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Abstract
This study investigated if the cardioprotective effect of acylated ghrelin (AG) against doxorubicin (DOX)-induced cardiac 
toxicity in rats involves inhibition of Fas/FasL-mediated cell death. It also investigated if such an effect is mediated by 
restoring Ca+2 homeostasis from the aspect of stimulation of SERCA2a receptors. Adult male Wistar rats were divided into 
4 groups (20 rats/each) as control, control + AG, DOX, and DOX + AG. AG was co-administered to all rats consecutively 
for 35 days. In addition, isolated cardiomyocytes were cultured and treated with AG in the presence or absence of DOX 
with or without pre-incubation with [d-Lys3]-GHRP-6 (a AG receptor antagonist), VIII (]an Akt inhibitor), or KT-5720 (a 
PKA inhibitor). AG increased LVSP, dp/dtmax, and dp/dtmin in both control and DOX-treated animals and improved cardiac 
ultrastructural changes in DOX-treated rats. It also inhibited ROS in control rats and lowered LVEDP, intracellular levels 
of ROS and Ca2+, and activity of calcineurin in LVs of DOX-treated rats. Concomitantly, it inhibited LV NFAT-4 nuclear 
translocation and downregulated their protein levels of Fas and FasL. Mechanistically, in control or DOX-treated hearts or 
cells, AG upregulated the levels of SERCA2a and increased the activities of PKA and Akt, leading to increase phosphoryla-
tion of phospholamban at Ser16 and Thr17. All these effects were abolished by d-Lys3-GHRP-6, VIII, or KT-5720 and were 
independent of food intake or GH/IGF-1. In conclusion, AG cardioprotection against DOX involves inhibition of extrinsic 
cell death and restoring normal Ca+2 homeostasis.
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Introduction

It is now well accepted that the overproduction of reactive 
oxygen species (ROS) and intracellular calcium [Ca2+]i 
overload are the key players in doxorubicin (DOX)-induced 
cardiomyocytes apoptosis and the subsequent irreversible 
heart failure (HF) in cancer patient and intoxicated animal 
[1–3]. Currently, accumulating evidence has shown that 
apoptosis mediated by the extrinsic [Fas/Fas Ligand (Fas/
FasL)-mediated] cell death is prominent over that of the 

intrinsic (mitochondria-mediated) cell death during pro-
gression to HF, post-DOX-therapy [1, 4–7]. Indeed, DOX 
rendered the cultured cardiomyocytes more sensitive to Fas/
FasL-induced apoptosis by overexpression of Fas receptor 
[7]. It also enhanced expression of FasL and induced Fas/
FasL cell death by Ca2+-dependent activation of calcineu-
rin-induced activation and nuclear translocation of nuclear 
factor of the activated T cells-4 (NFAT4), a major trans-
coactivator of FasL promoter [5].

Hence, and during the recent decades, much attention 
was given to understand the mechanisms by which DOX 
increases [Ca2+]i with a belief that blocking this event 
may provide a novel strategy to maintain heart contractil-
ity and protect the cardiomyocytes from the associated 
extrinsic cell death. Sarcoplasmic reticulum Ca2+ pump-2a 
(SR Ca2+-ATPase2a or SERCA2a) is the major Ca+2 pump 
in the heart of mammles that regulates mobilization of 
Ca+2 ions during the cardiac cycle and plays an essential 
role during cardiac contractility as it is indispensable for 
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resequestering Ca2+ to SR during relaxation [8]. Interest-
ingly, among all cardiac Ca2+ regulatory proteins, SER-
CA2a levels were significantly reduced in the failing hearts 
of animals and human of various cardiac diseases [9, 10]. 
The activation of SERCA2a is associated with an increase 
in [Ca+2]i during diastole, decreased contractility, and 
activation of the calcium-/calcineurin-dependent complex 
[9–12]. Similarly, reduced levels of SERCA2a were also 
observed in the failing hearts or cultured cardiomyocytes 
after DOX treatment mediated by activation of Erg-1, a 
common cellular inhibitor of SERCA2a promoter [13–15].

SERCA2a activity is correlated with mRNA and protein 
levels of the pump [14]. In addition, cardiac SERCA2a 
activity is tightly regulated and enhanced by phosphoryla-
tion activation of an associated membrane protein, phos-
pholamban (PLB) [16, 17]. In the heart, phosphorylation 
of PLB is induced by the activation of Protein Kinase A 
(PKA) (at Ser16) and Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) (at Thr17) [18]. Also, other studies 
have shown that activation of protein kinase B (Akt) phos-
phorylates PLB at Ser16 and Thr17 and it may act as an 
upstream inducer of PKA [19–21]. Level of PLB remained 
unaffected, but its phosphorylation rate was reduced and 
correlated with the reduced activity of SERCA2a. How-
ever, although one study has shown that DOX may reduce 
cardiac PLB level during the development of HF [22], 
there is no definite clear effect of DOX on PLB level and 
phosphorylation.

On the other hand, recent studies have shown a cardiopro-
tective effect of endogenous and exogenous acylated ghrelin 
(AG) in healthy men and animals, as well as, in patients or 
animals with myocardial infarction (MI), ischemia/reperfu-
sion injury and HF [23, 24]. This has been supported by 
the presence of mRNA of both AG and its receptor, growth 
hormone (GH) secretagogue receptor-a1 (GHSRa1), in the 
hearts of animals and human [23, 25, 26]. Acylated ghrelin 
have a wide range of action on the cardiovascular system 
including a vasodilator effect, improvement of cardiac con-
tractility and antioxidant defense, and inhibition of apoptosis 
and cardiac remodeling [23, 24, 27, 28]. The protective role 
of AG against DOX-induced cardiomyocytes apoptosis has 
been also reported in vitro, as it is able to increase numerous 
cell survival pathways (PI3K/Akt) and inhibit Fas agonist-
induced extrinsic cell death [27, 28]. However, the effects 
of AG on DOX-induced alterations in Ca+2 homeostasis and 
Fas/FasL have not been investigated in vivo.

Interestingly, it was shown that AG inhibited Angioten-
sin II-induced increase in the Ca+2 concentration in vas-
cular smooth muscle by activating PKA [29]. In addition, 
the anti-apoptotic effect of AG in various tissues including 
the heart was mediated by activation of Akt [27, 30]. These 
findings prompted us to hypothesize that AG may inhibit 
DOX-induced Fas/FasL-mediated cell death by activating 

SERCA2a activity through increased phosphorylation of 
PBL. However, it may act by other methods.

Therefore, the main aim of this study was to investigate 
if chronic administration of AG could protect the hearts of 
rats against DOX-induced Fas/FasL cell death and HF. This 
study also aimed to investigate if such protection is medi-
ated by restoring normal Ca2+ homeostasis with a focus on 
its effect on SERCA2a expression level, phosphorylation of 
PBL, and activities of PKA and Akt.

Materials and Methods

Animals

Adult male healthy Wistar rats weighing 140 ± 5 g, 8 weeks 
of age were used the experimental procedure. All rats were 
obtained and housed at the animal house of King Khalid 
University (KKU), Abha, Saudi Arabia, in a single room 
under a temperature of 22 ± 1 °C, humidity of 60%, and a 
12 h light/dark cycle and had free access to their control 
chow and drinking water. All procedures used in this study 
were approved by the College of Science Ethical Committee 
for the use and care of laboratory animals which follows the 
recommendations for the use and care of laboratory estab-
lished by the US National Institutes of Health (NIH publica-
tion No. 85-23, revised 1996).

Experimental Design

Eighty rats were divided into 4 groups (n = 20, each as fol-
lows: (1) control group: administered 0.2 ml of normal saline 
(s.c.) for 5 weeks on a daily basis, (2) AG-treated group: 
administered (s.c.) 0.2 ml of synthetic rat AG (cat. no. 
G8903.1MG; Sigma Aldrich, UK) in a final dose of 10 ng/kg 
for 5 consecutive weeks, every 20 h. (3) DOX-treated rats: 
administered DOX in an accumulative final dose of 15 mg/
kg over a period of 2 weeks on alternate days (2.5 mg/kg, 
i.p/dose, 6 doses) according to the procedures established 
by Lou et al. [31]. These rats were also administered normal 
saline (0.2 ml, s.c.) from the first day of DOX therapy until 
the end of day 35, and (4) DOX + AG-treated rats: admin-
istered DOX as mentioned above for 2 weeks and coadmin-
istered AG (10 ng/kg) (every 20 h), starting from the first 
dose of DOX, until the end of day 35. The experimental 
procedures were stopped by the end of day 35 as shown that 
such protocol results in HF 3 weeks after the last dose [31]. 
A summary of the experimental design is shown in Fig. 1.

In addition to the above-mentioned groups, we have also 
included another control group which was administered 
the vehicle (0.2 ml, i.p) at 6 doses on alternate days over 
2 week period to match DOX-treated groups. However, as 
no death occurs in these rats and all measured parameter in 
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this control group were not significantly different from the 
control groups which received the vehicle, s.c., this group 
was omitted for simplicity.

Dose Selection

Previously, it was shown that normal AG in fasting rats is 
about 100 pg/ml [32]. The dose of AG used in this study was 
selected after a series of preliminary experiments to cause a 
sustained increase in circulatory AG to a supra-physiological 
level (around 150 pg/ml that is sustained for the next 20 h). 
Also, this dose was also able to restore circulatory levels of 
AG in DOX-treated rats to almost normal levels (shown in 
the results). Given that the adult rat used in this study are 
averaged about 140 g (1 kg/7.41) and contain an averaged 
blood volume of 20 ml, then 10 ng/ml which is equivalent 
to 1000 pg/ml was be divided over 7.14 and then over 20 ml. 
So, the equivalent dose was about 70 mg/ml of blood. Such 
dose was also used by other authors to yield a supra-physi-
ological level and was associated with a potent antioxidant 
and anti-inflammatory effects with no effect on food intake 
or body weights in control rats [33, 34].

Biochemical Analysis in the Serum

Twelve hours post the last treatment on day 35, 1 ml blood 
was collected from rat’s tail into EDTA-tubes (in some cases 
into special tubes supplied with the kit used to measure lev-
els of AG), centrifuged at 3000 rpm for 10 min to collect 
plasma. Samples were stored at − 20 °C for further biochem-
ical analysis. Plasma levels of creatine kinase-MB (CK-MB) 
and brain natriuretic peptide (BNP) were analyzed using 
commercial rat’s ELISA kits (cat. no. E4608, Biovesion, 

USA & cat. no ab108816, Abcam, UK, respectively). Plasma 
levels of AG were measured within 3 days after blood col-
lection using special rat’s ELISA kits (A05117, SPI Bio, 
France). The kit is already provided with collecting tubes, 
protease inhibitors and chemical reagents to prevent AG 
degradation and promote its stabilization. All samples were 
measured in duplicates for 12 samples/group in accordance 
with the manufacturer’s instructions. After blood collection, 
all rats were then returned to their cages for the next 24 h 
with free access to food and water uptake.

Recording of Cardiac Hemodynamic Parameters and 
Tissue Collection

Twenty-four hours after blood collection, left ventricu-
lar systolic pressure (LVSP), left ventricular end-diastolic 
pressure (LVEDP), maximal rate of increase in LV pressure 
(LVdP/dtmax), and maximal rate of decrease in LV pressure 
(LVdP/dtmin) were recorded in all rats of all groups, in an 
open chest surgery, at the physiology laboratory at the Col-
lege of Medicine at KKU, Abha, KSA, according to their 
pre-established method [24]. All recordings were performed 
for 30 min after an initial stabilization period of 10 min and 
were acquired and analyzed using LabChart software and 
blood pressure analysis module (V8, AD Instruments Ltd., 
Australia). At the end of the recording, LVs were directly 
removed and rapidly washed with ice-cold phosphate buff-
ered saline (PBS, pH 7.4). Then, they were cut on ice into 
smaller pieces, some of which were frozen at − 80 °C for 
biochemical and molecular analysis studies and other parts 
were fixed in 2.5% glutaraldehyde prepared in 0.1 M sodium 
cacodylate buffer and processed for electron microscopy 
studies.

Fig. 1   A summary of the exper-
imental design of this study
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Preparation of Whole Cell, Cytosolic, and Nuclear Fractions

To prepare the total cell homogenate, frozen LVs samples 
(30 mg) were homogenized, individually, in 0.5 ml of ice-
cold phosphate PBS (pH 7.4) supplied with protease and 
inhibitors cocktail (cat. no. P8340 Sigma-Aldrich, MO, 
USA). The resultant supernatants were stored at − 80 °C 
and used later for the measurements of some biochemical 
parameters. The nuclear and cytoplasmic fractions were pre-
pared from frozen LVs using a commercially available kit 
(cat no. 78835, ThermoFisher Scientific). These fractions 
were stored at − 80 °C and used later for western blotting 
detection of NFAT4.

Measurements of Biochemical Parameters in LV 
Homogenates

The activity of calcineurin in the cardiac homogenates or 
cultured cells was determined using a calcineurin cellular 
activity assay Kit (cat. no. BML-AK816, Enzo Life Sci-
ences, Lausen/Switzerland). Levels of total ROS in LVs 
homogenates were measured using an OxiSelect™ in vitro 
assay kit (cat. no. STA-347, Cell Biolabs, Inc. San Diego, 
CA). Levels of intracellular Ca2+ in the LVs homogenate 
or cultured cells were measured using Flou-8 calcium flux 
assay kit (ab112129, Abcam UK). Absorbance or the fluo-
rescence intensity was measured using Paradigm Detection 
Platform (Beckman Coulter) at the provided wavelengths or 
excitation and emission wavelengths. All procedures were 
done for n = 6/group and presented as percentages of control.

LV Cardiomyocyte Isolation and Culture

For the in vitro part of the study, LV cardiomyocytes were 
isolated from adult healthy male Wistar rats (with the same 
genetic background to those used in the in vivo part) as 
exactly described by Donthi et al. [35]. Then, cardiomyo-
cytes were counted and cultured (3 × 105) for 24 next hours 
at 37 °C (95% air, 5% CO2) in 25-cm2 culture flasks contain-
ing 5 ml of culture Dulbecco’s modified Eagle’s (DMEM) 
medium containing 10% fetal bovine serum (FBS), 0.1 mg/
ml streptomycin, and 100 U/ml penicillin (Sigma Aldrich 
UK). During the procedure, the content of each flask was 

decanted into a new flask at 4 and 24 h after the initial cul-
ture to remove fibroblast. Then, the medium was changed 
after 4 days and then every other day thereafter.

Cardiomyocytes Treatments

Experiments involving cultured cardiomyocytes were per-
formed in 60 mm culture dishes. DOX and AG were pre-
pared directly in PBS whereas all other inhibitors (Sigma 
Aldrich, UK) were prepared in dimethylsulfoxide (DMSO) 
and then diluted in PBS (DMSO final concentration was 
0.1%). Cells were incubated in the culture media with DOX 
(1 μM) in the absence or presence of AG (1 μM) for 20 h. 
To investigate if the effect of AG mediated by GHSRa1, 
Akt, and PKA, some cells were pre-incubated with either 
AG receptor antagonist ([d-Lys3]-GHRP-6; 10 µM), Akt 
inhibitor (VIII; 20 μM), or PKA inhibitor (KT-5720; 5 µ) 
for 2 h before being re-incubated in new media contains 
DOX and AG. Control cells were incubated with DMSO 
alone. The concentration of DOX, AG, and all other inhibi-
tors used in this study were adopted from similar studies 
[27, 36–38]. Cell viability in cultured cells was performed 
using MTT assay (tetrazolium blue thiazol-3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyl-tetrazolium).

Quantitative Real‑Time PCR (qPCR)

mRNA levels of SERCA2a, IGF-1, GHSRa1, and GAPDH 
were measured using qPCR. Primer pairs for the above-men-
tioned genes were adopted from similar studies in Wistar rats 
[30, 39, 40] and are shown in Table 1. Briefly, total RNA 
was extracted from each LV sample (50 mg) using RNe-
asy Mini Kit (cat. no. 74104, Qiagen, Victoria, Australia). 
Single-stranded cDNA was synthesized using Superscript 
II reverse transcriptase and oligo (dT) (cat. no. 18064014, 
ThermoFisher, MA, USA). PCR runs were performed a 
CFX96 real-time PCR system (Bio-Rad, CA, USA) using 
Ssofast Evagreen Supermix (cat. no. 172-5200, BioRad, 
Montreal, Canada). Each plate contained at least two con-
trols without template DNA. All procedures were done in 
duplicates for n = 6/group and according to the manufac-
turer’s instructions.

Table 1   Primers used in the PCR reaction

Gene Genbank acc. no. Forward (5′ =>3′) Reversed (5′ =>3′) Product 
size (bp)

SERCA2a AY-948198 GGA​GGC​GTT​GCT​AAA​CAC​TC GAA​CCA​GCC​TTC​GAT​ATT​GG 201
GHSRa1 U94321 AGG​CAA​CCT​GCT​CAC​TAT​GCTG​ GAC​AAG​GAT​GAC​CAG​CTT​CAGC​ 292
IGF-1 NM 001082477 AAG​CCT​ACA​AAG​TCA​GCT​ CG GGT​CTT​GTT​TCC​TGC​ACT​TC 166
GAPDH NM_017008 ACC​CAT​CAC​CAT​CTTCC​ GGT​TCA​CAC​CCA​TCACA​ 194
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Western Blotting

To prepare total homogenates, frozen LVs or isolated cul-
tured cardiomyocytes of all groups were homogenized 
in 0.5 ml RIPA buffer (150 mM sodium chloride 1.0% 
NP-40 or Triton X-100 0.5% sodium deoxycholate 0.1% 
SDS, 50 mM Tris, pH 8.0) plus protease inhibitors (cat. 
no. P8340, Sigma-Aldrich, St. Louis, MO, USA). Protein 
levels of NFAT4 were determined in both the nuclear and 
cytosolic fraction prepared from LVs as previously men-
tioned above, whereas all other proteins were detected 
in the total cell extracts. In all cases, protein levels in 
all fractions were measured using a Pierce BCA Protein 
Assay Kit (cat. no. 23225, ThermoFisher Scientific). For 
western blotting, an equal amount of proteins (60 µg/
well) were loaded and resolved on an SDS–polyacryla-
mide gel (8–12%) and then electroblotted onto nitrocel-
lulose membranes (Sigma Aldrich UK). After successful 
washing with Tris-buffered saline (TBS-T) and blocking 
with 5% nonfat milk (in TBS-T buffer), membranes were 
incubated with the primary antibody as shown in Table 2. 
Membranes were then incubated with the corresponding 
HRP-conjugated secondary antibody. All antibodies were 
diluted in TBS-T buffer (Table 2). Antigen–antibody-
interactions were detected using a Pierce ECL kit (Ther-
moFisher, USA, Piscataway, NJ) and then photographed 
and analyzed by C-DiGit Blot Scanner (LI-COR, USA) 
and its associated software. Each membrane was stripped 
up to 4 times in which the detection of phosphorylated 
form was done first and the detection of β-actin was the 
last. Data were analyzed for at least three samples/group 
or treatment. Band density between gels and the stripped 
blot was normalized using an internal standard.

Electron Microscopy Evaluation

For electron microscopy, LVs were fixed in 2.5% glutar-
aldehyde prepared in 0.1 M sodium cacodylate buffer for 
24 h followed by embedment in Spur’s resin and cut into 
1 μm semi-thin sections. Ultrathin sections were then stained 
with uranyl acetate and lead citrate followed by examination 
with a JEM-1011transmission electron microscope, Jeol Co. 
Japan at 80 kV.

Statistical Analysis

All data were analyzed using GraphPad Prism statistical 
software package (version 6) using one-way analysis of 
variance (One-Way ANOVA) followed by Tukey’s test for 
multiple comparisons. p > 0.05 was considered significantly 
different and values were presented as mean ± SD.

Results

General Observation

We have monitored the general appearance of rats of all 
groups during the time course of this study. Generally, 
at the end of week 2 of DOX-treatment (the last dose of 
DOX), DOX-treated animals looked sick, lethargic and 
their hair became scruffy with yellow tings and slightly 
enlarged abdomens, compared to all other groups. How-
ever, all other groups looked healthy and energetic. These 
symptoms became more extensively and profound with 
time in DOX-treated rats, as animals developed large abdo-
mens and ascites during the 2nd and 3rd week post the last 
DOX-injection. At the time of dissection or necropsy (at 
time of death), livers of control or control + AG-treated rats 

Table 2   Antibodies used in the 
current study

Antibody Ca. no. MW (kDa) Manufacturer

SERCA2a sc-53010 100, 1:100 Santa Cruz Biotechnology
Phospholamban (PBL) 14562 12/24, 1:1000 Cell signalling Technology
p-PLB (Ser16) PA1-25784 6, 1:250 ThermoFisher Scientific
p-PLB (Thr17) A010-13AP 27, 1:100 Badrilla
NFAT4 (NFATc3) 4998 140–190, 1:500 Cell signalling Technology
Fas sc-74540 48 kDa, 1:1000 Santa Cruz Biotechnology
FasL sc-19681 26/40 kDa, 1000 Santa Cruz Biotechnology
Caspase-12 15, 1:500 Santa Cruz Biotechnology
Akt sc-5298 62: 1:1000 Santa Cruz Biotechnology
p-Akt (Ser473) 9271 60, 1:500 Cell signaling Technology
PKA 4782 42,1:500 Cell signaling Technology
p-PKA (Thr197) 4781 42, 1:500 Cell signaling Technology
Cleaved caspase-3 9661 1/19, 1:500 Cell signalling Technology
Β-actin 4967 45, 1:3000 Cell signalling Technology
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appeared normal with no peritoneal fluid accumulation. 
However, DOX-treated rats had enlarged dark color livers 
and increased volume of peritoneal fluids in their abdomens, 
whereas DOX + AG-treated rats showed almost normal liv-
ers appearance with very little to no fluid accumulation in 
their abdomens (volumes not measured).

Changes in Body Weights, Food Intake, and Survival 
Rate

Plasma levels of AG and average food intake measured 
between week 1 and week 5 as well as final body weight 
were significantly decreased in DOX-treated rats compared 
to control rats (Fig. 2a–c). However, plasma AG was slightly 
but significantly increased in DOX + AG-treated rats during 
the first 2 weeks of therapy (Fig. 2a). On the other hand, lev-
els of AG have significantly increased overall periods of the 
study in the control + AG-treated rats compared to control 
rats (Fig. 2a). Administration of AG to control or DOX-
treated rats didn’t significantly alter their food intake or 
final body weights compared to control or DOX-treated rats, 
respectively (Fig. 2b and c). In addition, with no death was 
recorded in control + AG-treated rats, the survival rate was 
significantly decreased in DOX-treated rats (7 deaths) and 
was significantly reduced to 3 deaths only in DOX + AG-
treated rats (Fig. 2d).

Changes in Plasma Cardiac Markers 
and Hemodynamic Parameters

Plasma levels of CK-MB and BNP 45 and values of LVEDP 
were not significantly changed but values of LVSP, dp/dtmax, 
and dp/dtmin were significantly increased in control + AG-
treated rats compared to control group (Fig. 3a–d). However, 
levels of CK-MB and BNP 45 and values of LVEDP were 
significantly increased whereas values of LVSP, dp/dtmax, 
and dp/dtmin were significantly reduced in DOX-treated rats 
compared to control rats (Fig. 3a–d). On the other hand, 
levels of CK-MB and BNP 45 and values of LVEDP were 
significantly reduced and values of LVSP, dp/dtmax, and dp/
dtmin were significantly increased in DOX + AG-treated rats 
compared to DOX-treated group (Fig. 3a–d).

Histology Examination

Light microscopic examination of sample heart section 
of AG-treated control rats showed the normal appearance 
of the cardiac muscles histology that is almost similar to 
control rats with normal branching of cardiac muscle fibers 
with central oval euchromatic nuclei (Fig. 4a and b). How-
ever, DOX-treated rats showed the area of disorientation of 
the wavy muscles fibers with loss of the normal striation, 
increased spaces between myofibers, fragmentation and 
cytoplasmic vacuolization of the muscles fibers, congestion 

Fig. 2   Plasma levels of acylated ghrelin (a), average weekly food 
intake (b) and final body weights (c), and survival rate (d), of all 
experimental rats. Data are presented as mean ± SD of n = 12 rats/
group. α: significantly different compared with the control group. β: 

significantly different compared with the control + AG-treated group, 
γ: significantly different compared with doxorubicin (DOX)-treated 
group
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of blood vessels, and loss of normal oval nuclei shape with 
most of these nuclei to undergo pyknosis and karyorrhexis 
(Fig. 4c). Concomitant administration of AG with DOX sig-
nificantly abolished the damaging effect of DOX-on heart 
structure where they gain their normal striation and nuclei 
appearance. In these hearts, extra spaces between the mus-
cles fibers, vacuolization, and fragmentation were barely 
shown (Fig. 4d). In addition, the number of pyknotic nuclei 
was significantly decreased.

Changes in Plasma Levels of GH and IGF‑1 
and Left Ventricular mRNA Levels GHRSa1, IGF‑1, 
and SERCA2a

Plasma levels of GH and IGF-1 and cardiac mRNA lev-
els of GHRSa1, IGF-1, and SERCA2a were significantly 
increased in control + AG-treated rats (Fig. 5a–d). How-
ever, plasma levels of GH and mRNA of GHSRa1 were 
significantly increased but plasma levels and cardiac 
mRNA levels of IGF-1 and SERCA2a were significantly 
decreased in DOX-treated rats (Fig. 5a–d). As compared 
to DOX-treated rats, administration of AG to DOX-treated 

rats resulted in the maximum increase in plasma levels of 
GH and significantly increased mRNA levels of SERCA2a 
with no alteration in mRNA levels IGF-1 and GHSR1a 
(Fig. 5a–d).

Changes in Left Ventricular Activity of Ca+2/
Calcineurin/NFAT‑4 Axis

Left ventricular (LV) protein levels of cleaved caspase-8, 
cleaved caspase-3 and nuclear levels of NFAT-4, as well as 
levels of ROS and [Ca2+]i, and activity of calcineurin were 
not significant between control or control + AG (Fig. 6a–d). 
However, protein levels of Fas and FasL were significantly 
decreased and cytoplasmic protein content of NFAT-4 was 
significantly increased in LVs of control + AG compared to 
control rats (Fig. 6a). However, levels of all these meas-
ured biochemical endpoints with increased nuclear accu-
mulation of NFAT-4 were seen in LVs of DOX-treated rats 
compared to control and were significantly reduced in LVs 
of DOX + AG-treated rats compared to DOX-treated rats 
(Fig. 6a–d).

Fig. 3   Plasma  levels of creatinine kinase-MB (CK-MB, a) and 
brain natriuretic peptide (BNP 54, b), and cardiac hemodynamic 
parameters (c and d) in all experimental rats. Data are presented as 
mean ± SD of n = 12 rats/group. α: significantly different compared 

with the control group. β: significantly different compared to the con-
trol + AG-treated group, γ: significantly different compared to doxo-
rubicin (DOX)-treated group
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Changes in Levels of SERCA2a and PLB and Activities 
of PKA and Akt

Total protein levels of PLB, Akt, and PKA were not sig-
nificantly changed between all tested groups (Fig. 7a, c, 
d). Protein levels of SERCA2a, p-Akt (Ser437) and p-PKA 
(Thr197) were significantly increased in LVs of control + AG-
treated rats but were significantly reduced in DOX-treated 
rats compared to control rats (Fig. 7a–d). Administration 
of AG to DOX-treated rats significantly increased levels of 
SERCA2a, p-Akt (Ser437) and p-PKA (Thr197) compared to 
control groups (Fig. 7a–d).

Cell Viability, Calcineurin Activity, and [Ca2+]i Levels 
in Cultured Adult Cardiomyocytes

Cell viability of cultured cardiomyocytes and their calcineu-
rin activity and [Ca2+]i were not affected in AG-treated cells 
compared to control cells treated with diluted DMSO (0.1%) 
(Fig. 8a–c). On the other hand, calcineurin activity and 
[Ca2+]i levels were significantly decreased and cell viability 
was significantly decreased in DOX-treated cells compared 
to control cells and were reversed when DOX-treated cells 
were coincubated with AG (Fig. 8a–c). Interestingly, cell 

viability, calcineurin activity and [Ca2+]i levels were not 
significantly different between DOX-treated cells and DOX 
+ AG pre-incubated with AG receptor antagonist (d-Lys3-
GHRP-6), Akt inhibitor (VIII), or PKA inhibitor (KT-5720) 
(Fig. 8a–c).

Protein Levels of SERCA2a, FasL, p‑PBL (Ser16 
and Thr17), and Cleaved Caspase‑8 in Cultured 
Adult Cardiomyocytes

Protein levels of FasL and cleaved caspase-8 were signifi-
cantly increased and protein levels of SERCA2a and p-PBL 
(Ser16 and Thr17) were significantly decreased in DOX-
treated cells (Fig. 9a–d). On the other hand, protein levels 
of FasL and cleaved caspase-8 were significantly decreased 
whereas protein levels of SERCA2a and p-PBL (Ser16 and 
Thr17) were significantly increased in cultured cardiomyo-
cytes incubated with diluted DMSO and AG (Control + AG) 
or DOX + AG treated cells (Fig. 9a–d). Pre-incubating the 
DOX + AG with AG receptor antagonist (d-Lys3-GHRP-6), 
Akt inhibitor (VIII), or PKA inhibitor (KT-5720) completely 
abolished the effect of AG and the levels of these parameters 
were similar to those seen in DOX-treated cells (Fig. 9a–d).

Fig. 4   Representative images of some heart samples of the hema-
toxylin and eosin (H&E) staining from all experimental rats. a and b 
were taken from control and control + acylated ghrelin (AG) treated-
rats, respectively, and showing normal branching of cardiac muscle 
fibers (white arrowheads) with central oval euchromatic nuclei (big 
white arrows). The fibroblasts were seen in the endomycium, and 
their flat nuclei were deeply stained (small white arrows). c was taken 
from a DOX-treated rat showing disorientation of muscles fibers that 
appear wavy with evidence of some degeneration and fragmentation 
(black arrows). Multiple vacuolation was seen in the muscle fibers 
(yellow arrows). Multiple nuclei were pyknotic (white arrow), and 

some were karyorrhexis (black arrowhead). A white area surround-
ing the pyknotic nuclei was also seen and was abundant (yellow 
arrowheads). d was taken form DOX + AG-treated rats and showing 
significant improvement in muscle fibers striation which almost looks 
like the control (white arrowhead). Vaculation was almost not seen 
in muscle fibers. Most nuclei were oval in shape (big white arrows). 
However, very few nuclei were pyknotic (small white arrow). Also, 
the white areas surrounding the pyknotic nuclei were rarely seen (yel-
low arrowhead). Fragmentation was also seen but occasionally (black 
arrow)
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Changes in Ultrastructure Changes

Compared to control rats, administration of AG to control 
rats did not cause any alteration in the ultrastructure of the 
LVs cells and similar picture to that of control rats was 
seen (Fig. 10a and b). However, DOX-therapy resulted 
in severe damage of the LVs including degenerated cyto-
plasm, damaged myofibrils fragmentation of Z and H 
muscle bands and damaged mitochondria. In addition, 
it resulted in it in small pyknotic nuclei with the frag-
mentation of chromatin masses in their nuclear envelopes 
(Fig. 10c). On the other hand, administration of AG to 
DOX-treated rats significantly improved LVs cells ultra-
structure, restored muscle fibers mass, cells striation and 
improved mitochondria structure (Fig. 10d).

Discussion

This in vivo study is the first in the literature that showed 
that DOX is associated with reduced SERCA2a levels and 
activity, as well as, lower phosphorylation of PLB at Ser16 
and Thr17. In addition, it is uniquely showed that AG could 
prevent DOX-induced Fas/FasL apoptosis by restoring Ca2+ 
homeostasis and inhibits NFAT-4 nuclear accumulation by 
reversing the above-mentioned mechanisms through activa-
tion of PKA and Akt.

It has been demonstrated that DOX therapy is associated 
with multi-organ toxicity including bone marrow depression 
and cardiac, pulmonary, hepatic, renal, and testicular toxic-
ity [41–43]. In this, regards, it was shown that short-term 
DOX administration in rodents (up to 10 days) is associated 

Fig. 5   Plasma levels of growth 
hormones (GH, a) and insulin-
like growth factor-1 (IGF-1, b) 
and mRNA levels of GHSRa1 
(c), IGF-1 (d), SERCA2a (e) 
in all experimental rats. Data 
are presented as mean ± SD of 
n = 6 rats/group. α: significantly 
different compared with the 
control group. β: significantly 
different compared to the 
control + AG-treated group, γ: 
significantly different compared 
to doxorubicin (DOX)-treated 
group
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with renal and hepatic toxicity, whereas cardiac toxicity and 
congestive HF can develop at least 3 weeks post the last dose 
of DOX and is associated with depressed cardiac function, 

ascites, hepatomegaly, congested liver, and increased 
mortality (30%) [31, 44]. Similar to these findings, DOX-
treated rats of this study had a mortality rate of 35% and 

Fig. 6   Protein levels Fas and Fas ligand (FasL) (a), cleaved caspase-8 
and 3 (c), levels of reactive oxygen species (ROS, d) and intracel-
lular calcium [Ca2+]i (d), and activity of calcineurin (d) in the total 
left ventricular (LV) homogenates, as well as, LV cytoplasmic and 
nuclear levels of NFAT-4 (b) in all experimental rats. Data are pre-

sented as mean ± SD of n = 6 rats/group. α: significantly different 
compared with the control group. β: significantly different compared 
to the control + AG-treated group, γ: significantly different compared 
to doxorubicin (DOX)-treated group
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demonstrated several signs of cardiac toxicity 3 weeks post 
the last dose of DOX including depressed systolic function, 
increased LVEDP, vacuolation of the myocytes, myofibril-
lar loos, mitochondria damage, the higher circulatory levels 
of CK-MB and Troponin T, ascites, and hepatomegaly. All 

these alterations have been previously described in failing 
hearts of both human and animals after DOX therapy and 
were attributed to increased generation of ROS, impaired 
[Ca+2]i overload, and active apoptosis [31, 44–49]. In addi-
tion, we have also observed a significant reduction in rat’s 

Fig. 7   Protein levels SERCA2a (a), total phospholamban (PLB) (a), 
phosph-phospholamban (p-PLB Ser16 and Thr17 (b) total levels of 
Akt and phospho-Akt (Ser473) (c) and total PKA and phospho PKA 
(Thr197) (d) in left ventricles (LVs) of all experimental rats. Data are 

presented as mean ± SD of n = 6 rats/group. α: significantly different 
compared with the control group. β: significantly different compared 
to the control + AG-treated group, γ: significantly different compared 
to doxorubicin (DOX)-treated group
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final body weights after DOX therapy which could be attrib-
uted to the DOX-induced reduction in food intake and appe-
tite as demonstrated previously in this animal model [50].

On the other hand, patients or animal’s models of HF usu-
ally have lower plasma levels of AG compared to control and 
the severity of HF correlates with the decrease in circulatory 
AG [51–53]. Hence, we hypothesized that restoring normal 
levels of AG could prevent DOX-induced cardiotoxicity. In 
the same line, the circulatory levels of AG were dropped 
significantly starting from week 1 post DOX therapy and 
reach the peak at the end of week 5. However, the selected 
dose of AG in this study significantly increased AG in con-
trol and DOX-rats by 60–70% and prevented the decrease in 
AG in DOX-treated rats during all weeks of this study. In 
fact, the levels of AG in DOX-treated rats were completely 
normalized by such AG regimen. Similar to these findings, 
AG at this dose was shown to cause physiological increase in 
the circulatory levels of AG in rats without any influence on 
food intake [33, 34]. This could explain why control + AG or 
DOX + AG-treated rats had normal food intake and weight 

gain and could suggest that all these cardiac benefits (as 
discussed below) afforded by AG are independent on food 
intake or modulating body weight.

However, the cardioprotective effect of AG was demon-
strated in the hearts of both control and DOX-treated rats. 
Opposite to DOX-treated rats, coadministration of AG along 
with DOX for 35 days significantly increased rat’s survival 
rate, reduced the observed gross abnormalities (ascites and 
hepatomegaly) and improved hemodynamic functions of 
DOX-treated rats. It also increased systolic function of the 
hearts of control rats. In addition, based on our observations, 
the DOX + AG was healthier and more energetics during all 
weeks of the study. Similar to these findings, the stimulatory 
effect of AG on heart contractility of healthy men has been 
also shown previously [23]. Further support for the protec-
tive effect of AG against DOX-induced cardiotoxicity was 
evident by the lower circulatory levels of cardiac markers, 
morphology and structure and lower levels of cleaved cas-
pase-3, as a marker of apoptosis, in the LVs of DOX + AG-
treated rats, effects that were independent of food intake.

Fig. 8   Cell viability (a), levels 
of intracellular calcium [Ca2+]
i (b) and activity of calcineurin 
(c) in cultured adult cardiomyo-
cytes under various treatments. 
Cells were incubated in the 
culture media with DOX (1 μM) 
in the absence or presence of 
AG (1 μM) for 20 h. Control 
cells were incubated with 
diluted DMSO (0.1%). Ghrelin 
receptor antagonist ([d-Lys3]-
GHRP-6; 10 µM), Akt inhibitor 
(VIII; 20 μM), or PKA inhibitor 
(KT-5720; 5 µ) were added for 
2 h before changing the media 
with a new one containing DOX 
and AG. Data are presented as 
mean ± SD of n = 6 rats/group. 
α: significantly different com-
pared with the control group. β: 
significantly different compared 
to the control + AG-treated 
group, γ: significantly differ-
ent compared to doxorubicin 
(DOX)-treated group
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Fig. 9   Protein levels of fas ligand (FasL, a), cleaved caspase-8 (b), 
SERCA2a (c), and phospho-phospholamban (p-PLB Ser16 and Thr17) 
(d) in cultured adult cardiomyocytes under various treatments. Cells 
were incubated in the culture media with DOX (1 μM) in the absence 
or presence of AG (1  μM) for 20  h. Control cells were incubated 
with diluted DMSO (0.1%). Ghrelin receptor antagonist ([d-Lys3]-
GHRP-6; 10  µM), Akt inhibitor (VIII; 20  μM), or PKA inhibitor 

(KT-5720; 5 µ) were added for 2 h before changing the media with a 
new one containing DOX and AG. Data are presented as mean ± SD 
of n = 6 rats/group. α: significantly different compared with the con-
trol group. β: significantly different compared to control + AG-treated 
group, γ: significantly different compared to doxorubicin (DOX)-
treated group
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However, the mechanisms by which DOX and AG induce 
cardiac damage and protection, respectively, remain largely 
unknown, and need further investigation. Activation of cal-
cineurin/NFAT4 is common in the cardiomyocytes chroni-
cally treated DOX and is associated with upregulation of 
FasL and activation of Fas/FasL-mediated apoptosis and is 
induced by intracellular levels of ROS and Ca2+ [5]. Gener-
ally, NFAT is a group of cytoplasmic proteins that usually 
sequestered in the cytoplasm as they are phosphorylated [5]. 
However, their nuclear translocation and the transcriptional 
activity are enhanced by calcineurin. All NFAT members 
(NFAT1-4) have been previously described in the hearts 
of rats [54]. On the other hand, current evidence is show-
ing that AG is able to inhibit Fas agonist-induced extrinsic 
cell death [27, 28]. Interestingly, the protective effect of 
AG on cardiac function, cardiac enzymes, mortality rate, 

histopathological and ultrastructural abnormalities was asso-
ciated with a reduction in the intracellular levels of ROS 
and Ca2, which could be related to inhibition of NFAT4/
FasL pathway.

Indeed, DOX-treated hearts of the current study showed 
a significant increase in the activity of calcineurin, nuclear 
accumulation of NFAT, and increased levels of FasL, all 
of which were completely reversed by co-administration of 
AG. Similar inhibitory effects of AG on calcineurin activ-
ity and FasL levels were also reported in the DOX-treated 
adult cultured cardiomyocytes of the in vitro part of this 
study. Remarkably, this effect was completely abolished in 
DOX + AG-treated cells pre-incubated with ghrelin recep-
tor antagonist ([d-Lys3]-GHRP-6), Akt inhibitor (VIII), or 
PKA inhibitor (KT-5720). All these findings prompted us 
to conclude that the mechanism of protection of AG against 

Fig. 10   Transmission electron (TEM) micrographs of myocardial 
tissues of all experimental groups. a and b taken from the control 
and control + AG-treated groups, respectively. They are showing 
normal  myocardial tissue with normal striated heart muscle fibers, 
mitochondria (m) and a clear nuclear (N) and muscle bands (Z and 
H bands). Each nucleus (N) surrounded by the nuclear envelope (ne) 
and contained nucleolus (nu) and chromatin masses. c taken from the 
DOX-treated rats and showing apoptotic myocardial cells. Degener-

ated cytoplasm with damaged myofibrils was also seen. Fragmenta-
tion of muscle bands (Z and H bands) and mitochondria (m) were 
also observed. Small pyknotic nuclei (N) with the fragmentation of 
chromatin masses on their nuclear envelopes (ne) were seen in these 
apoptotic cells. d taken from the DOX + AG-treated rats and showing 
improvement of myocardial tissue with normal striated heart muscle 
fibers, mitochondria (m) and muscle bands (Z and H bands).  Focal 
damage between myocardial fibers (arrows) was also seen
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DOX-induced cardiac apoptosis and improvement in cardiac 
function involve inhibition of [Ca+2]i activation of PKA and 
Akt and mediated through GHSRa1.

An interesting observation is the ability of AG to inhibit 
Fas and FasL expressions in the LVs of control of healthy 
rats. This was associated with a significant reduction in 
basal levels of ROS and an increase in the the accumula-
tion of NFAT-4 in the cytoplasmic fraction. Hence, it may 
be an important question of how does AG result in all these 
changes without affecting [Ca+2]i level or calcineurin activ-
ity? In this regard, it is important to mention that NFAT 
activity is not only regulated by calcineurin but also by other 
kinases which can phosphorylate NFAT in the cytoplasm 
or in the nucleus, thus inhibiting their nuclear transloca-
tion or increase their nuclear export and so increasing their 
cytoplasmic levels. Among these are GS3K, members of 
MAPK (P38, JNK, and ERK1/2) and mOTR. Hence, it 
could be possible that AG increased the cytoplasmic levels 
of NFAT-4 and hence decreased FasL levels by modulating 
the activity of any of these kinases. In addition, it was pre-
viously shown that the transcription and expression of Fas 
in DOX-treated cardiomyocytes is related to the redox state 
and is largely induced by ROS [7]. Similar findings were 
also reported in hypoxic hearts [55]. Ghrelin was shown 
to improve the antioxidant defense system in the heart of 
animals [23], which explains the decrease in ROS observed 
in the heart of control + AG-treated rats. Such a decrease in 
ROS may explain the reduction in Fas receptor expression 
in the LV of these rats.

For this reason, we targeted the effect of DOX and AG 
on the activity of SERCA2a pump given its functional role 
in Ca+2 mobilizations during the contraction and relaxation 
of the mammalian heart. In this regards, it is important to 
mention that the activity of SERCA2a is normally induced 
by increasing the level of their expression and phosphoryla-
tion by PLB [15]. PBL activity itself is activated by direct 
phosphorylation through PKA, CAMKII, and Akt [18, 
21]. Similar to other authors [14, 15], we found a signifi-
cant decrease in mRNA and protein levels of SERCA2a in 
DOX-treated LVs as well as in DOX-treated cultured adult 
cardiomyocytes. What is considered unique and novel in 
this study is that we are the first to show that DOX induces 
inhibition of PLB activity by decrease phosphorylation 
rate of PLB at Ser16 and Thr17 without altering PBL total 
levels. This has prompted us to go further and investigate 
the effect of DOX on activities of PKA and Akt which can 
phosphorylate PBL at Ser17 as well as at Ser16 and Thr17, 
respectively. As expected, DOX significantly lowered the 
activity of both enzymes as shown by the decreased p-PKA 
(Thr197) and p-Akt (Ser473). This could be an additive to 
the existing mechanisms by which DOX disturbs cardiac 
Ca2+ homeostasis. Supporting to our findings, DOX-induced 
cardiac toxicity was associated with inhibition of PI3K/Akt 

signaling pathway and restoration of this signal rescued the 
hearts of animals from DOX-induced cardiac damage and 
HF [56–59]. Moreover, PKA-dependent regulatory proteins 
are significantly reduced in the failing hearts of animals [60, 
61].

On the contrary, AG significantly increased mRNA and 
protein levels of SERCA2a in the LVs, as well as in cultured 
cardiomyocytes of both control and DOX-treated, suggesting 
a regulatory role of AG on SERCA2a synthesis. This effect 
was completely abolished by pre-incubating the cells with 
the AG receptor antagonist ([d-Lys3]-GHRP-6) or with the 
Akt inhibitor (VIII) but not with PKA inhibitor (KT-5720). 
Based on these findings and the lower activity of Akt and 
levels of SERCA2a in the LVs of DOX-treated rats, these 
finding may suggest a crucial role of Akt in the regulation of 
SERCA2a levels. However, this needs further investigation. 
In addition, if the effect of AG on SERCA2a is also medi-
ated by inhibition of ERK1/2-Erg1 was not studied here and 
needs further research.

In addition, chronic administration of AG to healthy or 
DOX-treated rats as well as to control or DOX-treated cul-
tured cardiomyocytes significantly increased activity of PKA 
and Akt and increased PBL activity by increasing its phos-
phorylation at Ser16 and Thr17, an effect that was abolished 
with all inhibitors used. To the best of our knowledge, this 
is the first study to show this effect in the heart of animals 
which may explain the previously reported increase in heart 
contractility in healthy males and in patients with HF [23]. 
Indeed, the anti-apoptotic and cardioprotective effect of AG 
was shown to involve activation of PI3K/Akt signaling path-
way, thus confirming the importance of this pathway in AG 
cardioprotection [27].

On the other hand, AG is known to mediate its cardiopro-
tection by increasing levels of GH and subsequent release 
of IGF-1 from periphery and synthesis in the heart [24]. 
Receptors of both and IGF-1, as well as mRNA of IGF, have 
been detected in mammalian’s cardiomyocytes [24]. Both 
GH and IGF-1 exert numerous cardioprotective functions in 
the heart including increase contractility and inhibition of 
apoptosis [24]. Hence, it was of our interest to investigate if 
the cardioprotective effect of AG, observed in this study, is 
dependent or independent of modulating growth hormone 
(GH)/IGF axis.

Even this could be possible in the hearts of healthy rats 
as evident by the significant increase in circulatory levels of 
GH and IGF-1 and higher mRNA of cardiac IGF-1, data of 
this study confirmed that the above mentioned cardioprotec-
tive effects of AG against DOX-induced cardiac damage and 
HF are completely independent of GH/IGF-1 axis. Growth 
hormone levels were significantly increased in the plasma of 
the DOX-treated rats and increased further after concomitant 
administration of AG. Such increase in Plasma levels of GH 
has been also shown in animal’s models of HF or in patients 
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who died from HF and was attributed as a compensatory 
mechanism to maintain heart function and structure [24, 62, 
63]. However, circulatory levels and cardiac mRNA levels 
of IGF-1 were significantly reduced in DOX or DOX + AG-
treated rats with no significant variation between the two. 
These findings have been also reported in previous studies 
in rodents or patients with HF and have been explained by 
the existence of GH resistance [24, 62, 63].

Overall, the findings of this study suggest that AG could 
be a novel therapeutic agent against DOX-induced cardio-
toxicity. However, Further studies are needed to confirm this 
effect in clinical trials. This is urgently needed to replace 
the available dioxopiperazine compounds which are cur-
rently used to mitigate DOX-induced cardiotoxicity and 
were shown to have numerous adverse effects [64]. Indeed, 
Dexrazoxane is one of the most common dioxopiperazine 
compounds that is currently used to prevent anthracycline-
based chemotherapy due to its rapid passage into the cells, 
forming an EDTA-like form, ADR-925, which is a potent 
iron chelator, and being a strong catalytic inhibitor of DNA 
topoisomerase II [64, 65]. In spite of its cardiac protection, 
phase 1 and II cardioprotection studies have shown that 
Dexrazoxane is associated with myelotoxicity (neutropenia 
and thrombocytopenia), the reversible elevation of hepatic 
transaminases, increased urinary excretion of iron and 
zinc, mucositis nausea, vomiting, and alopecia. In addition, 
Dexrazoxane increased in the incidence of second primary 
malignancies by three fold in pediatric patients [66–71].

On the other hand, at all tested doses published in most 
clinical studies, AG was shown with an excellent safety 
report with very few side effects [72]. However, the major 
side effects reported with higher dose of AG (10.0 μg/kg) 
and included transient flushing in the majority of the par-
ticipant (10%), gastric rumbles (2.3%), and neurocognitive 
effects including somnolence, fatigue, change in mood, and 
vertigo (2.8%) [72–75]. In addition, AG is associated with 
increasing lipogenesis and hyperglycemia in patients [72, 
76]. In addition, it can decrease gastric pH and circulatory 
levels of sex hormones including FSH and LH [72, 77, 78]. 
Also, AG inhibited sympathetic nervous system and affected 
the sleep pattern [72, 79, 80]. Hence, further clinical studies 
should be conducted to test the safety of AG in DOX cancer 
patients.

In conclusion, the findings of this study clearly show 
that chronic administration of AG at a supra-physiological 
dose is able to restore normal levels of AG in DOX-treated 
rats. Such an effect is cardioprotective that is able to prevent 
alterations Ca2+ hemostasis by increasing levels and activity 
of SERCA2a directly or through phosphorylation inhibition 
of PLB. Together, these ultimately lead to increase cardiac 
contractility and inhibits NFAT4 nuclear accumulation and 
upregulation of FasL and thus Fas/FasL-mediated cell death. 
Based on these observations, our recommendation is to keep 

eyes on circulatory levels of AG in cancer patients during 
DOX therapy and to translate the findings of this study into 
clinical practice.
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