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A B S T R A C T

Altered cardiac adaptation of physiologically hypertrophied heart during detraining remained obscure for long
time. We had previously reported the switching of protein kinase C (PKC) isoforms (-α to -δ) associated with
functional deterioration of heart at detraining in mice undergone swim exercise. Here we report that, myo-
cardium targeted overexpression of insulin-like growth factor 1 (IGF1) and knockdown of insulin-like growth
factor 1 receptor (IGF1R) during detraining and exercise respectively altered the activation of PKCs and eventual
cardiac condition. Moreover, downregulation of mammalian target of rapamycin complex 2 (mTORC2) was
recorded in both IGF1R knockdown or detraining groups. Additionally, knocking down of mTORC2 during
exercise exhibited impaired cardiac condition. Interestingly, significantly increased interactions of mTORC2
with both PKCα and δ was recorded exclusively in exercise group. This interaction resulted into hydrophobic
motif phosphorylation of both PKCs (Serine657-PKCα; Serine662-PKCδ). Serine phosphorylation on one hand
activated PKCα mediated cell survival and on the other hand alleviated the apoptotic activity of PKCδ during
exercise. Mutation of Serine662 of PKCδ in exercised mice showed higher Tyrosine311 phosphorylation with
increased apoptotic load similar to that in detrained animals. These observations confirmed that differential and
conditional activation of PKCs depend upon IGF1 induced mTORC2 activation. Furthermore, blocking of PKCα
resulted in activated p53 which in turn repressed IGF1 expression during swim, mimicking the condition of
detrained heart. In conclusion, this is the first report to unravel the intricate molecular mechanism of switching a
physiologically hypertrophied heart to a pathologically hypertrophied heart during exercise withdrawal.

1. Introduction

The beneficial role of exercise for good health and the detrimental
effects of physical inactivity is well known and widely accepted [1–4].
A variety of scientific studies have shown that regimented endurance
training fosters overall cardiac performance [1,5,6]. As a result of long-
term exercise training, an “athlete's heart” [7] undergoes physiological
hypertrophy, characterized by increased ventricular wall thickness to-
gether with enlarged ventricular chamber dimension [8], that results in

enhanced efficiency and augmented cardiac functioning [5,9,10].
However, studies have shown that, athletes' hearts at exercise cessation
encounter detraining effects [11] which are defined by complete or
partial loss of long-term exercise-induced anatomical, physiological,
and performance adaptations [12–15].

Protein kinase C (PKC) isoforms, a class of phospholipid dependent
serine/threonine kinases are activated by second messenger [16].
Several reports have suggested that activation of PKCs is associated
with an array of adaptive and maladaptive cardiac response [17,18].
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Our laboratory has previously shown that the switching of activation
from PKCα to PKCδ isoform is associated with a compromised cardiac
function in mice that were withdrawn from chronic exercise period
[19], effectively transforming a ‘good heart’ into a ‘bad heart’. Exclusive
activation of PKCα was coupled with the swim exercise regimen,
whereas PKCδ was significantly induced during the detraining period
and was connected with pathological condition. Activated PKCα,
during physiological hypertrophy promoted cardiomyocyte growth
with upregulation of cell survival markers like protein kinase B (Akt),
extracellular signal-regulated kinases (ERK) and decreased cellular
apoptotic load resulting in improved cardiac function whereas, PKCδ
activation, during detraining period resulted in activation of pro-
apoptotic molecule p53 and other apoptosis markers in myocytes
leading to impaired cardiac function.

Insulin like growth factor 1 (IGF1) and its receptor tyrosine kinase
(IGF1R) regulate contractility, metabolism, hypertrophy, autophagy,
senescence, and apoptosis in the heart [20,21]. Several studies have
linked IGF1 with exercise-induced physiological cardiac hypertrophy
[22–25] whereas others linked the shortfall of IGF1 to increased risk of
cardiovascular diseases and mortality [21,26]. IGF1/IGF1R activates
multiple downstream molecules including PKCs [27] and another
serine/threonine protein kinase, the mammalian target of rapamycin
(mTOR) [28,29]. mTOR is found in two structural and functional
complexes (mTORC1 and mTORC2) with unique binding partners,
namely, raptor and rictor for mTORC1 [30,31] and mTORC2 [32,33]
respectively. mTORC2 is reported to phosphorylate PKCα [34], trig-
gering downstream cell survival pathway [34,35]. However, IGF1-in-
duced mTORC2-mediated regulation of PKCδ activation, leading to al-
tered activity of pro-apoptotic molecule p53 is not well studied.

Therefore, the present study is designed to investigate the possible
modulators involved in the transition of physiologically hypertrophied
heart to a maladaptive heart during exercise withdrawal, in light of the
differentially activated PKC isoforms (-α and -δ) involving IGF1 via
mTORC2. A plausible contribution of active p53 to the disruption of the
IGF1 signaling axis that culminates into a compromised cardiac fate
during exercise withdrawal has also been addressed in this study for the
first time.

2. Material and methods

2.1. Animals used

24weeks-old Balb/c mice (Mus musculus) used in this study were
acquired from National Institute of Nutrition, Hyderabad, AP, India.
The investigation complies with the Guidelines for the Care and use of
Laboratory Animals published by the US National Institute of Health
(NIH Publication No.85-23, revised 1996) and was approved by the
Institutional Animal Ethics Committee University of Calcutta
(Registration #885/ac/05/CPCSEA) registered under “Committee for
the Purpose of Control and supervision of Experiments on Laboratory
Animals” (CPCSEA), Ministry of Environment and Forests, Government
of India.

2.2. Generation of animal models

Male Balb/c mice (n=5 for each group) were used to generate
different models for this study. Physiological hypertrophy was gener-
ated via swim exercise training for 4 weeks as described earlier
[10,19,36] with few modifications (group S). Briefly, mice were al-
lowed to swim daily for 60min (twice daily for 30min duration) for
4 weeks in a water chamber (100 cm in length, 60 cm in width and
50 cm in height) whose temperature was maintained at 30°C. Mice were
accustomed to the swim exercise routine progressively from 10min
twice daily with increments of 10min/day. Another group (D), first
underwent swim exercise for 4 weeks and was then maintained for
more 2 weeks at detraining condition as described previously [19].

24 weeks old sedentary mice were used as control group (C). Animals
were maintained on standard mice chow and water ad libitum in a
climate controlled, light-regulated space with 12-hour light and dark
cycles at the Institutional animal facility of the University of Calcutta.
All experimental groups were sacrificed after the treatment period and
cardiac tissues were processed accordingly for different experiments.
Hypertrophy was measured from the heart weight (HW; in milligrams)-
to-body weight (BW; in grams) ratio (HW/BW) [37].

2.3. Plasmid construction

Full length coding DNA sequence of mouse igf1(GenBank:
AF440694.1) and Wild type pkcδ (GenBank: AY545076.1) with C-
terminal his-tag were cloned in frame into pcDNA6/V5-his B mamma-
lian expression vector separately (Thermo-fisher, USA), as described
previously [38]. Briefly, RNA was extracted from Mus musculus heart
tissue and cDNAs were prepared from the RNA by reverse transcription
(RT)-PCR followed by PCR with respective primer sets (Supplementary
Table 1) having specific restriction sites. All the clones were confirmed
by sequencing (Applied Biosystems 3730, DNA analyzer). A mutant
PKCδ pcDNA was constructed that contains the hydrophobic motif
(HM: Serine662) mutation substituted by Alanine. The mutation was
introduced into the pkcδ wild type pcDNA by polymerase chain reac-
tion (PCR) based oligonucleotide-mediated Quik Change site-directed
mutagenesis kit (Agilent Technologies, USA). The incorporation of the
Alanine was performed by using respective primers and confirmed by
cycle sequencing.

2.4. Preparation and characterization of myocyte-targeted gene delivery
system in vivo

Stearic acid modified carboxymethyl chitosan (CMC) was prepared
from low molecular weight Chitosan (Sigma-Aldrich, USA) and mod-
ified by Di-tert-butyl dicarbonate (BOC2O) before conjugation to a
cardiomyocyte specific 20-mer peptide (WLSEAGPVVTVRALRGTGSW)
by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) - N-hydro-
xysuccinimide (NHS) (Thermo Fisher, USA) as described earlier [39].
Trifluoroacetic acid (Sigma-Aldrich, USA) was used for BOC2O removal.
IGF1R siRNA, rictor siRNA, p53 siRNA, non-specific siRNA (Qiagen,
Germany), empty plasmid and plasmids encoding IGF1, wild type and
mutant PKCδ cloned in pcDNA6/V5-His B mammalian expression
vector were added to CMC-peptide (CMCP) at different weight ratios
and incubated for 2 h at 4 °C under constant shaking condition
(400 rpm) Finally, nanoconstructs were filtered and lyophilized. CMCP
encapsulated Plasmids/siRNAs were biophysically characterized by DLS
(dynamic light scattering) (DynaProNanoStar™; Wyatt Technology,
USA), ζ potential (Mo¨biufζ™ Mobility Instrument; Wyatt Technology,
USA) as described earlier [39,40].

2.5. Treatment with cardiac gene delivery system

Plasmids with CMCP were intravenously injected via tail vein to D
group of mice for overexpression of IGF1wild type construct (group
DIO). S group of mice were similarly administered with PKCδ wild type
(SWT) and mutant (SM) constructs. S group of mice were administered
with IGF1R siRNA-CMCP (SI) and rictor siRNA-CMCP (SR) whereas, D
group was treated with p53 siRNA-CMCP. Treatment with plasmids/
siRNA in group D was continued from 10th till last day of the resting
period whereas, treatment of S group continued from the 10th day of
exercise period on alternate days till the last day of exercise. Both
overexpression plasmids as well as siRNAs were administered at a dose
of 2mg/kg of BW/day. Mice treated with empty plasmid-CMCP or non-
specific siRNA (NS siRNA; Allstars Negative Control Qiagen, Germany)
with CMCP were used as respective controls for subsequent experi-
ments. Heart, kidney, brain, liver and lung tissues were collected for
further experimentation.
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2.6. Treatment with chemical inhibitor against PKCα and PKCδ

PKCα specific chemical inhibitor Go¨6976 (Sigma-Aldrich, USA)
and PKCδ specific chemical inhibitor Rottlerin (Sigma-Aldrich, USA)
were dissolved in DMSO. S and D groups of mice were administered
with respective PKCα and PKCδ inhibitors in 1X PBS intraperitoneally
at a dose of 600 μg/day/kg body weight during the last seven days of
the experimental period as described earlier [19]. Respective control
mice were injected with 1X PBS during the experimental tenure.

2.7. Histology

2.7.1. Haematoxylin/Eosin staining
Hearts were taken out and washed in 1X PBS, fixed in Karnovsky's

fixative, as described earlier [41]. Paraffin embedded tissues were cut
into 4 μm sections and sections were processed and stained with hae-
matoxylin/eosin (H/E). Cardiomyocyte cross-sectional areas (CSA)
from each sample were quantified by using a computer morphometric
program (ImageJ, NIH).

2.7.2. Masson's trichrome staining
Mice ventricular coronal tissue sections (4–5 μm) were taken to

estimate the percentage of collagen volume fraction (%CVF). Tissue
sections were stained with Masson's trichrome staining reagent (Sigma-
Aldrich, USA) and collagen deposition were analysed under microscope
(Nikon NIS BR) (Nikon, Shinagawa, Tokyo, Japan) following standard
protocol. Digitization and processing of the captured images were done
by using a computer morphometric program (ImageJ, NIH). Collagen
volume fraction was calculated as the sum of all collagen stained tissue
areas of the coronal sections represented as percentage (%) of the total
surface area of the section [39].

2.8. Reverse transcriptase PCR (RT-PCR)

Total RNA was isolated from left ventricular heart tissues of each
experimental groups using TriZol reagent (Invitrogen) following man-
ufacturer's protocol. Expression of igf1, pathological hypertrophy
marker genes [atrial natriuretic factor (anf), β-myosin heavy chain (β-
mhc)] and physiological hypertrophy marker genes [α-myosin heavy

Fig. 1. Downregulation of IGF1/IGF1R during de-
training. (A) RT-PCR analysis showing changes in
expression of igf1 among different experimental
groups. rpl32 was used as internal loading control.
(B) Representative western blots showing changes in
expression of IGF1 and phospho/total IGF1R among
different experimental groups with RPL32 as internal
loading control. (C) Graphical representation of IGF1
ELISA showing time-dependent downregulation of
serum IGF1 concentration in blood samples of ex-
ercised animals detrained for different time periods
compared to that of either S or C. (D) Western blot
analyses showing a time-dependent change in ex-
pression of IGF1 and phospho/total IGF1R in ex-
ercised animals detrained for different time periods.
RPL32 was used as internal loading control. S: ex-
ercise trained mice; D: detrained mice; C: sedentary
control. All experiments were repeated in-
dependently for three times and the graphical re-
presentation was expressed as mean(±.S.E) of three
independent experiments.
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chain (α-mhc), sarco/endoplasmic reticulum Ca2+ATPase (serca)], col-
lagen1 (col1), collagen3 (col3) 60S ribosomal protein L-32 (rpl32) as in-
ternal loading control were checked using respective forward and re-
verse primers (Supplementary Table 1).

2.9. Protein extraction

Protein from hearts of all experimental groups was isolated using M-
PER Mammalian protein extraction reagent (Thermo Scientific, USA)
according to the manufacturer's protocol. Protein extracts were pre-
pared from ventricular tissues using previously described procedure
[42]. Membrane fractions from tissue samples were isolated using
Mem-per plus membrane protein extraction kit (Thermo Scientific,
USA) using the manufacturer's protocol.

2.10. Western blotting

Western blot analysis was done as described previously [41].
Briefly, 40 μg and 200 μg protein samples were separated in SDS-PAGE
for total and phospho proteins respectively and transferred to PVDF+
membrane (Millipore, Billerica, USA). Membranes were blocked with
5% nonfat dry milk followed by incubation with primary antibodies to
IGF1, PKCα, phospho-PKCα (Ser657) (Abcam, UK); IGF1R, phospho-
IGF1R (Tyr1135), rictor, mTOR, phospho-mTOR (Ser2481), Akt,
phospho-Akt (Ser473), p53, phospho-p53 (Ser15, Ser46),caspase-3,
PARP, PKCδ, phospho-PKCδ (Tyr311) (Cell Signaling, USA); phospho-
PKCδ (Ser662) (Santa Cruz Biotechnology, USA) and appropriate HRP-
conjugated secondary antibodies (Pierce, USA). Immunoreactive bands
were visualized by enhanced chemiluminescence kit (Millipore, USA).
RPL32 (Abcam, UK) was used as loading control for cytosolic proteins.
A major band from a Coomassie blue stained SDS-PAGE gel of fractio-
nated membrane proteins was used as a loading control for membrane
protein fractions. All blots were normalized by respective loading
controls. The blots were scanned and quantitated using the GelDoc XR
system and Quantity One® software version 4.6.3 (Bio-Rad, USA).

2.11. Estimation of IGF1 in blood serum

The amounts of circulating IGF1 in blood serum of different ex-
perimental groups with increasing period of detraining (day 1–15 post
exercise) were estimated using respective ELISA kit (RayBiotech, USA)
following the manufacturers' protocol. Results were expressed as the
number of picograms of IGF1 per millilitre of blood serum.

2.12. Co-immunoprecipitation

Co-immunoprecipitation was done following the manufacturer's
protocol (Pierce Co-Immunoprecipitation Kit, USA). Briefly, proteins
were incubated with fast flow protein G or protein A Sepharose beads
and centrifuged to eliminate non-specifically bound proteins.
Concentration of the precleared proteins was estimated by Bradford's
Assay. 200 μg of proteins were immunoprecipitated using primary an-
tibody of anti-mTOR (Cell Signaling, USA). The immune-protein com-
plexes were again incubated with protein G or protein A Sepharose
beads. Attached proteins were eluted from the beads in 1% SDS buffer

followed by immunoblotting with antibodies against PKCα (Abcam,
UK); PKCδ, rictor, mTOR (Cell Signaling, USA) [38]. Normalization was
done by immunoblotting using the same antibodies used to im-
munoprecipitate the proteins.

2.13. Determination of cardiac function by M-mode echocardiography

Two-dimensional echocardiography was performed to determine
cardiac function using an ultrasound system (Vivid S5 system, GE
Healthcare, USA) as described earlier [43]. M-mode views of the
parasternal short axis of left ventricle was assessed to measure the left
ventricular diastolic diameter (LVDD), fractional shortening (% FS),
inter ventricular septum thickness (IVST).

2.14. Statistical analysis

All results were expressed as mean (±S.E) of three independent
experiments. Data were analysed by independent sample t-test (for
comparison of two groups) and ANOVA followed by Tukey's test (for
multiple groups comparison) using GraphPad Prism (Version 7.0,
GraphPad Software, USA). Results with p-value <0.05 were considered
significant.

2.15. Key resources table

Resource Source Identifier

Antibodies
IGF1, PKCa, phospho-PKCa (Ser657), RP-

L32
Abcam N/A

IGF1R, phospho-IGF1R (Tyr1135), rictor,
mTOR, phospho-mTOR (Ser2481), A-
kt, phospho-Akt (Ser473), p53, phos-
pho-p53 (Ser15, Ser46),caspase-3, P-
ARP, PKCd, phospho-PKCd (Tyr311),

Cell Signaling N/A

phospho-PKCd (Ser662) Santa Cruz Biotechnology N/A
Chemical
Go¨6976, Rottlerin Sigma Aldrich N/A
IGF1 ELISA Kit RayBiotech N/A
Quik Change site-directed mutagenesis kit Agilent Technologies N/A
siRNAs against IGF1R, rictor, p53 Qiagen N/A
Experimental organism
Mus musculus National Institute of

Nutrition, Hyderabad, AP,
India

N/A

3. Results

3.1. Downregulated expression of IGF1 is associated with transition from
physiological hypertrophy to cardiac deterioration during detraining

Generation of physiological hypertrophy in swim group (S) was
confirmed by significantly increased heart weight to body weight ratio
(HW/BW), cardiomyocyte cross sectional area (CSA), physiological
hypertrophy markers α-mhc and serca compared to sedentary control
group (C) (Supplementary Fig. 1A, B, D). M-mode echocardiography
analysis revealed marked increase in left ventricular diastolic diameter

Fig. 2. Myocardium targeted overexpression and blocking of IGF1/IGF1R alters cardiac condition. (A) Representative western blot showing significant down-
regulation of IGF1R expression in SI compared to S. RPL32 was used as internal loading control. (B) Immunoblotting with anti-his antibody showing overexpression
of IGF1 in DIO compared to D and RPL32 was used as internal loading control. (C) Graphical representation of significant increase in HW/BW ratios in SI compared to
S and decrease in DIO compared to D. (D) Graph showing changes in CSA (in μm2) in different experimental groups. (E) Graphs showing significantly increased LVDD,
IVST in SI compared to S and increased %FS in DIO compared to D. (F) RT-PCR analysis showing significantly increased expression of anf and β-mhc in SI compared to
S, α-mhc and serca in DIO compared D. rpl32 was used as loading control. Corresponding graph showing relative fold changes in gene expression of different
hypertrophy markers. S: exercise trained mice treated with NS siRNA/empty plasmid-CMCP; SI: exercised trained mice treated with myocyte targeted IGF1R siRNA-
CMCP; D: detrained mice treated with NS siRNA/empty plasmid-CMCP; DIO: myocyte targeted IGF1 overexpressed D mice; C: control mice treated with NS siRNA/
empty plasmid-CMCP. All experiments were repeated independently for three times and the graphical representations were expressed as mean (±S.E.) of three
experiments.
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(LVDD: 2.65±0.021mm), fractional shortening (%FS:
64.3±1.172%) and inter-ventricular septum thickness (IVST:
0.55±0.02mm) in S group compared to C (LVDD: 2.03±0.09%FS:
58.07± 5.64%; IVST: 0.41±0.006mm; Supplementary Fig. 1C).

However, compromised cardiac condition was evident in detraining
group (D) characterized by significantly increased HW/BW, CSA and
increased expression of pathological hypertrophy marker genes anf, β-
mhc (Supplementary Fig. 1A, B, D) with significantly reduced expres-
sion of α-mhc and serca compared to S group (Supplementary Fig. 1D).
Significantly compromised cardiac function was evident in group D
mice (increased LVDD 3.897± 0.06mm; IVST 0.66±0.005mm and
decreased %FS 35.23±2.62%; Supplementary Fig. 1C) compared to
either group C or S.

Significant upregulation of igf1 expression was observed in S group
(3.06±0.18-fold) compared to group C (Fig. 1A). On the contrary,
group D showed significant downregulation of igf1 expression com-
pared to group C (1.87± 0.76-fold) and S (2.568± 0.845-fold)
(Fig. 1A). Similar trend was observed in expression of IGF1 protein
among three experimental groups (5.608±0.44-fold induction in
group S compared to C and 3.75±0.71-fold downregulation in D group
compared to group C) (Fig. 1B). Phosphorylation of IGF1R showed
marked decrease in D group (3.809±0.24-fold) compared to S group
further corroborating earlier trend (Fig. 1B).

Time point study (1 to 15 days post exercise) revealed gradual
decrease in serum IGF1 level with increasing period of detraining
in S group of animals (day 1: 274.9± 7.101 pg/ml, day 3:
245.7± 8.945 pg/ml, day 6: 217.5± 8.813 pg/ml, day 9:
115.6± 7.645 pg/ml, day 12: 97.49± 8.841 pg/ml, day 15:
44.22± 8.89 pg/ml) compared to group S (280.6± 7.226 pg/ml) and
decrease from day 9 onwards when compared to group C
(157.7± 6.15 pg/ml) (Fig. 1C). Similar time point detraining study in
group S animals (1–15 days post exercise) revealed gradual down-
regulation of IGF1 protein expression compared to S group (day 3:
1.12± 0.12-fold, day 6: 2.187± 0.0528-fold, day 9: 3.12± 0.23-
fold, day 12: 3.924± 0.012-fold, day 15: 4.167± 0.078-fold) while
phosphorylation of IGF1R was detected till 3rd day of detraining
(Fig. 1D).

3.2. Reversal of cardiac fate by myocardium-targeted knocking down of
IGF1R during exercise training and overexpression of IGF1 during detraining

Significant knockdown of total IGF1R expression was observed in
ventricular tissue of S group of mice administered with IGF1R siRNA-
CMCP (group SI: 3.09±0.12fold) compared to non-specific siRNA (NS
siRNA-CMCP) treated S group (Fig. 2A). Further, cardiac tissue specific
knockdown of IGF1R was confirmed by downregulated expression of
IGF1R in heart tissue compared with bystander organs of SI group
(Supplementary Fig. 2A). On the other hand, immunoblotting using
anti-Histidine, ‘his’ antibody showed successful over expression of IGF1
in D group of mice treated with IGF1-CMCP (group DIO: 3.12±0.23-
fold) compared to empty plasmid-CMCP treated group D (Fig. 2B).
Furthermore, mice with overexpressed IGF1-CMCP showed higher
cardiac tissue-specific expression of ‘his’ compared with other organs
(Supplementary Fig. 2B).

Interestingly, HW/BW was significantly increased in both group SI

and group D (group SI: 5.712±0.018; group D: 5.82± 0.028) com-
pared to group S (5.136± 0.03) and DIO (5.24± 0.02 Fig. 2C). Marked
increase in CSA was observed in groups SI and D (group SI:
274.6±3.02 μm2; group D: 285.8± 3.89 μm2) compared to either
group S (214.6± 4.238 μm2) and DIO (217.4± 2.09 μm2, Fig. 2D).
Significantly upregulated expression of pathological hypertrophy mar-
kers anf, β-mhc were evident in group SI (anf: 1.588±0.006-fold; β-
mhc: 1.508±0.011-fold) compared to group S (Fig. 2F) as revealed by
RT-PCR analysis. Moreover, α-mhc and serca showed significantly up-
regulated expressions in group DIO (α-mhc: 2.925± 0.377-fold; serca
3.577±0.25-fold) compared to D group (Fig. 2F). Collagen level was
studied both at mRNA and protein levels in various groups that showed
significantly upregulated expression of both col1 (3.29±0.10-fold) and
col3 (3.09±0.20-fold) in group SI along with significantly higher
percentage of collagen volume fraction (%CVF) in group SI

(2.863±0.202-fold) compared to group S as revealed by Masson's
Trichrome staining (Supplementary Fig. 4A–B). Knockdown of total
IGF1R in SI group revealed compromised heart function with increased
LVDD, IVST and decreased %FS (LVDD: 3.783± 0.14mm; IVST:
0.61±0.07mm; %FS: 38.57±1.17%) compared to group S (LVDD:
2.22±0.28mm; IVST: 0.55±0.02%; %FS: 64.3± 1.17%) (Fig. 2E).
On the other hand, group DIO with IGF1 overexpression, revealed im-
proved cardiac condition with decreased LVDD, IVST and restored %FS
(LVDD: 2.15± 0.12mm; IVST: 0.53± 0.04; %FS: 64.83±2.24%)
compared to D group (LVDD: 4.173±0.20mm; IVST: 0.65± 0.07mm;
%FS: 33.96± 2.02%) (Fig. 2E).

3.3. IGF1-mediated modulation of differential activation of PKCα, PKCδ
and their downstream target proteins

IGF1-mediated regulation of PKCs were determined in all experi-
mental groups. Interestingly, SI showed significantly increased
phospho/total PKCδ (2.64±0.26-fold) similar to group D, when
compared to group S (Fig. 3A). On the other hand, phospho/total PKCα
was significantly upregulated in group DIO (2.051± 0.09-fold) com-
pared to D group (Fig. 3A). These findings were further corroborated by
analysing membrane translocation of active PKCα from cytosol in DIO

and S groups and activated PKCδ in SI and D groups respectively
(Fig. 3B).

Phospho Akt (Ser473) was significantly higher in DIO group
(2.745±0.36-fold) compared to group D (Fig. 3C), without any al-
teration of total Akt level among all the experimental groups (Fig. 3C).
No phosphorylation of Akt was recorded in groups SI and D (Fig. 3C).

Activation of p53 as a downstream pro-apoptotic molecule of PKCδ
revealed significantly increased expression of both total and phospho
p53 in groups SI (total p53: 5.94± 0.22-fold; phospho p53:
3.05±0.12-fold for Ser46; 3.72± 0.01-fold for Ser15) and group D
(total p53: 5.67± 0.13-fold; phospho p53: 3.94±0.02-fold for Ser46;
3.64±0.01-fold for Ser15) when compared to group S (Fig. 3D).
Cleaved product for caspase-3 and Poly ADP ribose polymerase (PARP)
was evident in group SI, similar to group D (Fig. 3D).

Fig. 3. Myocardium targeted overexpression and blocking of IGF1/IG1R alters PKCs activation. (A) Representative western blots showing significantly increased
phospho/total ratio of PKCα in DIO compared to D and significantly increased phospho/total ratio of PKCδ in SI compared to S. RPL32 was used as internal loading
control. (B) PKCα and PKCδ also showed differential expression in membrane/cytoplasmic fractions among different treatment groups. A major band from a
Coomassie blue stained SDS-PAGE gel of fractionated membrane proteins and RPL32 for cytoplasmic proteins were used as internal loading controls. Corresponding
graphical representation showing significantly increased expression of membranal/cytoplasmic PKCα in DIO compared to D and PKCδ in SI compared to S. (C)
Representative western blots showing phosphorylation of Akt only in DIO and S. (D) Representative western blots showing significantly increased phospho/total p53
(Ser15, Ser46), cleaved Caspase-3 and PARP in SI compared to S. RPL32 was used as internal loading control. S: exercise trained mice treated with NS siRNA/empty
plasmid-CMCP; SI: exercised trained mice treated with myocyte targeted IGF1R siRNA-CMCP; D: detrained mice treated with NS siRNA/empty plasmid- CMCP; DIO:
myocyte targeted IGF1 overexpressed D mice; C: control mice treated with NS siRNA/empty plasmid-CMCP. All experiments were repeated independently for three
times and the graph was expressed as mean (±S.E.) of three experiments.
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3.4. IGF1 in association with mTORC2, modulates the cardiac fate

3.4.1. IGF1 alters mTORC2 expression
The overall status of mTORC2 was checked by analysing the ex-

pression of rictor, mTORC2 specific phospho-mTOR (Ser2481) and total
mTOR. Western blot analyses revealed significantly decreased expres-
sion of rictor in groups SI and D (SI: 4.325± 0.3-fold and D:
5.766± 0.35-fold) compared to group S (Fig. 4A). mTOR phosphor-
ylation showed marked decrease in group SI (2.99±0.22-fold) com-
pared to S group, similar to group D (Fig. 4A). However, DIO group
showed significant restoration of mTORC2 expression (4.73± 0.36-fold
for rictor; 2.48±0.10-fold for phospho-mTOR) compared to D group
(Fig. 4A). No significant alteration in total mTOR was found in any
experimental group (Fig. 4A).

3.4.2. mTORC2 dictates the altered cardiac fate
Myocardium-targeted delivery of rictor siRNA-CMCP (group SR) in S

group of mice hearts showed successful knockdown of rictor in group SR

(1.68±0.01-fold) compared to S group [Fig. 4B (i)]. Western blot
analysis revealed no significant change of rictor expression in bystander
organs of SR group (data not shown). Additionally, immunoprecipita-
tion with anti-mTOR antibody succeeded by immunoblotting with anti-
rictor antibody showed markedly lower interaction of rictor with mTOR
in both SR and D groups (3.52±0.32-fold for SR, 4.283±0.38-fold for
D) compared to S group [Fig. 4B (ii)]. Animals of SR group showed
significantly increased HW/BW ratio (5.712±0.01) compared to
group S (5.27± 0.07; Fig. 4C) akin to D group (5.768±0.01; Fig. 4C).
CSA was also significantly increased in group SR (277.4±3.682 μm2)
compared to group S (216.2± 4.29 μm2), similar to D group
(283.6±1.806 μm2, Fig. 4D).

SR group also showed attenuated cardiac efficacy as evidenced by
significantly increased LVDD (3.783± 0.14mm), IVST
(0.63±0.08mm) and decreased %FS (38.57± 0.74%) compared to
group S (LVDD: 2.33±0.26mm; IVST: 0.57± 0.05mm; %FS:
67.63± 3.33%; Fig. 4E). rictor knockdown during physiological car-
diac hypertrophy showed significant upregulation of pathological hy-
pertrophy markers (anf: 1.505± 0.072-fold, β-mhc: 1.504± 0.014-
fold) in SR group when compared to S group, similar to group D
(Fig. 4F). On the other hand, significant downregulation of α-mhc and
serca was found in SR group (α-mhc: 2.278±0.381-fold, serca:
1.639± 0.137-fold) compared to group S, as was observed in D group
(Fig. 4F).

3.5. mTORC2- a key regulator of heterogeneous regulation of PKCα and
PKCδ activation during exercise and detraining

Co-immunoprecipitation experiments using anti-mTOR antibody
followed by immunoblotting with anti-PKCα, anti-PKCδ and anti-rictor
antibody showed significantly higher interaction of PKCα with mTOR
in S group (4.306±0.39-fold) compared to either groups SR or D
(Fig. 5A). Interestingly, PKCδ also showed significantly increased as-
sociation with mTOR in S group (3.485±0.27-fold) compared to both
groups SR and D (Fig. 5A). However, increased level of mTOR-bound

rictor in group S (3.788± 0.29-fold) compared to both SR group and D
group was indicative of higher mTORC2 expression in group S
(Fig. 5A). Activation status of both PKC isoforms (PKCα and PKCδ) in
membrane protein fractions of the same tissue samples revealed in-
duced plasma membrane translocation from cytosol of PKCα ex-
clusively in group S and PKCδ in SR/D groups of animals implicating
activation of these PKC isoforms in respective groups (Fig. 5B). Inter-
mediate phosphorylation events for PKCα (Ser657) and PKCδ [Hydro-
phobic motif (HM): Ser662; Tyr311] were checked via western blot
analyses. PKCα phosphorylation (Ser657) was exclusively evident in S
group (Fig. 5C). On the other hand, phosphorylation at Ser662 of PKCδ
was solely recorded in S group whereas phosphorylation at Tyr311 of
PKCδ was observed in both SR and D groups but was absent in S group
(Fig. 5C).

3.6. Hydrophobic motif deactivation results in higher PKCδ activation along
with apoptotic regulators during detraining

Wild type and Ser662 deficient mutant of PKCδ (Alanine) cloned in
pCDNA6/V5 His-B mammalian expression vector were encapsulated in
CMCP for cardiac tissue targeted delivery in two separate swim groups.
Western blot analysis using anti-his antibody showed successful over
expression of wild type (SWT) and mutant (SM) PKCδ (Fig. 6A), abating
bystander effects (data not shown).

Immunoblotting showed significantly reduced Ser662 phosphor-
ylation level of PKCδ in groups SM and D (SM: 2.588± 0.19-fold and
D: 2.975± 0.32-fold) compared to SWT group (Fig. 6B). However,
PKCδ HM mutation, induced Tyr311 phosphorylation level in groups
SM and D (group SM: 4.093± 0.045-fold; group D: 4.26± 0.54-fold)
compared to SWT (Fig. 6B). No significant difference in phosphoryla-
tion (Ser662, Tyr311) of PKCδ was seen in SWT and S groups (Fig. 6B).
Significantly higher expression of active PKCδ in membrane fractions
in SM and D groups compared to SWT and S groups was also recorded
(Fig. 6C).

Western blot analyses revealed significantly increased phospho/
total ratio of p53 in SM (Ser15: 2.628± 0.16-fold; Ser46:
3.225± 0.27-fold) compared to SWT group (Fig. 6D), akin to group D
(Ser15: 2.734± 0.19-fold; Ser46 3.38± 0.43-fold). Cleaved products
of PARP and caspase-3 proteins were also evident in SM and D groups
(Fig. 6D).

3.7. Conditional activation of PKC isoforms differentially regulates IGF1 via
p53

Inhibition of PKCα (by Go¨6976) in group S showed significantly
downregulated expression of IGF1 both at RNA and protein level (RNA:
3.028±0.051 and protein: 4.513±0.20-fold) and absence of IGF1R
phosphorylation compared to untreated group S (Fig. 7A–B). On the
other hand, PKCδ inhibited (by Rottlerin) D group revealed significant
upregulation of IGF1 (mRNA: 3.987± 0.17 and protein: 4.644± 0.10-
fold) and phosphorylated IGF1R (4.513± 0.20-fold) compared to un-
treated group D (Fig. 7A–B).

Phosphorylation status of both Akt and p53 were studied in

Fig. 4. Association of mTORC2 with IGF1 mediates physiological/pathological cardiac hypertrophy. (A) Representative western blots showing significantly increased
expression of rictor, phospho-mTOR in DIO compared to D, although total mTOR remained same in all experimental groups. RPL32 was used as internal loading
control. (B) (i) Western blot analyses showing significantly downregulated expression of rictor in SR compared S, using RPL32 as internal loading control; (ii) Co-
immunoprecipitation analyses using anti-mTOR antibody followed by immunoblotting with anti-rictor antibody revealed downregulated interaction between mTOR
and rictor in SR compared to S. Blots were normalized by immunoblot of mTOR in the same samples. (C) Graph showing significant increase in HW/BW ratio in SR

compared to S. (D) Graphical representation of significantly increased CSA (in μm2) in SR compared to S. (E) Graphs showing marked increase in LVDD, IVST and
decreased %FS in SR compared to S. (F) RT-PCR analysis showing significantly increased expression of anf and β-mhc and decreased expression of α-mhc and serca in
SR compared to S. Corresponding graph showing expression profile of different hypertrophy markers. rpl32 was used as internal loading control. S: exercised mice
treated with NS siRNA/empty plasmid-CMCP; SI: exercised trained mice treated with myocyte targeted IGF1R siRNA-CMCP; SR: exercised mice treated with myocyte
targeted rictor siRNA-CMCP; DIO: myocyte targeted IGF1 overexpressed D mice D: detrained mice treated with NS siRNA/empty plasmid-CMCP; C: control mice
treated with NS siRNA/empty plasmid-CMCP. All experiments were repeated independently for three times and the graphical representations were expressed as mean
(±S.E.) of three experiments.
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respective experimental groups treated with PKC α/δ inhibitors.
Phospho Akt (Ser473) was significantly high in PKCδ inhibited group D
(2.9±0.045-fold), as observed in group S (Fig. 7C). On the other hand,
significant increase in phosphorylated p53 were evident in PKCα

inhibited S group (Ser15: 2.967±0.33-fold; Ser46: 3.04±0.52-fold),
akin to group D (Fig. 7D).

D group of mice hearts were targeted with p53 siRNA-CMCP abating
bystander effects. Successful knocking down of p53 was ascertained by

(caption on next page)
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significant downregulated p53 expression in D group hearts compared
to NS siRNA-CMCP treated detrained mice group (data not shown).
Detrained mice treated with p53siRNA-CMCP, revealed significant up-
regulation of igf1 expression (3.265±0.20-fold) compared to NS
siRNA-CMCP treated group D comparable with NS siRNA-CMCP treated
S group of mice (Fig. 7E). Additionally, ameliorated cardiac function
was observed in p53siRNA-CMCP treated detrained mice with markedly
decreased LVDD (2.17±0.20mm), IVST(0.57± 0.04mm) and in-
creased %FS (66.3±5.89%) compared to NS siRNA-CMCP treated
group D (LVDD: 3.81±0.15mm; %FS: 35.9±2.24%; IVST:
0.63±0.08mm) as revealed by M-mode echocardiographic analysis
(Supplementary Fig. 3).

4. Discussion

Loss of cardiac functional efficiency due to exercise cessation is well
documented [11,44–46]. Several studies in athletes [13, 14] and in
experimental animals [47,46] showed an obvious regression of
training-induced cardiac morphological and functional alterations,
after withdrawal for short period from active exercise regimen. It was
stated that, exercise withdrawal is a major contributing factor for in-
creased susceptibility to cardiovascular diseases in physically inactive
athletes [48,49]. A survey on retired National Football League players
revealed that Linemen have 52% greater risk of cardiac related death
than the general population [50] while another report showed a re-
duction in cardiovascular functional efficiency after few weeks of de-
training in previously trained men [51]. Short-term detraining studies
have unanimously pointed towards the trend of decreased maximal
oxygen uptake, blood volume, cardiac output, fractional shortening,
ejection fraction in human [11,44,52–56] as well as in animal models
[19,47,57] as measures of compromised cardiac function. However, the
precise molecular mechanism of such maladaptation without any ex-
ternal stress, is poorly understood till date. A previous study from our
lab showed that, exercise withdrawal for two weeks resulted in sig-
nificant deterioration of cardiac function with alteration of activated
PKC isoforms in a murine model [19]. Therefore, the present in-
vestigation was designed to decipher possible modulators involved in
such deterioration of cardiac function upon regimented exercise with-
drawal in light of switching from PKCα to PKCδ after detraining. This
study focuses on the evidence that, differential level of IGF1 during
exercise and detraining is perhaps responsible for conditional activation
of specific PKC isoforms (−α to −δ) via intermediate effector molecule
mTORC2. It was also evident from this study that downregulation of
IGF1 is governed by synergistic activation of PKCδ and deactivation of
PKCα, resulting in compromised cardiac condition upon exercise ces-
sation.

Cardiac hypertrophy in both exercised (S) and detrained (D) groups
were confirmed by significant increase in HW/BW ratio
(Supplementary Fig. 1A), CSA (Supplementary Fig. 1B), hypertrophy
markers anf, β-mhc, α-mhc, serca (Supplementary Fig. 1D) as described
previously [58–60]. Moreover, pathological condition upon exercise
cessation was also determined by significantly increased LVDD, IVST
and decreased %FS (Supplementary Fig. 1C) corroborating our previous
report [19].

Formerly IGF1 had been implicated in exercise-induced cardiac re-
modelling [22,23] and taken into account to modify maladaptive

adrenergic signaling induced by isoproterenol treatment [61]. All these
previous findings prompted us initially to probe the status of IGF1
during detraining period. Mature IGF1 binds to IGF1R resulting in
trans-autophosphorylation of the cytoplasmic tyrosine kinase domain of
the receptor which triggers the activation of downstream canonical
pathway [62,63]. In our study, a significant downregulation of IGF1
and phosphorylation of IGF1R were evident in D group (Fig. 1A–B).
Gradual decrease in serum IGF1 level was observed in a time point
detraining study after exercise, from the 3rd day of detraining till the
15th day (Fig. 1C), which was further substantiated by significant de-
crease in locally expressed IGF1 and its receptor activation (Fig. 1D).
Due to non-availability of enough information involving the direct sti-
mulation of cells in vitro to simulate physiological cardiac hypertrophy
[64] and non-viable translation of in vivo detraining model to in vitro
models, the use of a novel cardiomyocyte targeted nano-delivery ve-
hicle [39,40] helped us narrow down our observations to myocytes
alone in the in vivo setup. According to our knowledge, this is the first
report of cardiac-specific tissue engineering of certain genes, using a
nano-construct for effective monitoring of altered myocardial patho-
physiology during exercise and detraining. Cardiac tissue-targeted
blocking of IGF1R during exercise (group SI) and overexpression of
IGF1 in detraining condition (group DIO) helped us to dig deep towards
underlying mechanism for cardiac morphological, functional altera-
tions as well as differential PKC isoforms activation during exercise and
its cessation. Our data revealed that knocking down of IGF1R in swim
(SI) group potentially impaired cardiac function (Fig. 2E), similar to the
short-term detrained cardiac condition with decreased %FS, stroke
volume and cardiac output as revealed by echocardiography in other
reports [51–53,55]. Consistent with the trend, marked increase in HW/
BW ratio (Fig. 2C), increased CSA (Fig. 2D), up regulation of patholo-
gical hypertrophy markers (Fig. 2F), excess collagen accumulation
(Supplementary Fig. 4) were also manifested in SI group. Interestingly,
ameliorated cardiac condition was revealed by IGF1overexpression
during exercise cessation in group DIO (Fig. 2C–F, Supplementary
Fig. 4). This finding corroborates several earlier studies, where over-
expression of IGF1 has been shown to be associated with the betterment
of cardiac as well as skeletal muscle [65,66].

Switching of activation of PKCα and PKCδ has been implicated
previously in the reversal from physiological to pathological hyper-
trophy manifestations [19]. In tune with this, phosphorylation (Tyr311)
of PKCδ was observed in both SI and D groups (Fig. 3A) whereas, PKCα
(Ser657) phosphorylation was evident in both DIO and S groups
(Fig. 3A). Since membrane translocation of PKC is often considered as a
surrogate marker for its activation [67,68], exclusive membrane
translocation of PKCα (in DIO and S groups) and PKCδ (in SI and D
groups) further corroborated our previous findings (Fig. 3B). Increased
phosphorylation of pro-survival kinase Akt which acts downstream of
IGF1 and PKCα [69,70], was observed in DIO group similar to group S
(Fig. 3C). Since, apoptosis is related with cardiac pathophysiology
[40,72] and activated PKCδ had been implied to induce apoptotic
markers including p53 [72], caspase-3 [73] and PARP-a substrate for
caspase-3 [19,43], the overall apoptotic load in our experimental
groups were also checked. Increased expression of total and phos-
phorylated p53, cleaved fragment of caspase-3 and PARP were evident
only in SI and D groups [Fig. 3D]. So, alteration of the apoptotic mar-
kers in cardiomyocytes and increased collagen deposition by cardiac

Fig. 5. mTORC2 differentially regulates PKCα and PKCδ. (A) Co-immunoprecipitation experiments were done using anti-mTOR antibody followed by im-
munoblotting with anti-PKCα, PKCδ and rictor antibodies. rictor siRNA treatment significantly reduced the binding of PKCα, δ to mTOR in SR group compared to S.
Blots were normalized by immunoblot of mTOR in the same samples. Corresponding graph showing relative level mTOR bound PKCα, δ and rictor in different
groups. (B) PKCα and PKCδ also showed differential pattern of translocation to membrane from cytosol among different experimental groups, a major band from a
Coomassie blue stained SDS-PAGE gel of fractionated membrane proteins and RPL32 were used as internal loading control for membrane and cytosolic proteins
respectively. Corresponding graph showing membrane/cytoplasmic ratio of the same proteins from different experimental groups. (C) Representative western blots
showing differential phospho/total status of PKCα and δ among all experimental groups. RPL32 was used as internal loading control. S: exercised mice treated with
NS siRNA-CMCP; SR: exercised mice treated with myocyte targeted rictor siRNA-CMCP; D: detrained mice treated with NS siRNA-CMCP; C: control mice treated with
NS siRNA-CMCP. All experiments were repeated independently for three times and the graphs were expressed as mean (±S.E.) of three experiments.
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connective tissue (Supplementary Fig. 4) were observed in tandem in SI

and D groups which are a hallmark for pathological cardiac remodelling
[39,41]. Together, all these findings designated that IGF1 might be
serving as a potential regulator for differential activation of PKC iso-
forms during exercise and detraining. To unravel the intricate mole-
cular mechanism of IGF1 mediated PKC switching, status of mTORC2 as
a downstream molecule of IGF1/IGF1R mediated pathway [74], was
checked. mTORC2 is responsible to maintain ventricular function in
pressure overload hypertrophy [75,76]. Our finding revealed down-
regulated expression of rictor- an mTORC2 obligatory component [33]
and mTORC2 specific phosphporylation of mTOR at Ser2481 [77] ex-
clusively in SI group (Fig. 4A), suggesting the association of mTORC2 in
IGF1-mediated physiological hypertrophy. Significant restoration of
mTORC2 activity was also observed in group DIO similar to group S
(Fig. 4A). Myocardium-targeted rictor knockdown in swim group (SR)
also manifested severe cardiac deterioration as revealed by M-mode
echocardiography (Fig. 4E), with increased HW/BW and CSA
(Fig. 4C–D) and upregulated expression of pathological hypertrophy
marker genes in SR group (Fig. 4F) corroborating earlier reports that
claimed mTORC2 activates its downstream effector molecule Akt [78],
which positively regulates physiological cardiac hypertrophy [79].
Activation or inactivation of Akt/mTOR pathway had also been re-
ported to diverge physiological hypertrophy from transverse aortic
constriction (TAC) induced pathological condition [80]. Nevertheless,
exercise cessation related cardiac deterioration still remained elusive.
The role of mTORC2 in PKCα phosphorylation is well documented
[34,81]. However, mTORC2 mediated PKCδ phosphorylation and its
activation has not been studied extensively. To find out the possible
switching mechanism responsible for PKCα to -δ activation during de-
training, and to establish the role of mTORC2 in this regard, a co-im-
munoprecipitation study was undertaken with mTORC2, PKCα and
PKCδ. The data revealed a markedly higher interaction between
mTORC2::PKCα exclusively in S group (Fig. 5A). Such interaction was
responsible for translocation to membrane from cytosol and subsequent
activation of PKCα as evidenced by our study (Fig. 5B). Interestingly,
interaction between mTORC2 and PKCδ was also evident exclusively in
S group (Fig. 5A) but such interaction was not translated into final
activation of PKCδ, as translocated PKCδ in the membrane was not
found in the aforesaid group (Fig. 5B). Although activated PKCδ was
present in both SR and D groups where no interaction was seen between
mTORC2 and PKCδ (Fig. 5B).

To understand this quandary, different intermediate phosphoryla-
tion statuses were checked. The study revealed that mTORC2 binding to
PKCδ might be responsible for its HM (Ser662) phosphorylation re-
sulting in decreased membrane translocation from cytosol and hence
deactivation during exercise (Fig. 5B–C). This was partly corroborated
by a previous report where it was shown that phosphorylation of PKCδ
at Ser662 was regulated by mTORC2 in PDBu-induced HeLa/CP cells
[82]. In our study, absence of mTORC2 in both SR and D groups allowed
PKCδ to be activated. Activation of PKCs must first be processed by
tightly ordered phosphorylation events at three conserved positions:
activation loop, hydrophobic motif and turn motif of carboxy-terminal
end [83]. Unlike other PKC enzymes, activation loop (Thr505) phos-
phorylation is not always a precondition for catalytic activity of PKCδ

[84,85], whereas Tyr311 phosphorylation is essential for its final acti-
vation [83,86], and that depends upon phosphorylation status of hy-
drophobic motif (Ser662) [86,87]. However, studies have shown that
Tyr311 and Thr505 phosphorylate under same condition [85,88]. Since
we had checked the status of Thr505 in our previous report [19], here
status of Ser662 and Tyr311 were studied. Ser662 was mutated to
Alanine in swim group (SM), resulting in higher Tyr311 phosphoryla-
tion (Fig. 6B) and subsequent active translocation of PKCδ to membrane
compared to group SWT (Fig. 6C). Mutated PKCδ in group SM showed
higher apoptotic cardiomyocytes compared to wild type PKCδ (group
SWT; Fig. 6D). Thus, SM and D groups exhibited almost similar pattern of
PKCδ activation. These results thus imply that dephosphorylated HM
might result in activation of PKCδ during detraining. Similar reports
suggested that HM phosphorylation counters the activation and mem-
brane translocation of PKCδ [86,87]. The possible explanation was
phosphorylated HM elicited a conformational change where the V5
region interacted with the C2-like domain, that masked the C1 domain
from being exposed, thus making it less accessible to diacylglycerol
(DAG)/phorbol ester [68,85,86]. Mutated HM abrogated the interac-
tion between the V5 region and the C2-like domain, resulting in V5
region unable to mask the C2-like domain. The tightly interacted C1/
C2-like domain complex was then more exposed and thus more acces-
sible to DAG which made it more active than the wild type PKCδ. To-
gether all these observations suggest that IGF1 shortfall downregulates
mTORC2 activity which in turn activates PKCδ and deactivates PKCα
during detraining.

It was still unclear till date whether differentially activated PKC
isoforms have any role in the regulation of IGF1 during exercise
training and detraining. PKCα has been reported to be a pro-survival
protein promoting cell survival via direct activation of Akt [71]. Acti-
vated Akt in turn blocks p53 by serving as an antiapoptotic substrate for
MDM2 [89,90]. On the other hand, PKCδ is known to phosphorylate
and activate p53 [91]. PKCα inhibition during exercise training re-
sulted in Akt dephosphorylation and at the same time, upregulated
expression of phosphorylated and total p53, similar to group D
(Fig. 7C–D). Blocking of PKCα in group S also lowered the expression of
IGF1 at mRNA and protein level (Fig. 7A–B) along with reduced
phosphorylation of IGF1R (Fig. 7B), similar to group D. PKCδ inhibition
in D group on the other hand, resulted in activation of Akt (Fig. 7C) and
deactivated p53 (Fig. 7D) with upregulated expression of IGF1/IGF1R
(Fig. 7A–B) similar to group S. However, it required further exploration
to unravel precise regulation of IGF1/IGF1R during detraining. Recent
studies have revealed that the p53 pathway and IGF1-Akt pathway are
involved in sensing and integrating signals arising from intrinsic and
extrinsic stress responses and there lies a strong interconnection be-
tween them [70, 89]. Our study revealed increased expression of igf1 in
detrained mice hearts treated with p53 siRNA compared to NS-siRNA
treated group D (Fig. 7E). This was indicative towards transcriptional
repression of igf1 via p53 during detraining condition. This observation
was supported by a previous finding where it was shown that p53/
NFYA complex potentially repress basal IGF1 transcription during tu-
mour progression [92]. Moreover, repression of p53 also potentially
restored cardiac function even in detraining (Supplementary Fig. 3).
Thus, it can be inferred that functionally active p53 suppresses IGF1

Fig. 6. Hydrophobic motif phosphorylation blocks PKCδ activation during exercise. (A) Representative western blot, using anti-his antibody showing successful
overexpression of wild type and mutated PKCδ by CMCP-mediated delivery in SWT and SM respectively. RPL32 was used as internal loading control. (B)
Representative western blots revealed significantly increased Ser662 phospho/total ratio of PKCδ in SWT compared to either SM or D, while significantly increased
Tyr311phospho/total ratio of PKCδ in SM and D compared to SWT. RPL32 was used as internal loading control. (C) Mutated PKCδ showed significantly increased
translocation to membrane from cytosol in group SM compared to SWT. A major band from a Coomassie blue stained SDS-PAGE gel of fractionated membrane proteins
and RPL32 for cytosolic fraction were used as internal loading control. Corresponding graph showing similar expression pattern of the membranal PKCδ among
different experimental groups. (D) Representative western blots showing significantly increased phospho/total p53 (Ser15, Ser46), cleaved Caspase-3 and PARP in SM

compared to SWT with RPL32 as internal loading control. S: 4 weeks exercise trained mice treated with empty plasmid-CMCP; SWT: exercised mice treated with
myocyte targeted PKCδ wild type-CMCP; SM: exercised mice treated with myocyte targeted mutant PKCδ-CMCP; D: Detrained mice treated with empty plasmid-
CMCP; C: control treated with empty plasmid-CMCP. All experiments were repeated independently for three times and the graph was expressed as mean (±S.E.) of
three experiments.
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expression at the level of transcription and continuous shortfall of
IGF1/IGF1R/mTORC2 signal ensues deactivation of PKCα and con-
comitant activation of PKCδ during exercise withdrawal. It could thus
be suggested that a lesser level of physical activity or sequential de-
training might be recommended to maintain cardiac health of athletes
post retirement.

5. Conclusion

Our study distinctly demonstrates that reduced level of IGF1during
short-term detraining diminishes mTORC2 mediated differential

regulation of PKC isoforms (α and δ). Deactivated PKCα and activated
PKCδ together downregulate IGF1 via p53, which in turn results in
induced apoptosis and compromised cardiac condition. Thus, a feed-
back loop exists between IGF1 and p53 which senses the presence of
differentially activated PKC isoforms (Fig. 8). According to our
knowledge, this is the first in vivo study to comprehensively investigate
the intricate molecular mechanisms responsible for cardiac mala-
daptation without any external agonists, during detraining period.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.07.003.

Fig. 7. Activated PKCδ and deactivated PKCα downregulate IGF1 via p53 during detraining. (A) RT-PCR analyses revealed significant upregulation of igf1 in rottlerin
treated D group compared to D and downregulation of igf1 in Go¨6976 treated S group compared to S, rpl32 was used as internal loading control. (B) Immunoblotting
also revealed similar expression pattern of IGF1 and phospho/total IGF1R in different experimental groups. (C) Representative western blot showing significantly
higher phosphorylation of Akt in rottlerin treated D group compared to D. (D) Representative western blots revealed significantly increased phospho/total ratio of
p53 (Ser 15 and Ser46) in S+Go¨6976 compared to group S. RPL32 was used as internal loading control for all immunoblot experiments. S: PBS treated 4weeks
exercise trained mice; S+Go¨6976: S mice treated with Go¨6976; D: PBS treated detrained mice; D+ rottlerin: D mice treated with rottlerin; C: control mice treated
with PBS. (E) RT-PCR analysis showing significant upregulation of igf1 in p53 siRNA-CMCP treated D group compared to group D. rpl32 was used as internal loading
control. Corresponding graphical representation showing expressional changes of igf1 in different groups; relative mRNA expressions were log2 transformed S:
4 weeks exercise trained mice treated with NS siRNA-CMCP; D: detrained mice treated with NS siRNA-CMCP; D+p53siRNA: detrained mice treated with myocyte
targeted p53siRNA-CMCP; C: control mice treated with NS siRNA-CMCP. All experiments were repeated independently for three times and the graph was expressed as
mean (±S.E.) of three experiments.

Fig. 8. Schematic representation of a plausible mechanism responsible for the transition of physiologically hypertrophied heart to a maladaptive heart during
detraining via differential activation of PKC isoforms (α and δ) involving IGF1/mTORC2/p53.
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