume)/end-diastolic volume]

LV Left ventricle

MRI = Magnetic resonance imaging

NHE Na'/H" exchanger
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Pgcla Peroxisome proliferator activated receptor 7y
coactivator 1 alpha

PI3K  Phosphatidylinositide 3 kinase

PET Positron emission tomography

SGK1 Serum- and glucocorticoid-inducible kinase 1

TAC  Transverse aortic constriction

Introduction

Chronically increased cardiac workload may lead to car-
diac remodeling with eventual cardiac failure [29, 77].
Typical features of cardiac remodeling include an altered
metabolic phenotype consisting of reduced cardiac fatty
acid oxidation, increased glycolysis and increased glucose
oxidation [52, 62]. The cardiac remodeling is further par-
alleled by enhanced NADPH oxidase activity [68].

The cardiac hypertrophy and heart failure following
chronic stimulation of the f;-adrenergic receptor [13, 25] is
reversed by inhibition of the Na*/H" exchanger NHE1 by
cariporide [25]. Similarly, NHEI is critically important for
postinfarction remodeling [41-46, 48] and estrogen-
induced ventricular cardiac hypertrophy [49]. Along these
lines, cardiac hypertrophy and heart failure can be trig-
gered by overexpression of NHEI [70]. Accordingly,
NHE] inhibition has been considered a therapeutic option
in the treatment of heart failure [11, 48, 64].

NHEI] plays a pivotal role in the regulation of cytosolic
pH [73, 76], which is in turn decisive for the flux through
glycolysis and thus glucose utilization [15]. Glycolysis is
stimulated by cytosolic alkalinization and disrupted by
cytosolic acidification [15]. NHEI activity further governs
cell volume [40, 55]. Increased NHE activity leads to cell
swelling, which is in turn a powerful stimulator of protein
synthesis and inhibitor of proteolysis, both effects favoring
cellular hypertrophy [39, 55]. Moreover, NHEI activity is
critically important for NADPase activity and thus forma-
tion of reactive oxygen species [19, 32].

Mechanisms accounting for the up-regulation of NHE1
activity in the failing heart are incompletely understood.
Several models of cardiac hypertrophy involve signaling
through phosphatidylinositide 3 kinase PI3K [9, 20, 36, 37,
74, 82, 102] which in turn participates in the regulation of
NHE activity [51, 86, 87, 91].

The serum- and glucocorticoid-inducible kinase SGKI1
[54, 56], a kinase genomically regulated by glucocorticoids
[27], mineralocorticoids [18, 71, 89], 1,25-dyhydroxyvita-
min D3 [1,25(OH),D5] [2], cell shrinkage [95], gonado-
tropins [7, 8, 35, 79], and TGFf [58, 96], is stimulated by
PI3K through phosphoinositide-dependent kinase PDKI1
[3, 4, 21, 31, 50, 53, 75]. SGK1 expression is particularly
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abundant in fibrosing tissue [26, 58, 92, 96]. Activation and
expression of SGK1 has been shown to be stimulated by
pressure overload [10].

SGKI1 has previously been shown to regulate a wide
variety of carriers [5, 14, 33, 54, 56, 78] including the epi-
thelial Na*/H™" exchanger NHE3 [30, 97, 103]. Also, SGK1
has previously been shown to be required for induction of
cardiac fibrosis by mineralocorticoid excess [92].

The present study has thus been performed to elucidate
whether SGK1 participates in cardiac remodeling follow-
ing increased workload. To this end, the impact of trans-
verse aortic constriction on cardiac Nhel and cardiac
hypertrophy [81] was evaluated in gene targeted mice
lacking functional Sgkl (sgk/™"") and their wild-type
controls (sgkl™").

Materials and methods
Animals

All animal experiments were conducted according to the
German law for the welfare of animals and were approved
by local authorities. As described previously [99], a con-
ditional targeting vector was generated from a 7-kb frag-
ment encompassing the entire transcribed region on 12
exons. The neomycin resistance cassette was flanked by
two loxP sites and inserted into intron 11. Exons 4-11,
which code for the sgkl domain, were “floxed” by
inserting a third loxP site into intron 3. Targeted R1 ES
cells were transiently transfected with Cre recombinase. A
clone with a recombination between the first and third loxP
site (type I recombination) was injected into C57BL/6
blastocytes. Male chimeras were bred to 129/Sv] females.
Heterozygous sgkl-deficient mice were backcrossed to
129/Sv] wild-type mice for two generations and then
intercrossed to generate homozygous sgkl ™~ and sgkl™"
littermates. The animals were genotyped by PCR using
standard methods. The study has been performed in 8- to
10-week-old matched female and male sgk/™" and
sgkl ~~ mice. Prior to the experiments, mice had free
access to control diet and tap drinking water.

Aortic banding

Cardiac pressure overload was induced in 8- to 10-week-
old mice as described [81]. Briefly, mice were anesthetized
by a mixture of midazolam (5 mg/kg b.w.), medetomidine
(0.5 mg/kg b.w.) and fentanyl (0.05 mg/kg b.w.) and
placed on a heating pad. After intubation and ventilation
(Harvard minivent, Harvard apparatus, Holliston, USA),
the second intercostal space was opened by a small inci-
sion. The transverse aorta was exposed and constricted
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between the truncus brachiocephalicus and the left carotid
artery by the width of a 27-G canula using a 7-0 nylon
suture. Sham treatment was performed similarly but with-
out constriction of the filament. After closing the access
site, anesthesia was antagonized by injection of atipamezol
(2.5 mg/kg b.w.) and flumazenil (0.5 mg/kg b.w.) and
animals were monitored until recovery. Animals were
treated with buprenorphine (0.05 mg/kg b.w.) for 2 days
after procedure. In one study group, before sacrificing, the
right common carotid artery was catheterized with a pres-
sure catheter (WPI FO BPS, World precision instruments,
Sarasota, USA) to evaluate blood pressure 1 week after the
procedure. Animals were sacrificed 1 week or 5 weeks
after the procedure.

MRI imaging

MRI scans were performed on a 7T small animal MR system
(ClinScan; Bruker BioSpin GmbH, Ettlingen, Germany)
using a 35-mm mouse whole body coil (Bruker). Mice were
anesthetized by 1.2-1.5% isoflurane evaporated in 100%
medical oxygen and placed in prone position on a custom-
ized animal bed connected to feedback heating controller
with a rectal temperature probe. The heart and respiratory
rates were monitored by placing ECG electrodes subcuta-
neously into the paw and a respiratory pillow under the torso
(SA Instruments, Stony Brook, NY, USA). MRI scans were
ECG triggered and respiratory gated. The mouse hearts were
localized by a scout scan. The short axial view in multiple
planes covering the entire heart and the long axial view in one
plane perpendicular to the short axial view were acquired in
cine mode (flip angle, 25°; matrix size, 384 x 384; voxel
size, 0.091 x 0.091 x 1 mm; number of averaged images,
2-4, 15-25 frames/cardiac cycle). MRI images were ana-
lyzed in image J software (http://rsbweb.nih.gov/ij/). End-
systole was defined as the maximum contraction of the heart
during the cardiac cycle; end-diastole was defined as the
maximum relaxation of the heart during the cardiac cycle.
Ejection fraction was calculated from short axis images
covering the whole ventricle using the standard formula
([end-diastolic  volume — end-systolic volume]/end-dia-
stolic volume) [93].

PET imaging

PET measurement took place at separate nonconsecutive
days of MRI study. The mice were anesthetized by inhalation
of 1.2-1.5% isoflurane evaporated in 0.8 L/min oxygen
using a dedicated rodent anesthesia system (Vetland, KT,
USA). All mice were fasted 11-17 h before injection of
12.86 £+ 0.69 MBq [18F]FDG tracer [38] via the tail vein.
After a 55 min tracer uptake period in an anesthesia box, the

mice were transferred to a small animal PET scanner (Inv-
eon; Siemens Healthcare, Knoxville, TN, USA) with the
hearts centered in the field of view (FOV). PET emission data
were acquired for 15 min followed by a 13-min transmission
scan for photon attenuation correction. During the PET scans
mice were maintained at constant body temperature. The
PET scanner yields a spatial resolution of about 1.4 mm in
the reconstructed images. The PET images were recon-
structed into 128 x 128 matrix (voxel size, 0.776 x
0.776 x 0.796 mm) by an ordered subset expectation
maximization (OSEM) 2D-algorithm applying attenuation
correction using the Inveon Acquisition Workplace (v1.4.3.6
and v1.5.0.28) software. Regions of interests (ROIs) were
placed in six consecutive slices of the left myocardium in
short axial view, and the counts of left ventricle cavity were
subtracted. The myocardial ['*F]FDG uptake was calculated
as standardized uptake value (SUV).

Quantitative RT-PCR

After killing the animals, cardiac tissue was immediately
snap frozen in liquid nitrogen. Total RNA was isolated
from mouse heart by using Trifast Reagent (Peqlab,
Erlangen, Germany) according to the manufacturer’s
instructions. Reverse transcription of 2 pg RNA was
performed using oligo(dT);,_;g primers (Invitrogen,
Karlsruhe, Germany) and SuperScript III Reverse Trans-
criptase (Invitrogen, Karlsruhe, Germany). cDNA sam-
ples were treated with RNase H (Invitrogen, Karlsruhe,
Germany). Quantitative real-time PCR was performed with
the iCycler iQ™ Real-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA) and iQTM Sybr Green
Supermix (Bio-Rad Laboratories, Hercules, CA) according
to the manufacturer’s instructions. The following primers
were used (5’ — 3/ orientation):

Nhel fw: GCCATTGAGCTGGTGGAGAG;

Nhel rev: CGGTCTGAAGTCACAGCCTTG;
Sgkl fw: CTGCTCGAAGCACCCTTACC;

Sgkl rev: TCCTGAGGATGGGACATTTTCA,;
Gapdh fw: AGGTCGGTGTGAACGGATTTG;
Gapdh rev: TGTAGACCATGTAGTTGAGGTCA;
Collal fw: ACCCGAGGTATGCTTGATCTG;
Collal rev: CATTGCACGTCATCGCACAC;
Col3al fw: CCATTTGGAGAATGTTGTGCAAT;
Col3al rev: GGACATGATTCACAGATTCCAGG;
Ctgf fw: GACCCAACTATGATGCGAGCC;

Ctgf rev: TCCCACAGGTCTTAGAACAGG;
Pgc-1a fw: AGACGGATTGCCCTCATTTGA;
Pgc-1o rev: TGTAGCTGAGCTGAGTGTTGG;
Sppl fw: GACCATGAGATTGGCAGTGA,;

Sppl rev: GGAACTGTGTTTTTGCCTCTT.

@ Springer


http://rsbweb.nih.gov/ij/

Page 4 of 15

Basic Res Cardiol (2012) 107:236

The specificity of the PCR products was confirmed by
analysis of the melting curves and in addition by agarose
gel electrophoresis.

To determine Anp (Nppa) and Bnp (Nppb) transcript
levels, quantitative real-time PCR was performed with the
iCycler iQ™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA) using Universal TagMan
Master Mix (Applied Biosystems, Foster City, CA, USA)
as recommended by the manufacturer. TagMan primers
and probes for Nppa, Nppb and Gapdh were purchased
from Applied Biosystems (Applied Biosystems, Foster
City, CA, USA). All PCRs were performed in duplicate,
and mRNA fold changes were calculated by the AACt
method using Gapdh as internal reference.

Western blot analysis

After sacrificing the animals, cardiac tissue was immedi-
ately snap frozen in liquid nitrogen. Mouse hearts were
lysed with ice-cold lysis buffer (Thermo Fisher Scientific,
Rockford, IL, USA) supplemented with complete protease
and phosphatase inhibitor cocktail (Thermo Fisher Scien-
tific, Rockford, IL, USA). After centrifugation at
10,000 rpm for 5 min, 30 pg of proteins were boiled in
Roti-Loadl Buffer (Carl Roth GmbH, Karlsruhe, Ger-
many) at 100°C for 10 min. Proteins were separated on
SDS-polyacrylamide gels and transferred to PVDF mem-
branes. The membranes were incubated overnight at 4°C
with goat anti-CTGF antibody (diluted 1:400, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or rabbit anti-
GAPDH antibody (diluted 1:1,000, Cell Signaling,
Danvers, MA, USA) and then with secondary anti-goat
HRP-conjugated antibody (diluted 1:2,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or secondary anti-
rabbit HRP-conjugated antibody (diluted 1:1,000, Cell
Signaling, Danvers, MA, USA) for 1 h at RT. For loading
controls, the membranes were stripped in stripping buffer
(Carl Roth GmbH, Karlsruhe, Germany) at 56°C for 5 min.
Antibody binding was detected with the ECL detection
reagent (Amersham, Freiburg, Germany) and bands
were quantified using Quantity One Software (Bio-Rad,
Miinchen, Germany).

Isolation of adult cardiomyocytes

Adult cardiomyocytes were isolated from 8- to 10-week-
old sgkI ™~ and sgkl™" mice as described [34] with minor
modifications. In one study group, animals were pretreated
with 1 week of transverse aortic constriction. Briefly,
hearts were excised and retrogradely perfused by a perfu-
sion buffer containing in mmol: NaCl 113, KCI 4.7,
KH,PO, 0.6, Na,HPO, 0.6, MgSO,-7H20 1.2, phenol red
0.032, NaHCO3 12, KHCO; 10, Hepes 10, taurine 30, 2,3
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butanedione-monoxime 10, glucose 5.5 (Sigma-Aldrich,
Hamburg, Germany) at 37°C. After 2-3 min, perfusion
was switched to perfusion buffer with added digestive
enzymes 0.25 mg/ml liberase DH (Roche, Grenzach-
Wyhlen, Germany) and 0.14 mg/ml trypsin (GIBCO/
Invitrogen, Darmstadt, Germany) followed by careful dis-
section of the digested heart tissue. Buffer Ca®>" content
was slowly adjusted to 1.2 mM. After isolation procedure,
cardiomyocytes were plated on laminin-coated glass cov-
erslips in plating medium [MEM medium (GIBCO/Invit-
rogen, Darmstadt, Germany) containing 5% BCS, 100 U/ml
penicillin 10 mM 2,3 butanedione-monoxime and 2 mM
L-glutamine]. After 1 h, cells were cultured in serum-free
MEM medium containing 0.1 mg/ml BSA, 100 U/ml pen-
icillin and 2 mM L-glutamine. Cardiomyocytes were
allowed to settle for 1 h at 37°C and 2% CO2. Immediately
after isolation, rod shaped myocytes were used for deter-
mination of Nhe activity.

Intracellular pH

For digital imaging of cytosolic pH (pH,), the cells were
incubated in a HEPES-buffered Ringer solution containing
10 uyM BCECF-AM (Molecular Probes, Leiden, The
Netherlands) for 15 min at 37°C [86]. After loading, the
chamber was flushed for 5 min with Ringer solution to
remove any deesterified dye. The perfusion chamber was
mounted on the stage of an inverted microscope (Zeiss
Axiovert 135), which was used in the epifluorescence
mode with a 40x oil immersion objective (Zeiss Neoplan,
Germany). BCECF was successively excited at 490/10 and
440/10 nm, and the resultant fluorescent signal was moni-
tored at 535/10 nm using an intensified charge-coupled
device camera (Proxitronic, Germany) and specialized
computer software (Metafluor, USA) [85]. Cells were
outlined and monitored during the course of the measure-
ments. The results from each cell were averaged and taken
for final analysis. Intensity ratio (490/440) data were con-
verted into pH; values using the high-K*/nigericin cali-
bration technique [94]. To this end, the cells were perfused
at the end of each experiment for 5 min with standard high-
K*/nigericin (10 pg/ml) solution (pH 7.0). The intensity
ratio data thus obtained were converted into pH values
using the 7nax, "mins PKa Values previously generated from
calibration experiments to generate a standard nonlinear
curve (pH range 5-8.5).

For acid loading, cells were transiently exposed to a
solution containing 20 mM NH,4CI leading to initial alka-
linization of cytosolic pH (pH;) due to entry of NH; and
binding of H' to form NH," [83]. The acidification of
cytosolic pH upon removal of ammonia allowed calculat-
ing the mean intrinsic buffering power (f8) of the cells [83].
Assuming that NH," and NH; are in equilibrium in
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cytosolic and extracellular fluid and that ammonia leaves
the cells as NHj:

B = A[NH;],/ApH,,

where ApH; is the decrease of cytosolic pH (pH;) following
ammonia removal and A[NH,"]; is the decrease of cytosolic
NH,* concentration, which is identical to the concentration
of [NH,11; immediately before the removal of ammonia. The
pK for NH,"/NH3 is 8.9 [17] and at an extracellular pH (pH,,)
of 7.4 the NH,T concentration in extracellular fluid
(INH4*],) is 19.37[20/(1 + 10°H.=PK)]. The intracellular
NH, " concentration ([NH,];) was calculated from [84].

[NH,,= 19.37 x 10PH.—PH:,

The calculation of the buffer capacity required that NH,*
exits completely. After the initial decline, pH; indeed
showed little further change in the absence of Nat, indi-
cating that there was no relevant further exit of NH,*.To
calculate the ApH/min during re-alkalinization, a manual
linear fit was placed over a narrow pH range (pH 6.7-6.9)
which could be applied to all measured cells.

The solutions were composed of (in mM): standard
Hepes: 115 NaCl, 5 KCl, 1 CaCl,, 1.2 MgSO,, 2 NaH,PO,
10 glucose, 32.2 Hepes; sodium-free Hepes: 132.8 NMDG
Cl, 3 KCl, 1 CaCl,, 1.2 MgSOy, 2 KH,PO,, 32.2 Hepes, 10
mannitol, 10 glucose (for sodium-free ammonium chloride
10 mM NMDG and mannitol were replaced with 20 mM
NH,CI); high K* for calibration 105 KCl, 1 CaCl,, 1.2
MgSO,, 32.2 Hepes, 10 mannitol, 10 pg/ml nigericin. The
pH of the solutions was titrated to 7.4 or 7.0 with HCl/
NaOH, HCI/NMDG and HCI/KOH, respectively, at 37°C.

Statistics

Data are provided as mean + SEM, n represents the
number of independent experiments. Statistics was calcu-
lated with SPSS software. All data were tested for signi-
ficance using Student’s unpaired two-tailed ¢ test or
ANOVA following post hoc analysis and only results with
p < 0.05 were considered statistically significant.

Results

A first series of experiments explored whether transverse
aortic constriction (TAC) modifies Sgkl transcription. As a
result, a 1-week TAC treatment increased the Sgkl tran-
script levels, which approached 1.06 & 0.18 a.u. in sham-
treated mice (n = 5) and 1.95 4+ 0.22 a.u. (n = 5) in TAC-
treated animals. To determine the impact of Sgkl on car-
diac remodeling, pressure overload by TAC was induced in
gene targeted mice lacking functional Sgkl (sgkl ™) as

well as in their wild-type controls (sgk/™"). After 1 week
of TAC treatment, aortic pressure was similarly elevated in
sgkliF mice (128 £ 8 vs. sham 88 + 2 mmHg, p < 0.01;
n = 3-4) and sgk/™" mice (129 + 6 vs. sham 89 + 6
mmHg, p < 0.01; n = 4). No significant difference was
found between the genotypes.

TAC treatment for 1 week induced a hypertrophic response
of sgkI™" and sgkl ™"~ mouse hearts, which was slightly, but
significantly (p < 0.01) blunted in the sgk/ "~ hearts (Fig. 1).
Heart weight was significantly (p < 0.001) increased in TAC-
treated sgk/™" mice (0.20 & 0.01 g; n = 7) compared to
sham-treated sgk/ ™" mice (0.13 £ 0.01 g;n = 6).Insgkl ™~
mice heart weight following TAC treatment was only slightly
higher (0.16 &+ 0.01 g, n = 8) than in sham-treated animals
(0.13+£0.01 g, n=6; p<001). Similar results were
obtained for the heart weight to tibia length ratio, which was
significantly (p < 0.001) increased by TAC treatment in
sgkI™" mice, an effect again significantly (p < 0.01) blunted
in sgkl™~ mice. The heart weight to body weight ratio
showed again similar results (data not shown). No significant
differences could be observed between sham-treated sgk/ ™"
and sgkI ™" hearts.

As illustrated in Fig. 1, after 5 weeks of pressure over-
load, heart weight was again significantly (p < 0.05) higher
in sgkl™" mice (0.21 & 0.01 g, n = 8) than in sgkl ™"~
mice (0.18 & 0.02 g, n = 8). The increase of heart weight
to body weight ratio (data not shown) and heart weight to
tibia length ratio (Fig. 1) in sgk/™" mice was again sig-
nificantly (p < 0.05) blunted in sgkl ™~ mice. Again, no
difference was observed between sham-treated sgkl " and
sgkl™" mice. In sgkI™" mice, the increased heart weight
after TAC treatment was accompanied by a significantly
(p < 0.01) increased lung weight (0.120 £ 0.008 g, n = 5;
Fig. 1), when compared to sham-treated sgk/™" mice
(0.083 £ 0.006 g, n = 4). No significant increase in lung
weight was observed in sgk/ ™~ mice after 5 weeks TAC
treatment (0.091 £ 0.002 g, n = 5) compared to sham
treated in sgkl ™"~ mice (0.090 £ 0.008 g, n = 4). Along
these lines the lung weight was significantly (p < 0.01)
smaller in sgkl ™~ mice than in sgkI ™" mice. Lung weight
to tibia length ratio revealed similar results (Fig. 1).

TAC treatment increased left ventricular Anp transcript
levels. This increase was significantly (p < 0.01) more
pronounced in the hearts of sgk/™" mice compared to
sgkl™™ hearts (Fig. 2). Similar observations were made on
Bnp expression in cardiac tissue. Again, Bnp transcript
levels were increased by TAC treatment, an effect signi-
ficantly (p < 0.01) blunted in sgk/ ™"~ mice compared to
sgkl T mice (Fig. 2). TAC treatment further increased
within 1 week Collagen I and Collagen III transcript levels.
The transcript levels of both Collagen I and Collagen III
were significantly (p < 0.01) lower in sgkl ™"~ hearts.
Connective tissue growth factor (Ctgf) expression was
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A heartweight (g)
0.25 oOsgk1 +/+ #HH## x
0.20 msgk1 -/- ##
0.15
0.10
0.05
0.00
sham 1wTAC
C heartweight (g)
0.25 *
Osgk1 +/+ #i## #
0.20 msgk1 -/-
0.15
0.10
0.05
0.00
sham 5w TAC
E lung weight (g)
0.15
Osgk1 +/+ H##
0.12 msgkl -/-
**
0.09
0.06
003
0.00
sham 5w TAC

Fig. 1 Heart and lung weight in sgkI™* and sgkl™™ mice after
transverse aortic constriction/sham procedure. a, b Arithmetic
mean + SEM of heart weight (a g) and heart weight to tibia length
ratio (b g/mm) in Sgkl knockout mice (sgk]’/ ~, black bars) and
respective wild-type mice (sgkI™", white bars) with sham (control,
left bars, n = 6/group) or with (TAC, right bars, n = 7-8/group)
transverse aortic constriction for 1 week. ¢, d Arithmetic mean +
SEM of heart weight (g) (c) and heart weight to tibia length ratio
(g/mm) (d) in Sgkl knockout mice (sgkl =, black bars) and
respective wild-type mice (sgkI™", white bars) with sham (control,

significantly (p < 0.001) increased in both genotypes after
TAC, yet the increase was again significantly blunted in
sgkl™~ mice on transcript (p < 0.001) and protein
(p < 0.05) level (Fig. 2).

A further series of experiments explored the effect of
pressure overload on Nhel transcript levels. As illustrated
in Fig. 3, TAC treatment significantly (p < 0.01) increased
Nhel mRNA levels in sgkl™" mice but not in sgkl ™~
mice. Both, with sham or with TAC treatment, Nhel
transcript levels were significantly (p <0.05 and
p < 0.001, respectively) lower in sgk/ ™~ mice than in
sgkl™" mice. Similar results as in sham-treated mice were
observed in untreated mice (data not shown). In addition,
Sppl mRNA expression was significantly increased, while
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B heartweight / tibialength ratio (g/mm)

0.016 K+
osgk1 +/+
HHE
0.012 msgk1 -/- #
0.008
0.004
0.000
sham 1w TAC

D heartweight / tibialength ratio (g/mm)

0.016
osgk1 +/+ H## *
0.012 wsgk1 /- #
0.008
0.004
0.000
sham 5w TAC

F lung weight/ tibia length ratio (g/mm)
##

0.008 Osgk1 +/+

ooos WK *%
0.004

0.002

0000 sham 5w TAC

left bars, n = 6/group) or with (TAC, right bars, n = 8/group)
transverse aortic constriction for 5 weeks. e, f Arithmetic mean +
SEM of lung weight (g) (e) or lung weight to tibia length ratio (g/mm)
(f) in Sgkl knockout mice (sgk]’/ ~, black bars) and respective
wild-type mice (sgkI™", white bars) with sham (control, left bars,
n = 4/group) or with (TAC, right bars, n = 5/group) transverse
aortic constriction for 5 weeks. *p < 0.05, *p < 0.01, **p < 0.001
indicates statistically significant difference from respective control;
*p < 0.05, **p < 0.01, ***p < 0.001 indicates statistically signi-
ficant difference from respective sgkl™* mice

Pgcla was significantly reduced in TAC treated sgkl™*"
mice (both p < 0.001). Both, the upregulation of Sppl
expression (p < 0.01) and the downregulation of Pgcla
expression (p < 0.05), were significantly blunted in
sgkl™"~ mice (Fig. 3).

In a further series of experiments cytosolic pH and Nhe
activity were measured in primary isolated cardiomyocytes
(Table 1). Cytosolic pH tended to be lower in sgkl ™"~
cardiomyocytes than in sgkl " cardiomyocytes, a differ-
ence, however, not reaching statistical significance (Fig. 4).
1 week of TAC treatment significantly (p < 0.05)
increased cytosolic pH in sgk/ ™" cardiomyocytes but not
in sgkl™~ cardiomyocytes. Accordingly, following TAC
treatment, cytosolic pH was significantly (p < 0.001) lower
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Fig. 2 Cardiac Anp/Bnp and fibrosis marker expression in sgkl™"

and sgkI ™"~ mice after transverse aortic constriction/sham procedure
a—e Arithmetic mean = SEM (n = 5-8/group) of mRNA expression
levels encoding atrial natriuretic peptide (Anp; a), brain natriuretic
peptide (Bnp; b), Collagen I (c), Collagen III (d) and Ctgf (e) in
cardiac tissue from Sgkl knockout mice (sgkl ~/=, black bars) and
respective wild-type mice (sgkl™™, white bars) with sham operation
(control, left bars) or with (TAC, right bars) transverse aortic
constriction for 1 week. f, g Densitometry (n=4; f) and

17+ cardio-

in sgkl™~ cardiomyocytes than in sgk
myocytes.

Prior to aortic banding NHE activity tended to be lower
in sgkl ~/~ mice than in sgkl ** mice, a difference, how-
ever, not reaching statistical significance (p < 0.07). TAC
treatment within 1 week significantly (p < 0.01) increased
the calculated NHE activity in sgk/ ™" cardiomyocytes but
not in sgkl™’~ cardiomyocytes. Accordingly, following
TAC treatment the NHE activity was significantly lower
(p < 0.001) in sgkl™~ cardiomyocytes than in sgkl™™"
cardiomyocytes.

In a next series of experiments, the ejection fraction as a
measure of cardiac function was determined by cardiac
magnetic cine resonance imaging (Table 2; Fig. 5). Without

representative original blots (g) of CTGF protein levels in cardiac
tissue from Sgk1 knockout mice (sgkI ™=, black bars) and respective
wild-type mice (sgkl ™", white bars) with sham (control, left bars) or
with (TAC, right bars) transverse aortic constriction procedure for
1 week. *p < 0.05, #p < 0.01, "p < 0.001 indicates statistically
significant difference from respective control; *p < 0.05, **p < 0.01,
*#%p < (0.001 indicates statistically significant difference from
respective sgkI™" mice

TAC treatment, the ejection fraction was similar in sgk/ =
mice and in sgk/ ™" mice. Within 1 week of TAC treatment
the ejection fraction decreased strongly and significantly
(p < 0.001) from 62.9 + 2.7% to 42.9 + 4.1% in sgkl™’*
mice. The ejection fraction continued to slightly decline over
the observation period and showed a further decrease fol-
lowing a 3 weeks (39.0+ 3.8%) and 5 weeks
(34.7 £ 2.4%) TAC treatment. TAC treatment tended to
slightly decrease the ejection fraction in sgkl ™~ mice (from
61.2 £ 2.0 to 55.1 £ 3.2% within 5 weeks), an effect,
however, not reaching statistical significance (Fig. 5).
Accordingly, following TAC treatment, the ejection fraction
was significantly (p < 0.001) larger in sgk/ ™~ mice than in
sgkI™ " mice.
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Fig. 3 Cardiac expression of Nhel and Nhel targets in left ventric-
ular tissue after sham operation or transverse aortic constriction
Arithmetic mean = SEM (n = 5-9) of Nhel (a), Spp! (b) and Pgcla
(¢) mRNA levels in cardiac tissue from Sgkl knockout mice
(sgkl™, black bars) and respective wild-type mice (sgkl™™", white

C Pgcla mRNA expression (arbitrary units)

1.2 Osgkl +/+
Wsgkl -/-
0.9 *
#
0.6
Hit#H
0.3
0.0
sham 1w TAC

bars) with sham (control, left bars) or with (TAC, right bars)
transverse aortic constriction procedure for 1 week. *p < 0.01,
###p < 0.001 indicates statistically significant difference from respec-
tive control, *p < 0.05, **p < 0.01, ***p < 0.001 indicates statisti-
cally significant difference from respective sgkl™" mice

Table 1 Cytosolic pH (ApH,), buffer capacity and sodium-independent pH recovery in cardiac myocytes from Sgkl knockout mice (sgk/ -7
and respective wild-type mice (sgk/ ) without (baseline) and with (TAC) prior left ventricular pressure overload by aortic banding

Intracellular Buffer capacity Sodium-independent Sodium-dependent
pH (units) (mM/pH unit) pH recovery (A pH units/min) pH recovery
(NHE activity, A pH units/min)
Baseline sgkl™* 7.26 £ 0.03 19.92 £ 3.40 —0.004 + 0.005 0.069 £ 0.007
Baseline sgkl ™"~ 7.18 £ 0.03 21.56 £+ 2.81 —0.020 %+ 0.008 0.041 & 0.007"
TAC sgki™* 7.35 £ 0.02" 18.09 =+ 2.94 —0.015 =+ 0.004 0.098 + 0.007™
TAC sgktl™~ 7.14 £ 0.02%** 23.20 £+ 2.00 —0.015 £ 0.006 0.050 £ 0.005%**

All values calculated from 5 independent experiments

# p <0.05 " p<001: statistically significant difference from baseline values; *** p < 0.001: statistically significant difference from

respective sgkl ™"

Further experiments were performed to elucidate cardiac
glucose uptake utilizing '®F-labeled glucose (['*F]FDG)
measured by PET imaging (Fig. 6). Prior to TAC treat-
ment, the glucose uptake tended to be higher in sgkl ™"~
mice than in sgk/™" mice, a difference, however, not
reaching statistical significance. Within 1 week, the TAC
treatment significantly (p < 0.001) increased cardiac glu-
cose uptake in sgkl™* mice. TAC treatment significantly
(p < 0.05) increased cardiac glucose uptake as well in
sgkl /= mice, an effect, however, significantly blunted as
compared to sgkI™" mice. As a result, following TAC
treatment, the glucose uptake was significantly (p < 0.01
after 1 week and p < 0.001 after 5 weeks, respectively)
lower in sgkl ™"~ mice than in sgkI™" mice (Fig. 6).

@ Springer

mice; " indicates difference p < 0.07 from respective sgk

1* mice

Discussion

The present study reveals that the lack of Sgkl reduces the
influence of pressure overload by transverse aortic con-
striction (TAC) on cardiac function, Nhel expression and
several indicators of cardiac remodeling. Hearts from gene
targeted mice lacking functional Sgk1 (sgkl ™) appear to be
at least partly protected against the deleterious effects of
excessive cardiac workload. In the wild-type mice (sgkl ™)
a strong effect of pressure overload was visible after 1 week,
suggesting a particular sensitivity of the mouse strain to
TAC. The changes induced by pressure overload were not
abrogated, but significantly blunted in sgk™~ mice. The
effects of TAC in sgk/ '~ mice are due to mechanisms other
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Fig. 4 NHE activity in cardiomyocytes isolated from sgk/™" and
sgkl™ hearts with or without prior transverse aortic constriction
Alterations of cytosolic pH (pH;) in cardiomyocytes isolated from Sgk1
knockout mice (sgkl ~7) and respective wild-type mice (sgkl y
following an ammonium pulse. To load the cells with HY, 20 mM
NH,Cl was added and Na* removed (replaced by NMDG) in a first step
(see bars below each original tracing), NH,Cl removed in a second step,
Na™ added in a third step and nigericin (pH,, 7.0) applied in a fourth step
to calibrate each individual experiment. a Time-dependent chan-
ges = SEM of cytosolic pH in typical experiments in cardiomyocytes
derived from sgkI™* (left panels) and sgkl ™'~ (right panels) hearts
without (upper panels) and with (lower panels) prior transverse aortic

than SGK1. Along these lines cardiomyocyte hypertrophy
was increased in cardiomyocytes transfected with constitu-
tively active SGK1 [10]. SGK1 may not be necessary for
induction of cardiomyocyte hypertrophy, but may augment
the hypertrophic response [63]. According to the previous
and the present observations SGK1 contributes to, but does
not fully account for the hypertrophy and cardiac remodeling
during excessive workload.

SGK1 is at least partially effective by regulating
Nat/H" exchanger activity. The Na*/H' exchanger 1 is
the major NHE isoform in the heart [47, 80]. The cardiac
NHEI is contributing to various pathological conditions,
including myocardial reperfusion injury [98]. NHEI1
activity is also increased in failing human hearts [101].
NHEI] activity is at least partially effective by augmenting
the Na™ entry into anoxic myocardium [23] and thereby

pHi (units)

Time (minutes)
| Na*| NH,| 0 Nat | Na*

I pHo 7"

8.0 sgk1 -/- 1w TAC

pHi (units)

1 10 20
Time (minutes)

| Naf{ NH,| “0"Na* | Na* | oHo 7 ]

C  Nhe activity in isolated cardiomyocytes

(ApH units)
0.12 0O sgkl +/+ #H
0.08 MW sgkl1-/-
KKK
0.04
0
baseline 1w TAC

constriction (TAC) for 1 week. b Arithmetic mean + SEM (n = 5
independent experiments) of cytosolic pH prior to the ammonium pulse
(pH,) in sgkI™* (white bars) or sgkl ™'~ (black bars) cardiomyocytes
from hearts without (control, left bars) or with (TAC, right bars) prior
transverse aortic constriction for 1 week. ¢ Arithmetic mean + SEM
(n =5 independent experiments) of Na'-dependent recovery of
cytosolic pH (ApH/min) following an ammonium pulse in cardiomyo-
cytes from sgkl™™ (white bars) or sgkl™ (black bars) mice without
(control, left bars) or with (TAC, right bars) prior transverse aortic
constriction for 1 week. *p < 0.05, #p < 0.01 indicates statistically
significant difference from respective control; ***p < 0.001 indicates
statistically significant difference from respective sgkl™" mice

reversing Na*/Ca*" exchange and thus increasing intra-
cellular Ca>* content [6]. The NHE1 activity contributes to
cardiac hypertrophy [61, 65, 66, 100]. Accordingly, cardiac
hypertrophy and its progression to heart failure can be
strongly reduced by NHE1 inhibitors [1, 24, 60]. Moreover,
NHEI1 stimulation alone is sufficient to trigger cardiac
hypertrophy and heart failure [70]. NHE1 exerts its dele-
terious effects in cardiac pathology by its transport activity
[67]. The mechanisms underlying upregulation of NHEI
during cardiac hypertrophy and heart failure remained
incompletely understood.

Important targets of activated NHE1 in the patho-
physiology of cardiac hypertrophy include Sppl and
Pgcla [100]. Accordingly, the increase of Sppl and the
decrease of Pgcla transcript levels were blunted in
sgkl™~ mice, paralleling the reduced NHE1 activity in
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Table 2 Cardiac function parameters measured during MRI scan

sgkl™+ sgkl™~ sgkl T sgkl™"~ sgkl T sgkl™~ sgkl™+ sgkl™"~
baseline baseline 1w TAC 1w TAC 3w TAC 3w TAC 5w TAC Sw TAC
Ejection 629 +£27 612+20 429+ 4.1 613 £ 2.8%%x 300 + 3.8 552 & 14w 347 £ 24" 551 4 3wk
fraction
(%)
LV vol. 522430 512+32 59.7+33 524+ 54 59.6 + 2.4 51.5+ 3.5 634 +33%  544+38
diastolic
(uD)
LV vol. 197 +23 199+ 1.6 345 +39™ 21.04+39% 365+ 317 232 £ 228 437 £ 3.5 250 + 3.4%*
systolic
(ub
LV 237+ 0.13 241 £020 2.83 +£0.08 2374025 330 £ 0.14%% 2.62 £ 0.14%* 3.62 £ 0.21% 2.51 £+ 0.20%**
diameter
systolic
(mm)
Heart rate 496 +£27 502 £22 496 + 20 440 + 17 471 + 34 429 + 17* 471 £ 10 442 + 24
(bpm)
Respiratory 84 + 8 68 + 6 105 + 4% 88+ 5 114 + 5% 101 + 6™ 102 £ 10 84 + 11
rate (bpm)

* p <0.05 % p <001, p <0.001 indicates statistically significant difference from baseline values, * p < 0.05, ** p < 0.01, *** p < 0.001
mice

indicates statistically significant difference from respective sgkl™*+

-

sgk1 +/+ 5w TAC

sgk1-/-5w TAC

C ejection fraction (%) myocardial LV volume (pl)
70 1 100 —— sgk1-/- s
i *kk sgk1 +/+ T
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Fig. 5 Cardiac function in sgk/ +* and sgkl ~/~ mice after transverse
aortic constriction. a, b Representative images from cardiac cine
magnetic resonance imaging. Example images of end-systolic longi-
tudinal axis scan of sgk/ ™" (a) and sgkl ™~ (b) mouse hearts 5 weeks
after TAC procedure. Scale bar 5 mm. ¢ Arithmetic mean = SEM
(n = 5-6/group) of ejection fraction (%) of sgkl” T (squares, gray
line) and sgk]’/ = (rhombi, black line) mouse hearts measured by
cardiac cine magnetic resonance imaging at baseline, 1, 3 and 5 weeks

@ Springer

after TAC procedure. d Arithmetic mean &+ SEM (n = 5-6/group) of
myocardial volume of the left ventricle (ul) of sgk/ T (squares, gray
line) and sgkl /= (rhombi, black line) mouse hearts measured in
diastole by cardiac cine magnetic resonance imaging at baseline, 1, 3
and 5 weeks after TAC procedure. *p < 0.05, #p < 0.01, #*p < 0.001
indicates statistically significant difference from baseline measure-
ments; *p < 0.05, ***p < 0.001 indicates statistically significant
difference from respective sgkl™" mice
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Fig. 6 Loss of Sgkl blunts metabolic remodeling after TAC.
a Example images of PET imaging depicting ['*F]FDG uptake of
sgkIt* (left column) and sgkl™"~ (right column) mice before (upper
row) and 5 weeks after TAC procedure (lower row). Arrows added to
indicate murine heart. b Arithmetic mean + SEM (n = 5-6/group) of
'8F_labeled glucose uptake (standardized uptake value, SUV) in

those mice. Due to the major role of Na*/H" exchanger
in cardiac pathophysiology, its regulation is of patho-
physiological significance [28]. According to the present
observations, SGK1 is a major determinant of NHEI1
activity in the failing heart. SGK1-dependent NHE1 reg-
ulation is a possible mechanism for the partial cardio-
protection in sgk/ ™'~ mice.

However, SGK1 may not only be effective through
NHEI. Instead, the kinase regulates a wide variety of
transcription factors, such as NFxB [54], which may in turn
influence the expression of further genes involved in car-
diac hypertrophy and deterioration of cardiac function
during aortic banding.

At least in theory, SGK1 could influence cardiac function
by modifying blood volume [99], pulmonary vascular
resistance [12] and/or peripheral blood pressure [54].
Accordingly, alterations of lung weight could have been
modified by effects of SGK1 on pulmonary vascular func-
tion. However, SGK1 would be rather expected to increase
pulmonary vascular resistance [12], which is not expected to
increase the pulmonary weight. In the present experiments,

18
15
12

o w o v

Cardiac [*8F]FDG uptake (SUV)
O sgkl +/+ o HH
m sgkl -/-
# #
baseline 1w TAC 5w TAC

cardiac tissue of Sgkl knockout mice (sgkl™~, black bars) and
respective wild-type mice (sgkI™", white bars) at baseline and after
transverse aortic constriction for 1 and 5 weeks, respectively.
#p < 0.05, ™p < 0.001 indicates statistically significant difference
from respective control; ** p < 0.01, ***p < 0.001 indicates statis-
tically significant difference from respective sgkI™" mice

no differences were observed in the maximal aortic blood
pressure between sgkl ™ mice and sgkI™" mice.

NHE activity is decreased, but not abolished in sgkl ™"~
mice. Thus, pharmacological inhibition of NHEI may be
more rigorously suppressed by NHE1 inhibitors than in the
absence of SGK1 and pharmacological NHEI inhibition
may still have some effect in sgk/ ™"~ mice.

SGKI1 expression is stimulated by a variety of triggers
including glucocorticoids [27], mineralocorticoids [18, 71,
89], 1,25-dyhydroxyvitamin D3 (1,25(OH),D3) [2], cell
shrinkage [95], gonadotropins [7, 8, 35, 79], and TGFf; [58,
96]. In addition, SGK1 has been shown to be upregulated and
activated after pressure overload induced heart failure [10].
SGKI1 is activated through phosphatidylinositide 3 kinase
(PI3K) and phosphoinositide-dependent kinase PDK1 [3, 4,
21, 31, 50, 53, 75]. Thus, under conditions of enhanced
SGKI1 expression, SGK1 could substantially contribute to
PI3K-dependent signaling. PI3K has previously been shown
to participate in the triggering of cardiac hypertrophy [9, 20,
36, 37, 74, 82, 102]. PI3K signaling is proposed to regulate
the cardiac NHE1 [59]. During pressure overload, PI3K may
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further activate AKT [69], which, however, has been shown
to inhibit NHE1 [90] and thus hardly accounts for the
increased NHE1 activity after pressure overload.

The stimulation of CTGF and Collagen I and III
expression following TAC is significantly blunted in
sgkl™"~ mice, an observation pointing to a reduced fibrotic
response of sgkl ' hearts. Previous studies already
revealed the requirement for SGK1 in the induction of
cardiac fibrosis by mineralocorticoids, an effect mediated
by SGKI1-dependent up-regulation of nuclear factor-xB
(NF-xB) [92]. Intriguingly, NF-xB activity has also
been shown to be suppressed upon NHE inhibition [72] and
NF-xB activity is increased in Pgcla knockout mice [22].
The SGKI1-dependent stimulation of Na*/H" exchanger
activity is expected to increase cell volume [40, 55] thus
fostering cell volume-dependent stimulation of net protein
synthesis [39, 55]. Moreover, stimulation of Na®/H*
exchanger activity fosters NADPase activity [19, 32],
which again parallels cardiac remodeling [68].

Heart failure is associated with a cardiac substrate
switch from fatty acid oxidation to glycolysis [62]. SgkI ™"~
mice show a reduced glucose uptake after pressure over-
load. Activation of NHEI is associated with an increase of
cardiac glycolysis [67, 88]. SGK1-dependent stimulation of
Na*/H* exchanger activity leads to cytosolic alkalinization
which fosters the flux through glycolysis and thus glucose
utilization [15].

In view of the protective role of SGKI1 deficiency
against cardiac hypertrophy and fibrosis, the question
arises, whether or not effects of SGK1 may be exclusively
negative. Generally, replacement of functional tissue by
fibrotic tissue results in a decline of tissue-specific func-
tions but by the same token decreases the energy demand
and thus promotes survival of the tissue during energy
depletion. Several other pathophysiologically relevant
SGK1-dependent functions are similarly potentially posi-
tive. The SGK1-dependent increase of blood pressure [54],
for instance, may foster physical performance during fight
and flight and the stimulation of platelet function by SGK1
[16] is expected to decrease blood loss following injury.
Thus, the pathophysiologically relevant molecular func-
tions of SGK1 are not exclusively negative.

In conclusion, genetic knockout of Sgk1 protects against
the stimulation of Na*/H* exchanger activity following
transverse aortic banding. The present observations thus
disclose a novel player in the stimulation of cardiac
remodeling following excessive workload. Hence, target-
ing SGK1 could be beneficial in the failing heart [57].
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