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Abstract

Background We previously demonstrated that insulin-like growth factor-1 (IGF-1) regulates sodium/potassium adenosine
triphosphatase (Nat/K*-ATPase) in vascular smooth muscle cells (VSMC) via phosphatidylinositol-3 kinase (PI13K). Taking
into account that others’ work show that IGF-1 activates the PI3K/protein kinase B (Akt) signaling pathway in many differ-
ent cells, we here further questioned if the Akt/mammalian target of rapamycin (mTOR)/ribosomal protein p70 S6 kinase
(S6K) pathway stimulates Na*/K*-ATPase, an essential protein for maintaining normal heart function.

Methods and results There were 14 adult male Wistar rats, half of whom received bolus injections of IGF-1 (50 pg/kg)
for 24 h. We evaluated cardiac Nat/K*-ATPase expression, activity, and serum IGF-1 levels. Additionally, we examined
the phosphorylated forms of the following proteins: insulin receptor substrate (IRS), phosphoinositide-dependent kinase-1
(PDK-1), Akt, mnTOR, S6K, and o subunit of Na*/K*-ATPase. Additionally, the mRNA expression of the Na*/K*-ATPase
o, subunit was evaluated. Treatment with IGF-1 increases levels of serum IGF-1 and stimulates Na*/K*-ATPase activity,
phosphorylation of o subunit of Na™/K*-ATPase on Ser®, and protein expression of o, subunit. Furthermore, IGF-1 treat-
ment increased phosphorylation of IRS-1 on Tyr!??2, Akt on Ser*’?, PDK-1 on Ser?*!, mTOR on Ser’*! and Ser?**8, and S6K
on Thr*?!/Ser***. The concentration of IGF-1 in serum positively correlates with Na*/K *-ATPase activity and the phosphory-
lated form of mTOR (Ser’***®), while Na*/K*-ATPase activity positively correlates with the phosphorylated form of IRS-1
(Tyr'??2) and mTOR (Ser>*%).

Conclusion These results indicate that the Akt/mTOR/S6K signalling pathway may be involved in the IGF-1 regulating
cardiac Na*/K*-ATPase expression and activity.
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Introduction

The insulin-like growth factor-1 (IGF-1) is a polypeptide
growth factor sharing structural similarities with insulin,
which regulates cell differentiation, maturation, develop-
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of cardiovascular diseases, research into IGF-1’s role in car-
diovascular system function is gaining attention.

The pivotal function of sodium/potassium adenosine
triphosphatase (Na*/K*-ATPase) in cells is maintaining
Na* and K* ions gradient across the membrane by uti-
lizing the energy of hydroxylation of ATP molecule [6].
The Na*™/K*-ATPase is required for rapid action potential
upstroke and cardiomyocyte contractility by regulating
ion exchange and cell membrane trafficking of many sub-
stances while maintaining proper cell function and cardiac
output [7]. The Na*/K*-ATPase is a heterodimeric trans-
membrane protein with two essential subunits: a catalytic
o subunit and a highly glycosylated  subunit. Additionally,
o and P subunits can interact with the y subunit belonging
to the tissue-specific FXYD protein group [8]. The a sub-
unit encompasses ten transmembrane segments responsible
for ion transport, a significant intracellular domain with
ATP-binding and phosphorylation sites, and an extracellu-
lar domain containing binding sites for cardiac glycosides
[6]. The B subunit is essential for assembly and increases
the stability of the a subunit and modulation of ions affinity
[9]. Heart-specific y subunit or phospholemman stabilizes
the Na*/K*-ATPase and its kinetic and transport properties
by modifying the affinity for ions and ATP [8].

The effects of IGF-1 are mediated by four types of tyro-
sine kinase membrane receptors [10]. IGF-1 acts primarily
via its putative receptor (IGF-1R) and, with lower affinity,
through the insulin receptor (IR), IGF-2 receptor and hybrid
receptor with subunits of IGF-1 and IR (IGF-1R/IR) [11].
After interacting with its receptor, IGF-1 initiates autophos-
phorylation, which creates docking sites for recruiting and
phosphorylating various adaptor proteins, including insulin
receptor substrate (IRS) [1]. One of the major signalling
pathways that are activated via IGF-1 receptors is phospha-
tidylinositol-3 kinase (PI3K)/protein kinase B (Akt)/mam-
malian target of rapamycin (mTOR) [1, 12, 13]. Multiple
intracellular mediators, such as PI3K, phosphoinositide-
dependent protein kinase-1 (PDK-1) and Akt, are involved
in IGF-1 signalling across cell types. Despite its primary
effect on PI3K, IGF-1 has also been associated with the
activation of mTOR/ribosomal protein p70 S6 kinase (S6K)
[14]. Another in vitro study showed the involvement of the
S6K enzyme in regulating Na*/K*-ATPase protein expres-
sion using a model utilizing alveolar epithelial cells trans-
fected with a dominant negative construct of p70S6K [15].

The IGF-1 causes vasorelaxation, which increases nitric
oxide generation and Na'/K*-ATPase activation [16].
According to the literature, IGF-1 is a significant regulator of
Na*/K*-ATPase in vitro, and its effects are mediated through
the PI3K/Akt signalling cascade, which is associated with
IGF-1-induced increased Na*/K*-ATPase messenger ribonu-
cleic acid (mRNA) in vascular smooth muscle cells (VSMC)
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[12, 17, 18]. Through a signalling cascade involving IRS/
PI3K/PDK/Akt/mTOR/S6K, this study sought to investi-
gate the in vivo effect of IGF-1 on cardiac Nat/K*-ATPase
expression/activity in rats. We hypothesize that a modifi-
cation in the IRS/PI3K/PDK/Akt/mTOR/S6K signalling
pathway, which regulates Nat/K*-ATPase expression and
activity, is responsible for IGF-1’s enhanced capacity to
activate cardiac Na*/K*-ATPase activity in vivo. An impor-
tant consequence of this hypothesis is that IGF-1 in vivo
increases expression and activity of Na*/K*-ATPase in the
heart through a PI3K-dependent activation of the Akt/mTOR
cascade, which in turn amplifies mTOR/S6K signalling and,
consequently, Nat/K*-ATPase expression and activity.

Materials and methods
Animals

The research was conducted on adult male Wistar rats that
were nurtured at the Institute of Nuclear Sciences in Vinca,
Belgrade. The animals were kept in cages in optimal labora-
tory conditions (22 +2 °C and 12-hour light-dark cycle) and
supplied with food and water ad /ibitum. Animals were pro-
vided with a well-balanced meal specifically designed for
laboratory rats, prepared by Veterinarski zavod Subotica in
Serbia. The official Vinca Institute’s Ethical Committee for
Experimental Animals approved the experimental protocols
under Veterinary Directorate No. 323-07-02710/2017-05.

Experimental treatment

A total of 14 animals were divided into 2 groups (n=7),
whereas 24 h before decapitation, the group of rats, labelled
as “IGF-17, was treated intraperitoneally with a bolus injec-
tion of 50 pg/kg of IGF-1 (Sigma-Aldrich, 13769-50UG)
dissolved in saline. This specific IGF-1 dosage was selected
following previously published results [19]. At the same
time, the other group of rats (labelled as “Control”) were
treated with saline. Animals were anaesthetized with a
mixture of ketamine and xylazine (80 mg/kg of ketamine
(VetViva Richter GmbH, Austria) and 12 mg/kg xylazine
(VET-AGRO Multi trade Company Sp. z.0.0. Poland)), and
sacrificed. The blood was collected through cardiac punc-
ture and centrifuged, and obtained serum samples were
stored at -80 °C until analysis. The hearts were removed,
frozen in liquid nitrogen, and preserved at -80 °C.

Heart lysate preparation

Rat hearts were chopped and homogenized on ice using a
homogenizer (Witeg Homogenizer HG-16D) in buffer (1 M
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Tris, 1.5 M NaCl, 0.1 M EDTA; 10% glycerol, 1% Triton
X-100, pH 7.4) using Complete ULTRA protease inhibitor
cocktail tablets (Roche, Mannheim, Germany). Homogenates
were incubated at 4 °C for 1 h with steady rotation before being
ultracentrifuged for 20 min at 100,000 X g, and the resulting
lysate was stored at -80 °C, as we previously described [20].

Protein extraction from the heart plasma
membrane

Plasma membranes were prepared using the method
described by Luiken et al. [21]. Rat hearts were cut on ice and
incubated for 30 min in a high-salt solution (20 mM HEPES,
2 M NaCl, and 5 mM sodium azide, pH 7.4) at 4 °C. Follow-
ing the incubation period, the suspension was centrifugation
at 1,000 x g for 5 min. The pellet was homogenized on ice
using a Witeg Homogenizer in a TES buffer containing 20
mM Tris, 250 mM sucrose, and 1 mM EDTA at pH 7.4, sup-
plemented with complete ULTRA protease inhibitor cocktail
tablets from Roche (Mannheim, Germany). After homogeni-
zation, the homogenate was centrifuged a few times, and the
isolated plasma membrane fraction was stored at -80 °C, as
we previously described [20].

Measurement of serum IGF-1 concentration

The IGF-1 concentration in serum was measured using
the radioimmunoassay method with a commercially avail-
able kit and IGF-1 standards. The method involved IGF-1
labelled with 2T and polyclonal rabbit antibodies to IGF-1,
as was shown previously [22]. The results for IGF-1 were
expressed in nM.

Na*/K*-ATPase assay

The Na*/K*-ATPase assay was done in two sets of epru-
vetes, whereas one set contained 50 pl of incubation mix-
ture (2 M NaCl, 400 mM KCl, 100 mM MgCl, 1M Tris pH
7.4 and ddH,0), 105 pl of ddH,O and 25 pl of the sample
(1 png/ul), while other set contained 50 pl of incubation mix-
ture, 20 pl of ouabain, 85 pl of ddH,O and 25 ul of the
sample (1 pg/ul), as we previously described [20].

SDS-PAGE and Western blotting

Total protein lysates and plasma membrane protein extracts
(40 pg per well) were separated using SDS-polyacrylamide
gel electrophoresis and then transferred to polyvinylidene
difluoride membranes. Membranes were further blocked
in 5% bovine serum albumin. Heart lysate fractions were
probed with antibodies (Cell Signaling) directed IRS, phos-
pho-IRS (Ser’””) and phospho-IRS (Tyr'???), PDK-1 and

phospho-PDK-1 (Ser’*!) Akt and phospho-Akt (Ser*’?),
mTOR, phospho-mTOR (Ser’*!) and phospho-mTOR
(Ser***®), S6K and phospho - S6K (Ser?*!). Plasma mem-
brane fractions were probed with antibodies against the
phosphorylated (Ser**) form of o subunit of Na™/K *-ATPase,
a, and a, subunit of Na*/K*-ATPase (Santa Cruz Biotech-
nology). After the incubation, membranes were washed and
incubated with the appropriate secondary HRP-conjugated
anti-rabbit or anti-mouse secondary antibody (Santa Cruz
Biotechnology). After 2 h of incubation with secondary anti-
bodies, membranes were washed and used for subsequent
detection using an ECL method. Membranes incubated with
phosphorylated proteins were stripped and reblotted with
antibodies directed against non-phosphorylated forms of
the same proteins. All membranes were probed with mouse
anti-actin monoclonal antibody (Santa Cruz Biotechnology)
and HRP-conjugated secondary antibody as loading control.
The signals were quantified using Image J 1.45s software
(National Institutes of Health, USA).

Quantitative real-time PCR (qPCR)

According to the manufacturer’s instructions, RNA was
extracted from the heart tissue using a Trizol reagent (Life
Technologies, USA). RNA purity and concentrations were
measured using BioSpec-nano-Spectrophotometer (Shimazu,
USA). RNA sample degradation was checked using 1.2%
agarose electrophoresis. cDNK was synthesized with com-
mercially available RevertAid H minus First Strand ¢cDNK
Synthesis Kit (Thermo Scientific, USA), using 1 pg of heart
RNA and following the manufacturer’s instructions. The
quantitative polymerase chain reaction (QPCR) assay was con-
ducted using the 7500 Real-Time PCR System (Applied Bio-
systems) in 96-well reaction plates (MicroAmp Optical, ABI
Foster City, CA Each well contained 10 pl of reaction mix
(Brilliant ITI Ultra-Fast SYBR Green) and appropriate sample
volume and pairs of primers (forward and reverse) resupplied
to total volume of 20 ml with demineralized, RNase-free
water. The primers were designed using the Primer Express1
software v2.0 from Applied Biosystems. These are the for-
ward primer 5'-CACGGCCTTCTTTGTCAGTA-3' and the
reverse primer 5-TTGTTCTTCATTCCCTGCTG-3' for the
o, subunit of Na*/K*-ATPase (GenBank accession number:
NM_031144). Furthermore, the PCR product length for the
rat B-Actin gene (GenBank accession number: NM_031144)
was 76 bp, and the forward primer was 5-CCCTGGCTCCT
AGCACCAT-3', while the reverse primer was 5'-GAGCCAC
CAATCCACACAGA-3'. The conditions for the o, subunit of
Na*/K*-ATPase were 95 °C for 3 min, which was followed
by 40 cycles run for 15 s at 95 °C and 32 s at 61 °C. Once
the reaction ended, the 272" technique was used to analyze
the relative quantification of mRNA expression, and the cycle
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threshold values (Ct) were calculated. Next, the a; subunit of
Na*/K*-ATPase ‘s expression level was adjusted relative to
the B-Actin gene found in the same sample.

Statistical analysis

The values were presented as mean+ SEM. Student’s t-test
for independent samples and Pearson parametric correlation
was used to assess the significance of differences and corre-
lations between groups. Statistical analysis was performed
using the SPSS program for Windows (SPSS, Chicago, IL,
USA), with p-values < 0.05 considered significant.

Results
Anthropometric and biochemical parameters

The results of anthropometric and biochemical parameters
are presented in Table 1. First, we assessed the effects of
IGF-1 treatment on body mass, heart mass, body mass dif-
ferential, and heart/body mass ratio. After bolus injection
of IGF-1, there was no significant change in body and heart
mass, body mass differential, or heart/body mass ratio as
compared to control animals. Following the IGF-1 treat-
ment, we assessed IGF-1 concentration in rat serum 24 h
after the bolus injection. The results show that IGF-1 con-
centrations in the serum of IGF-1-treated animals were
higher than in control rats (p <0.01).

In vivo effects of IGF-1 on rat cardiac Na*/K*-ATPase
activity and expression

To deepen our comprehension of the in vivo impact of IGF-1
on the Na*/K*-ATPase regulation, we evaluated the activ-
ity, protein phosphorylation, and protein expression of the

Table 1 Anthropometric and biochemical parameters

Experimental groups Significance
Parameters Control IGF-1 p
Body mass 512+17 502+15 n.s.
before treat-
ment [g]
Body mass 520+ 16 514+13 n.s.
after treatment
le]
Body mass dif- 8+2 12+4 n.s.
ference [g]
Heart mass [g] 1.46+0.10 1.42+0.04 n.s.

Heart/body 0.0028+0.0001  0.0027+0.0001 ns.
mass ratio

IGF-1 [nM]in 95+4 118+4 <0.01
serum

IGF-1 — Insulin-like growth factor 1, n - number of animals; n.s.- non-
significant. The data shown represent mean + SEM
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cardiac Na*/K*-ATPase subunits. First, we looked at the
dynamic characteristics of cardiac Na*/K*-ATPase: activity
and subunit phosphorylation. IGF-1 treatment significantly
increased Nat/K*-ATPase activity (p <0.05) (Fig. 1a), and
the ratio p-o. Na™/K*-ATPase (Ser*’)/total o, Na*/K-ATPase
(p<0.05) (Fig. 1b). We examined Na*/K*-ATPase subunits
a, and a, protein expression in the cardiac plasma membrane
extract. IGF-1-treated rats had significantly higher protein
expression of a; and o, Na*/K*-ATPase subunits (»p<0.01
and p <0.05, respectively) in their hearts compared to control
rats (Fig. 1c and d). To further understand how IGF-1 regu-
lates Na*/K*-ATPase, we investigated the mRNA expression
of the o, subunit in rat hearts. IGF-1 therapy significantly
raised the expression of o, subunit mRNA in rat hearts com-
pared to control rats by 5.6 fold (p <0.001) (Fig. le).

In vivo effects of IGF-1 on IRS-1, PDK-1, and Akt
phosphorylation in rat heart

The following experiments were conducted to evaluate the
role of the IRS-1/PDK-1/Akt signalling pathway in IGF-
l1-regulated Na*/K*-ATPase. IGF-1 treatment resulted
in enhanced IRS-1 phosphorylation on Tyr'?*? (»p<0.01)
and decreased IRS-1 phosphorylation on Ser’®” (»p<0.01)
(Fig. 2a and b). Additionally, IGF-1 treatment significantly
elevated PDK-1 phosphorylation on Ser**' (»p <0.05) and
Akt phosphorylation on Ser*’? (p <0.05) compared to the
control group (Fig. 3a and b).

IGF-1 effects on mTOR and S6K phosphorylation in
the rat heart

The study also investigated the mTOR involvement in
Na*/K*-ATPase regulation by IGF-1 through the phosphor-
ylation of mTOR on Ser’*¥! and Ser’**. IGF-1 treatment
significantly elevated mTOR phosphorylation on Ser?*4®
(p<0.01) and Ser’®! (»<0.05) (Fig. 4a and b). Further-
more, our study showed that IGF-1 increased the degree of
S6K (Thr*?!/Ser***) phosphorylation (p <0.05) in rat car-
diac lysate compared to non-treated control rats (Fig. 4c).

Correlation between the concentration of IGF-
1in serum with Na*/K*-ATPase activity and
phosphorylation of mTOR on Ser?*4

A correlation has been noted between the serum IGF-1 con-
centration and the Na*/K*-ATPase activity and phosphoryla-
tion of mTOR (Fig. 5). The Nat/K*-ATPase activity shows
a significant (p < 0.05) correlation (r=+0.607) with the con-
centration of IGF-1 in serum (Fig. 5a). The concentration of
IGF-1 and mTOR phosphorylation on Ser***® show a signifi-
cant positive correlation (r=+0.646, p <0.05) (Fig. 5b).
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Fig. 1 Effects of IGF-1 on
Na*’K*-ATPase activity and
expression. (a) Specific activities
of Na*/K*-ATPase are expressed
in mmol P;/h/mg of protein

and represent mean + SEM. (b)
Western blot densitometry results
(each bar is mean + SEM). The
y-axis represents Nat/K*-ATPase
phosphorylated on Ser®® (p-o.
Na®/K*-ATPase) as fold changes
vs. total a; Na*/K*-ATPase
(CONT: arbitrarily set at 1),

and the x-axis represents treat-
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Correlation between the activity of Na*/K*-ATPase
with phosphorylation of IRS-1 and mTOR

A significant correlation (r=+0.712, p <0.05) was detected
between Nat/K*-ATPase activity and IRS-1 phosphoryla-
tion on Tyr'?*? (Fig. 6a). Furthermore, we observed a sig-
nificant (p < 0.01) positive correlation (r=+0.841) between
Na*/K*-ATPase activity and phosphorylation of mTOR on
Ser’*8 (Fig. 6b).

a,; Na*/K*-ATP-ase mRNA

0.00

CONT IGF-1

CONT IGF-1

Discussion

It is well documented that IGF-1, produced locally by
cardiomyocytes, exerts a key physiological role in the
heart via multiple processes that promote cardiomyo-
cyte survival and proliferation [1]. One of the impor-
tant actions of IGF-1 includes the simulative effects on
Nat/K*-ATPase function that was established in vitro
[12, 17, 18]. IGF-1 has been demonstrated to stimulate

@ Springer
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Fig.2 Effects of IGF-1 on the phosphorylation of IRS-1 on Tyr'??? and
Ser’®” (a) Western blot densitometry results (each bar is mean + SEM).
The y-axis represents IRS-1 phosphorylated on Tyr'??? as fold changes
vs. total IRS-1 (CONT: arbitrarily set at 1), and the x-axis represents
treatment. Inserts: representative western blots. (b) Western blot densi-
tometry results (each bar is mean + SEM). The y-axis represents IRS-1
phosphorylated on Ser’”’ as fold changes vs. total IRS-1 (CONT: arbi-
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Fig. 3 Effects of IGF-1 on the phosphorylation of PDKI1 on
Thr*?!/Ser’*' and Akt on Ser*”® in cell lysates of rat heart (a) West-
ern blot densitometry results (each bar is mean+ SEM). The y-axis
represents PDK-1 phosphorylated on Thr**!/Ser**! as fold changes
vs. total PDK-1 (CONT: arbitrarily set at 1), and the x-axis represents
treatment. Inserts: representative western blots. (b) Western blot den-
sitometry results (each bar is mean+ SEM). The y-axis represents Akt

Na*/K*-ATPase activity in VSMC in vitro [18], implying
that locally produced IGF-1 has a vasodilatory role via
autocrine/paracrine activities [23]. Literature data indi-
cate that IGF-1 enhances blood circulation by acting as a
vasodilator [1, 23].
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phosphorylated on Ser*”* as fold changes vs. total Akt (CONT: arbi-
trarily set at 1), and the x-axis represents treatment. Inserts: representa-
tive western blots. The results for phosphorylation and expression are
expressed as a percentage of the value obtained for the control. CONT-
control group, IGF-1 - Insulin-like growth factor 1-treated group, Akt
— protein kinase B, Thr-threonine, Ser-serine, *p <0.05

The IGF-1 produced locally can function as an autocrine
and/or paracrine agent, promoting vasodilation through acti-
vation of Na*/K*-ATPase, which elevates the Na*t gradient
across the membrane, leading to Ca®" efflux via Na*/Ca®*
exchange [24, 25]. Alterations in the transcriptional and
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Fig. 4 Effects of IGF-1 on the
phosphorylation of mTOR on
Ser**¥and Ser**®! and S6K on
Thr*2!/Ser*?*, (a) Western blot
densitometry results (each bar

is mean + SEM). The y-axis
represents mTOR phosphorylated
on Ser?*® as fold changes vs.
total mMTOR (CONT: arbitrarily
set at 1), and the x-axis represents
treatment. Inserts: representa-
tive western blots. (b) Western
blot densitometry results (each
bar is mean+ SEM). The y-axis
represents mTOR phosphorylated
on Ser?*¥! as fold changes vs.
total mMTOR (CONT: arbitrarily
set at 1), and the x-axis represents
treatment. Inserts: representative
western blots. (¢) Western blot
densitometry results (each bar is
mean + SEM). The y-axis repre-
sents S6K kinase phosphorylated
on Thr*?!/Ser*?* as fold changes
vs. total S6K (CONT: arbitrarily
set at 1), and the x-axis represents
treatment. Inserts: representative
western blots. The results for
phosphorylation and expression
are expressed as a percentage

of the value obtained for the
control. CONT-control group,
IGF-1 — Insulin-like growth
factor 1-treated group, mTOR -
Mammalian target of rapamycin,
S6K - ribosomal protein p70 S6
kinase, Thr-threonine, Ser-serine,
*p<0.05, ¥*p<0.01

(fold increases vs control)

p-mTOR(Ser?*8)/mTOR

Fig.5 Correlation between the
concentration of IGF-1 in serum
with Nat/K*-ATPase activity
and phosphorylation of mMTOR
(a) Correlation between the
concentration of IGF-1 in serum
and Na*/K*-ATPase activity.
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translational profiles of Na*/K*-ATPase isoforms have been
documented in numerous tissues in response to diverse
agonists and disease conditions [9, 26]. The IGF-1 was
reported to selectively induce the o, isoform in astrocytes
[27], an effect that tyrosine kinase inhibitors could block.

110 120 130 70 80 92 100 110 120 130

IGF-1 concentration

Different hormones regulate Na*/K™-ATPase activity,
stimulating cardiomyocytes’ function [28]. The literature
data regarding the effect of IGF-1 on different subunits’
expression of the Nat/K*-ATPase in the heart is limited.
Most studies mainly explore the o, subunit expression or

@ Springer



517 Page 8 of 12

Molecular Biology Reports

Fig.6 Correlation between the a.
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activity of Na'/K*-ATPase under IGF-1 treatment [12,
17, 18]. However, the current study detected a significant
increase in a; protein and mRNA and o, protein expres-
sion in IGF-1-treated rats. In addition, we found that the
concentration of IGF-1 in serum increases in IGF-1-treated
rats, which positively correlated with Nat/K*-ATPase activ-
ity. Our results also showed that treating rats with IGF-1
increases cardiac Nat/K*-ATPase activity and phosphory-
lation of the « subunit of Na*/K*-ATPase on Ser?’. These
results align with in vitro studies where IGF-1 positively
affects the expression and activity of Nat/K*-ATPase [12,
17, 18]. In addition, oral administration of IGF-1 (3.5 mg/
kg/day for 4 days) increases Nat/K*-ATPase activity in the
enterocytes of pigs [29]. Our results indicate that IGF-1
stimulates not only Na*/K*-ATPase activity present on the
plasma membrane but also increases the number of avail-
able Na*/K*-ATPase molecules since phosphorylation of
o, subunit of Na*/K*-ATPase on Ser® stimulates subunit
trafficking from intracellular compartments to the plasma
membrane [30]. Furthermore, two separate investiga-
tions examined the impact of IGF-1 on the regulation of
Na*/K*-ATPase and observed stimulatory effects of IGF-1
on Nat/K*-ATPase activity in salmon gills [31, 32]. Addi-
tionally, Shimomura et al. discovered a positive correlation
between serum IGF-1 levels and Na*/K*-ATPase activity in
the gills of non-treated salmon [32], a similar correlation
observed in our study.

The stimulative effects of IGF-1 in the heart are medi-
ated via multiple signalling pathways, whereas IRS/PI3K/
Akt is one of the significant pathways [1, 33]. The bind-
ing of IGF-1 to one of the IGF receptors at the plasma
membrane leads to receptor autophosphorylation, which
provides docking sites for IRS-1 molecules [11]. Further,
phosphorylated IRS-1 initiates PI3K/Akt phosphorylation
and activation of downstream signalling molecules mTOR/
S6K [1]. The IRS molecules have multiple phosphorylation
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sites of serine, threonine, and tyrosine residues, that when
phosphorylated lead to IRS activation or deactivation [34].
The IRS-1 phosphorylation on Ser*®’ leads to its inhibition
and has an essential role in insulin resistance development
[35], and IRS-1 phosphorylation on Tyr!??? provides its acti-
vation [36]. Our results showed decreased phosphorylation
of IRS-1 on Ser’"” and increased phosphorylation on Tyr!???
in the hearts of IGF-1-treated rats. In addition, our results
show that the activity of Na*/K*-ATPase is positively cor-
related with stimulative phosphorylation sites of IRS-1 on
Tyr'??2, implying the involvement of IRS-1 in IGF-1 regula-
tion of the Na*/K*-ATPase activity.

Activated IRS-1 acts as a protein scaffold for the
recruitment and activation of downstream proteins such
as PI3K/Akt [37]. Considering its significant role, Akt is
tightly regulated by several phosphorylation sites, whereas
phosphorylation on Ser*”? is required for its maximal acti-
vation [38, 39]. Kim and Park have reported that IGF-1
induces Akt phosphorylation in human neuroblastoma
cells exposed to highly potent and selective PDK-1 inhibi-
tors [40]. This aligns with our results showing that IGF-1
treatment increased PDK-1 phosphorylation on Ser**! in
rat hearts. Also, according to Hart and Vogt’s study [38],
phosphorylation of Akt was increased in endothelial cells
after stimulation with IGF-1 (50 ng/ml). Following treat-
ment with IGF-1 at a concentration of 100 nM, our earlier
research demonstrated that VSMC exhibited elevated lev-
els of Akt phosphorylation on Ser*”* and Na*/K*-ATPase
activity [12]. Also, we have previously shown that IRS/
PI3K/Akt signalling is involved in the up-regulation
of cardiac Na'/K*-ATPase expression/activity of rats
treated with estradiol [20]. A recent study showed that
elevated levels of Akt phosphorylation lead to increased
Nat/K*-ATPase o, and B, subunit protein expression in rat
models of acute lung injury and alveolar epithelial cells
(both in vivo and in vitro) after treatment with maresin
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conjugates in tissue regeneration 1 [41]. Results of our
study are consistent with these results as we showed that
IGF-1 treatment increased phosphorylation of Akt on
Ser*’?, simultaneously with increased expression and
activity of Nat/K*-ATPase.

The IGF-1-dependent Akt activation was shown to be
involved in mTOR stimulation as a master regulator of many
cell processes, including cell growth, proliferation and sur-
vival [42]. Thus, we further examined the participation of
mTOR in IGF-1-induced stimulation of Na*/K*-ATPase.
Phosphorylation of multiple sites on mTOR induces its
activation under physiological conditions, with Ser***® and
Ser?*! being the most critical sites for kinase activity [43].
Additionally, the phosphorylation of Ser***? is activated by
Akt, while the phosphorylation of Ser**! is considered an
autocatalytic mTOR site [44]. The mTOR phosphorylated
on Ser’*® is mainly involved in cell growth and prolifera-
tion, while the mTOR phosphorylated on Ser’*! acts as
an Akt activator (Ser*’® phosphorylation) [45]. Our results
showed increased mTOR phosphorylation on both sites,
Ser’*® and Ser’®!, in the hearts of IGF-1-treated rats,
indicating IGF-1-induced stimulation of mTOR. Wang et
al. showed that the treatment with L-Tryptophan activated
mTOR and enhanced mRNA expression of o, subunit of
Nat/K*-ATPase in intestinal epithelial cells, indicating the
involvement of mTOR in Na*/K*-ATPase stimulation [46].
Results of correlation analysis show that the concentration
of IGF-1 in serum positively correlates with phosphorylation
of mTOR on Ser***® and that the activity of Na*/K*-ATPase

Fig. 7 Proposed mechanism of
the in vivo effects of IGF-1 on
Na*/K*-ATPase regulation in

rat heart IGF-1 — Insulin-like
growth factor-1, IGF-1R- IGF-1
receptor, IRS-1 - Insulin receptor
substrate — 1, Y — Tyrosine amino
acid, S — Serine amino acid,
Na*/K*-ATP-ase - sodium/potas-
sium adenosine triphosphates,
PI3K - phosphatidylinositol-3
kinase, Akt - protein kinase B,
mTOR - mammalian target of
rapamycin, PDK —1 - phos-
phoinositide-dependent kinase-1,
S6K - ribosomal protein p70 S6
kinase, T — Threonine amino
acid, 1 increase

Na*/K*-ATPase _\'ké’/;::
.
t Activity

t Protein expression
{ mRNA expression

t Phosphorylation of o

is positively correlated with simulative phosphorylation of
mTOR on Ser?*,

To gainmore insightinto IGF-1 effectsonNa*/K*-ATPase,
we further analyzed S6K, one of the main mTOR and Akt
effectors responsible for protein synthesis [47]. Bakker
et al. showed that IGF-1 treatment (1, 10 and 100 ng/ml)
dose-dependently increased Akt and S6K phosphorylation
in osteocytes, while mTOR inhibitor rapamycin suppressed
this IGF-1 stimulatory effects [48]. The same inhibitory
effect of rapamycin was shown in a study by Pesce et al.
[15], one of the rare studies exploring the involvement of
S6K activation on Na‘t/K*-ATPase regulation. The same
authors proposed that the long-term mechanism of regu-
lation of Na*/K*-ATPase by B-adrenergic agonist isopro-
terenol is mediated via PI3K activation and subsequent
downstream activation of mMTOR/S6K in alveolar epithelial
cells [15]. Results from our study show that IGF-1 treat-
ment leads to increased phosphorylation of S6K in the
hearts of rats, which may be at least partially involved in
stimulating the expression of Na*/K*-ATPase subunits. The
principal new finding of the present study is that the induc-
tion of Na*/K*-ATPase by IGF-1 in vivo is mediated by a
mechanism that involves IRS/PI3K/PDK/Akt/mTOR/S6K
signalling pathway. These data extend our previous find-
ing that IGF-1 stimulate Na*/K*-ATPase activity in vitro
in VSMC and that this stimulation is mediated through a
pathway involving PI3K [12]. To illustrate our findings, we
provide the following model of Na*/K*-ATPase regulation
by IGF-1 in the heart in physiological conditions (Fig. 7).
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The IGF-1 binds to the receptor at the plasma membrane,
which induces autophosphorylation and activation. Thus,
the activated IGF receptor recruits and activates IRS-1 mol-
ecules, which further induces PI3K activation that stimu-
lates downstream molecules PDK-1, Akt, mTOR and S6K,
subsequently increasing Na'/K*-ATPase expression and
activity in the heart.

Conclusion

The present study showed that in vivo treating rats with IGF-1
leads to increased Nat/K*-ATPase activity, phosphorylation
of o subunit, and gene and protein expression of o subunits.
Our results also indicate the involvement of IRS/PDK-1/Akt/
mTOR/S6K pathway in cardiac Na*/K*-ATPase regulation
under IGF-1 treatment. The results of this study represent the
basis for further studies directed toward clarifying the molecu-
lar mechanisms by which IGF-1 affects cardiac Na*/K*-ATPase
and for developing new therapeutics in cardiac diseases.
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