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Background: High-density lipoprotein (HDL) protects against myocardial
ischemia-reperfusion (I/R) injury. Mammalian target of rapamycin complexes
1 and 2 (mTORC1 and mTORC2) play opposing roles in protecting against I/R
injury, whereby mTORC1 appears to be detrimental while mTORC2 is protective.
However, the role of HDL and mTORC signaling in protecting against I/R in
hypertensive rodents is not clearly understood. In this study, we investigated the
involvement of mTORC1 and mTORC2 in HDL-mediated protection against
myocardial I/R injury in normotensive Wistar Kyoto (WKY) rats and
spontaneously hypertensive rats (SHR).

Methods:Hearts fromWKY and SHRwere subjected to I/R injury using amodified
Langendorff system. Hemodynamics data were collected, and infarct size was
measured. Rapamycin and JR-AB2-011were used to test the role ofmTORC1 and
mTORC2, respectively. MK-2206 was used to test the role of Akt in HDL-
mediated cardiac protection. The expression levels and the activation states of
mediators of mTORC1 and mTORC2 signaling and myocardial apoptosis were
measured by immunoblotting and/or enzyme-linked immunosorbent
assay (ELISA).

Results: HDL protected hearts from WKY and SHR against I/R injury as indicated
by significant improvements in cardiac hemodynamics and reduction in infarct
size. HDL induced greater protection in WKY compared to SHR. HDL treatment
attenuatedmTORC1 signaling inWKY by reducing the phosphorylation of P70S6K
(mTORC1 substrate). In SHR however, HDL attenuated mTORC1 signaling by
reducing the levels of phospho-mTORC1, Rag C (mTORC1 activator), and
phospho-PRAS40 (mTORC1 inhibitor). HDL increased the phosphorylation of
mTORC2 substrate Akt, specifically the Akt2 isoform in SHR and to a greater
extent in WKY. HDL-induced protection was abolished in the presence of Akt
antagonist and involved attenuation of GSK, caspases 7 and 8 activation, and
cytochrome C release.

Conclusion: HDL mediates cardiac protection via attenuation of mTORC1,
activation of mTORC2-Akt2, and inhibition of myocardial apoptosis. HDL
regulates mTORC1 and mTORC2 signaling via distinct mechanisms in
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normotensive and hypertensive rats. HDL attenuation of mTORC1 and activation of
mTORC2-Akt2 signaling could be a mechanism by which HDL protects against
myocardial I/R injury in hypertension.
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Introduction

Hypertension continues to be a key risk factor in the
development of cardiovascular diseases (Khan et al., 2020).
Hypertension-induced cardiovascular complications involve
functional and structural changes in the myocardium and
coronary arteries including, but not limited, to increased
workload, left ventricular hypertrophy (Yildiz et al., 2020),
endothelial dysfunction (Gallo et al., 2021), and enhanced
atherosclerotic plaque development (Ruilope and Schmieder,
2008; Li and Chen, 2005) resulting in ischemic heart disease
(IHD). Hearts from hypertensive rodents demonstrated a
notable resistance to the protection offered by ischemic
postconditioning (Wagner et al., 2013; Babiker et al., 2019),
erythropoietin (Yano et al., 2011), helium (Oei et al., 2012), and
captopril (Penna et al., 2010). We have recently reported that acute
and chronic treatment with high-density lipoprotein (HDL)
protects hearts from spontaneously hypertensive rats (SHR)
against myocardial ischemia-reperfusion (I/R) injury (Al-
Jarallah and Babiker, 2022; Al-Jarallah and Babiker, 2024). The
cardioprotective effects of HDL in hypertension are however not
clearly understood.

Mammalian target of rapamycin complex 1 (mTORC1) and
complex 2 (mTORC2) regulate cellular responses to stress
conditions including ischemia (Laplante and Sabatini, 2012).
mTORC1 inhibition with rapamycin protected against
myocardial I/R injury and reduced cardiomyocyte apoptosis
(Filippone et al., 2017; Das et al., 2015; Samidurai et al., 2020)
suggesting a detrimental role of mTORC1 in mediating myocardial
I/R injury. mTORC2 on the other hand, via the activation of protein
kinase B (Akt), appears to be cardioprotective (Filippone et al., 2017;
Samidurai et al., 2020; Yano et al., 2014). Interestingly, rapamycin-
mediated inhibition of mTORC1 reduced blood pressure, albumin
secretion and renal inflammatory cell infiltration in Dahl salt-
sensitive rats (Kumar et al., 2017). HDL activated
phosphatidylinositol-3-kinase (PI3K)/AKt/mTORC signaling and
protected against oxidative stress-induced cardiomyocyte
apoptosis (Nagao et al., 2017). Nonetheless, the effect of HDL on
mTORC1 and mTORC2 in the protection against I/R injury in
hypertensive rodents is not clearly understood. We hypothesize that
HDL protects against I/R injury by inhibiting mTORC1 and
activating mTORC2 in spontaneously hypertensive rats (SHR).
We report that mTORC1 and mTORC2 exhibit contrasting
functions in mediating myocardial I/R injury. Moreover, we
demonstrate that HDL offers protection against I/R injury in
normotensive and hypertensive rats to varying degrees. HDL
inhibited mTORC1 in normotensive and hypertensive rats via
different mechanisms. HDL, however, activated mTORC2 in both
genotypes. HDL-mediated protection against I/R injury in WKY
and SHR involved attenuation of myocardial apoptosis.

Materials and methods

Materials

All materials were purchased from Sigma Aldrich (Germany,
Steinheim) unless stated otherwise.

Animals and instrumentation

Twelve to fourteen-week-old male Wistar Kyoto (WKY) rats
and spontaneously hypertensive rats (SHR) were randomized and
used in the study (n = 4–9 rats per treatment). The SHR model was
chosen because it is a well-established model for studying essential
hypertension and hypertension-related physiological and
biochemical changes (Al-Jarallah and Babiker, 2024; Dodd et al.,
2012). SHR are characterized by elevated blood pressure, autonomic
nervous system imbalances cardiovascular and renal complications,
making it a valuable tool for understanding the pathophysiology of
hypertension and testing potential treatments (Jama et al., 2022;
Zhou and Frohlich, 2007). Animals were kept under internationally
accepted conditions in the Animal Resource Center, Faculty of
Medicine, Kuwait University. All animals were maintained under
controlled temperature (21–24 C), 12 h light/dark cycle (light
7 a.m.–7 p.m.) and 50% humidity. The rats were housed in
plastic cages (2 rats/cage) with unrestricted access to tap water
and food. All procedures were approved by the Health Sciences
Research Ethics Committee (ID:3640). Blood pressure was
measured using the CODA-4 channel system (Kent Scientific
Corporation, United States). Normotensive and hypertensive rats
were defined by systolic blood pressure (SBP) cutoff values of
≤120 mmHg and ≥160 mmHg, respectively.

Experimental procedures and protocols

Heart cannulation and perfusion were performed using a
modified Langendorff system as previously described in (Juggi
et al., 2011). Briefly, the heart was carefully isolated and
immersed in cold (4°C) Krebs-Hensleit (KH) solution. The
isolated hearts were perfused retrogradely with a freshly prepared
KH buffer mmol/L: NaCl 117.86, KCl 5.59, CaCl2.H2O 2.4, NaHCO3

20, KH2PO4 1.19, MgCl2.6H2O 1.2, Glucose 12.11. The buffer was
gazed with a mixture of O2 (95%) and CO2 (5%), pH (7.35–7.45) at
37°C. After stabilization (20 min), regional ischemia was induced by
occluding the left anterior descending (LAD) coronary artery for
30 min. The success of ischemia induction was evaluated at the onset
of ischemia by an immediate drop in the coronary flow. Preload was
kept constant at 6 mmHg under basal controlled conditions and
perfusion pressure (PP) at 50 mmHg was maintained throughout
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the experimental procedure. A water-filled latex balloon was placed
and secured in the left ventricular (LV) cavity. The balloon was
attached to a pressure transducer and a “DC-Bridge amplifier (DC-
BA)” with a pressure module (DC-BA type 660, Hugo-Sachs
Electronik, Germany) and interfaced to a personal computer for
monitoring LV developed pressure (DPmax). LV developed
pressure was derived from acquisition of LV end systolic pressure
(LVESP) using Max-Min module (Number MMM type 668, Hugo
Sachs Elektronik-Harvard Apparatus GmbH, Germany) which
converts the output from DC bridge amplifier to DPmax by
subtracting LV end diastolic pressure (LVEDP) from the LVESP.
All hearts were subjected to ischemia produced by LAD coronary
artery occlusion by a snare at ~0.5 cm below the atrioventricular
groove, and a small rigid plastic tube was positioned between the
heart and the snare to ensure complete occlusion of the
coronary artery.

Hearts were subjected to I/R injury without any treatments
(untreated controls, Supplementary Figure S1, group A) or treated
with mTORC1 antagonist, rapamycin (100 nM) (Das et al., 2015),
mTORC2 specific antagonist JR-AB2-011 (5 µM) (Benavides-
Serrato et al., 2017) or Akt antagonist, MK-2206 (5 µM) (Chen
et al., 2018) infused at 25 min of ischemia and continued until
10 min of reperfusion (Supplementary Figure S1, group B).
Alternatively, hearts were treated with HDL (400 µg) (Lee
BioSolutions, United States) (Al-Jarallah and Babiker, 2024)
administered 5 min before reperfusion and continued for an
additional 10 min (Supplementary Figure S1, group C). In the
fourth group, hearts were pretreated with MK-2206 (5 µM)
infused 5 min prior to the addition of HDL (400 µg) and
continued during the first 10 min of reperfusion (Supplementary
Figure S1, group D). At the end of each experiment, hearts were
collected, snap-frozen in liquid nitrogen, and stored at −80 °C for
further analysis.

Data collection and processing

Left ventricular function was evaluated by the assessment of LV
end diastolic pressure (LVEDP) and DPmax, cardiac contractility
was monitored by heart contractility index values (±dp/dt), while
coronary-vascular dynamics were evaluated by the coronary flow,
measured using an electromagnetic flow probe attached to the
inflow of the aortic cannula interfaced to a personal computer.
The coronary flow (CF) (mL/min) was continuously monitored
using a software developed specifically for this purpose and was
manually verified by the timed collection of coronary effluent. The
coronary vascular resistance (CVR) and hemodynamics data were
determined every 10 s using an online data acquisition program
(Isoheart software V 1.524-S, Hugo-Sachs Electronik, Germany).

Evaluation of infarct size by
triphenyltetrazolium chloride staining

Hearts (n = 3) were sliced transversely into 4–6 pieces from apex
to base. The slices were incubated in 1% triphenyltetrazolium
chloride (TTC) solution in isotonic (pH 7.40) phosphate buffer
and fixed in 4% formaldehyde for 24 h. Infarct size was measured

blindly using Scion ImageJ (ImageJ, Wayne Rasb and National
Institute of Health, United States). The infarcted area of the LV
was expressed as a percentage of the total LV area.

Tissue homogenization and protein
extraction

Hearts were homogenized using a polytron homogenizer (Ultra-
Turrax: T 25 basic: IKA®-Werk, Germany) in ice cold buffer
containing: 0.2x PBS, 0.1% triton-x100, 1x protease inhibitor
cocktail, 1x phosphatase inhibitor cocktail, pH (7.40). The hearts
were subjected to four homogenization cycles, 30 s each, with 60 s
cooling in between. Homogenates were centrifuged at 6,000 rpm for
15 min at 4°C in a benchtop centrifuge (Beckman J2-MI,
United States). The supernatant was collected, aliquoted, and stored
at −80°C for further analysis. Protein concentration was estimated
using a BCA assay kit (Thermo Fisher Scientific, MA, United States)
following manufacturer instructions. Absorbance readings were
measured at 562 nm (BMG LabTech ClarioStar, Germany).

Immunoblotting

Protein expression was detected using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by
immunoblotting against target proteins. Samples (50 µg protein)
mixed with the loading buffer were boiled for 5 min and loaded into
4%–20% gradient Tris-glycine polyacrylamide gels (BioRad,
United States). Proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked with 5%
nonfat dairy milk (NFDM) or 5% bovine serum albumin (BSA) in
Tris-buffered saline, 0.1% Tween (TBS-T) for 1 h at room
temperature. Membranes were blotted with primary antibodies
against phospho-mTOR (Ser2448), total mTOR, phosphorylated-
40 kDa proline-rich AKT substrate (PRAS40) (Thr246), total
PRAS40, phosphorylated-ribosomal protein S6 kinase beta-1
(P70S6K) (Thr 389), total P70S6K, phosphorylated-eukaryotic
translation initiation factor 4E (eIF4E)-binding protein (4E-BP1)
(Thr37/46) and total 4E-BP1, Ras-related GTP-binding protein C
(RagC), phospho-Akt (Ser473), total Akt, phosphorylated-Akt1
(Ser473), total Akt1, phosphorylated-Akt2 (Ser474), total Akt2,
phosphorylated-glycogen synthase kinase (GSK)-3β (Ser9), total
GSK-3β, caspase-7, GAPDH (Cell Signaling, MA, United States)
or caspase-8 (Santacruz, United States), overnight at 4°C, followed
by horseradish peroxidase (HRP)-conjugated donkey anti-rabbit or
donkey anti-mouse antibodies (Jackson ImmunoResearch,
United States). Bands were developed using enhanced
chemiluminescence (ECL) reagent (Bio-Rad, United States) and
detected using Bio-Rad Chemidoc (Bio-Rad chemi-Doc™ MP
Imaging System, United States). Bands were quantified using
Image Lab software (Bio-Rad, United States).

Measurements of cytochrome C release

Cytochrome c release was measured in heart homogenates using
a commercially available kit from Abcam (ab210575) following the
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manufacturer’s protocol. Briefly, heart homogenates were diluted
(200 x), added to wells precoated with cytochrome c antibody
cocktail, and incubated for 1 h at room temperature on a plate
shaker. The reaction was then developed by the addition of a
substrate solution for 10 min followed by the addition of the
stop solution. Cytochrome c levels were determined by
measuring the absorbance at 450 nm (BMG LabTech ClarioStar,
Germany) and plotting the obtained values against the cytochrome c
standard provided with the kit.

Statistical analysis

Data are presented as means ± standard error of the mean
(SEM). A two-way analysis of variance (ANOVA) followed by post
hoc analysis using Bonferroni test was used to test the difference
between themeans of multiple groups (GraphPad Prism 10.0.2). The
two-tailed unpaired student t-test was used to test the significance
between two groups that followed a normal distribution while the
Mann–WhitneyU test was used to compare two groups that failed to
follow the normal distribution. Differences were considered
statically significant at P < 0.05.

Results

mTORC1 and mTORC2 play opposing roles
in mediating myocardial I/R injury in
normotensive and hypertensive rats

Hearts from SHR demonstrated signs of cardiac enlargement
(Table 1). SHR had significantly higher (P < 0.01) SBP and diastolic
blood pressure (DBP) relative to WKY. In addition, SHR exhibited
significantly (P < 0.01) higher heart rate, blood flow, and volume
relative to WKY (Table 1).

Inhibition of mTORC1 with rapamycin protected rodents
against myocardial I/R injury (Filippone et al., 2017). Hearts
from hypertensive rodents were shown to be resistant to

protection induced by pharmacological agents proven, otherwise,
to be protective in normotensive rodents (Babiker et al., 2019). The
involvement of mTORC1 in mediating I/R injury in SHR has not
been previously investigated, we therefore tested if
mTORC1 inhibition with rapamycin can protect hypertensive
rats from myocardial I/R injury. Rapamycin treatment
significantly (P < 0.05) improved LVEDP and Pmax (Figures
1A,B) compared to the respective ischemic period and untreated
controls in WKY and SHR. On the other hand, infusion of JR-AB2-
011 significantly (P < 0.05) increased LVEDP in SHR and decreased
Pmax in WKY and SHR. Moreover, rapamycin significantly (P <
0.05) increased the contractility index ± dP/dt (Table 2) and CF and
decreased CVR compared to the respective ischemic period and
untreated controls (Figures 1C,D) in WKY and SHR. In addition,
rapamycin treatment reduced infarct size in normotensive and
hypertensive rats (Figure 1E). This data suggests that
mTORC1 plays a detrimental role in mediating I/R injury and
inhibition of mTORC1 is protective in normotensive and
hypertensive rats. To test the role of mTORC2 we used
mTORC2 specific antagonist JR-AB2-011 (Benavides-Serrato
et al., 2017; Guenzle et al., 2020). Administration of JR-AB2-011
(5 µM) did not improve cardiac functions in WKY and SHR evident
by the persistent deterioration in LV function (Figures 1A,B),
cardiac contractility, (Table 2), and coronary vascular dynamics,
(Figures 1C,D), compared to the respective ischemic period and
untreated control, neither it reduced the infarct size (Figure 1E)
suggesting that mTORC2 plays a protective role in WKY and SHR.
Collectively this data suggest that mTORC1 and mTORC2 play
opposing roles in mediating myocardial I/R injury in normotensive
and hypertensive rats.

HDL protects against myocardial I/R injury
by selectively inhibiting mTORC1 and
activating mTORC2 signaling

We tested the effect of HDL on I/R-induced myocardial
injury in hearts isolated from WKY and SHR. HDL
administration, 5 minutes before reperfusion, protected hearts
from WKY and SHR from myocardial I/R injury (Figure 2). This
was evident by the significant (P < 0.05) improvements in LV
functions (LVEDP, Pmax) (Figures 2A,B) cardiac contractility
(±dp/dt), (Table 2), and coronary hemodynamics (CF, CVR)
(Figures 2C,D) relative to ischemia and relative to untreated
controls. Interestingly, HDL induced significantly (P < 0.05)
greater protection in WKY relative to SHR, possibly
suggesting differences in HDL-mediated signaling between
WKY and SHR. Consistent with the protection observed in
the physiological parameters we tested, HDL reduced the
infarct size in both genotypes (Figure 2E).

To test the effects of HDL on themTORC1 signaling pathway we
measured the activation state of mTORC1, mTORC1 substrates,
P70S6K, 4E-BP1, and mTORC1 inhibitor, PRAS40. In addition,
we examined the expression levels of mTORC1 activator, Rag C
in heart homogenates fromWKY and SHR treated with or without
HDL. SHR demonstrated significantly (P < 0.05) higher
basal levels of mTOR phosphorylation at Ser2448, a site
predominantly phosphorylated in mTORC1 (Copp et al., 2009)

TABLE 1 Heart and body weights of WKY and SHR, and CODA 4-channel
high throughput non-invasive blood pressure measurement data.

WKY SHR

Body weight (g) 324.7 ± 6.090 279.5 ± 3.832****

Heart Weight (g) 1.667 ± 0.02619 1.551 ± 0.02530**

Heart weight/Body weight 5.23E-03 ± 1.10E-04 5.59E-03 ± 9.18E-05*

Systolic Blood Pressure (mmHg) 113.8 ± 1.277 180.0 ± 1.368****

Diastolic Blood Pressure (mmHg) 74.05 ± 1.013 122.2 ± 1.663****

Mean 86.95 ± 1.079 141.1 ± 1.538****

Rate (Plus/min) 167.8 ± 4.871 291.3 ± 4.572****

Flow (µL/min) 5.787 ± 0.4262 9.023 ± 0.3133****

Volume (µL) 32.36 ± 2.472 62.24 ± 2.058****

*P vs. WKY (P < 0.05).

**P vs. WKY (P < 0.01).

****P vs. WKY (P < 0.0001).
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(Figure 3A). HDL treatment significantly (P < 0.05) reduced
Ser2448 phosphorylation in SHR but did not have any
significant effects in WKY (Figure 3A). This data suggests
enhanced basal activation of mTORC1 in SHR that is
significantly reduced by HDL treatment.

The binding of PRAS40 to mTORC1 results in complex
inhibition (Oshiro et al., 2007). The phosphorylation of
PRAS40 by Akt, however, results in its dissociation from the
complex and alleviation of inhibition (Sancak et al., 2007; Wang
et al., 2007). SHR expressed significantly (P < 0.05) higher basal

FIGURE 1
The role of mTORC1 and mTORC2 in mediating I/R injury in WKY and SHR. Post-ischemic recovery parameters of cardiac functions including left
ventricular functions (LVPEDP (A), Pmax (B)) and coronary hemodynamic (CF (C), CVR (D)). Data were computed at 30 min of reperfusion and presented
asmeans ± SEMof n = 4–9 rats per group. Infarct size determination by TTC staining on (n = 3) rats per group (E). *P < 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001, LVEDP, left ventricular end diastolic pressure; Pmax, maximum developed pressure; CF, coronary flow; CVR, coronary vascular resistance.
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TABLE 2 Cardiac contractility in normotensive and hypertensive rats subjected to different treatments.

WKY SHR

Treatment +dp/dt -dp/dt +dp/dt -dp/dt

Ischemia Reperfusion Ischemia Reperfusion Ischemia Reperfusion Ischemia Reperfusion

Control 51.5 ± 2.3 53.5 ± 6.5 52.3 ± 2.95 49.7 ± 4.3 50.5 ± 1.7 46.2 ± 2.6 51.6 ± 1.8 49.3 ± 1.4

Rapamycin 52.0 ± 6.1 90.7 ± 7.4$$$$#### 50.9 ± 5.1 86.7 ± 7.7$$$#### 67.9 ± 3.7 95.9 ± 4.1$#### 64.8 ± 7.6 91.3 ± 9.1$####

JR-AB-011 101.2 ± 6.1 94.2 ± 12.7### 96.8 ± 8.6 79.6 ± 9.0# 106.3 ± 10.4 86.5 ± 13.1## 104.5 ± 8.7 89.0 ± 9.2##

HDL 60.9 ± 6.4 95.2 ± 5.3$$$$#### 55.4 ± 4.1 96.8 ± 8.2$$$$#### 48.3 ± 2.2 71.4 ± 3.9$##* 48.7 ± 2.0 68.5 ± 1.1$##***

MK-0226 65.4 ± 4.1 42.1 ± 6.6 53.0 ± 3.9 39.5 ± 5.7 57.3 ± 3.9 51.7 ± 4.1 41.0 ± 3.1 46.6 ± 1.7

MK-0226+HDL 54.3 ± 4.8 51.2 ± 7.9 42.1 ± 4.8 32.6 ± 4.6•••• 45.8 ± 3.3 50.2 ± 4.8 42.7 ± 7.3 36.5 ± 7.3•••

$p vs. Ischemia (P < 0.05).
$$$p vs. Ischemia (P < 0.001).
$$$$p vs. Ischemia (P < 0.0001).

#P vs. Control (P < 0.05).
##P vs. Control (P < 0.01).
###P vs. Control (P < 0.001).
####P vs. Control (P < 0.0001).

*P vs. the same treatment in WKY (P < 0.05).

***P vs. the same treatment in WKY (P < 0.001).
•••

P vs. HDL, in the same genotype (P < 0.001).
••••

P vs. HDL, in the same genotype (P < 0.0001).
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levels of phospho-PRAS40 compared to WKY (Figure 3C),
indicating the presence of increased levels of active mTORC1-
PRAS40-free in SHR. HDL treatment significantly (P < 0.05)
reduced PRAS40 phosphorylation in SHR, however, it did not
change the phosphorylation state of PRAS40 in WKY
(Figure 3C). Moreover, HDL treatment did not affect total
PRAS40 expression in WKY and SHR (Figure 3D). Similar levels
of total-PRAS40 were detected in hearts from normotensive and

hypertensive rats. Furthermore, we examined the protein levels of
mTORC1 activator, Rag C (Figure 3E). Basal protein levels of Rag C
were not significantly (P < 0.05) different between WKY, and SHR.
HDL did not affect Rag C protein levels in WKY, yet it significantly
(P < 0.05) reduced Rag C expression in SHR (Figure 3E). Finally, we
tested the effect of HDL on the activation state of the
mTORC1 substrate, P70S6K. (Figure 3F). WKY expressed
significantly (P < 0.05) higher basal levels of phospho-P70S6K

FIGURE 2
HDL protects WKY and SHR against myocardial I/R injury. Post-ischemic recovery parameters of cardiac functions including left ventricular
functions (LVPEDP (A), Pmax (B)) and coronary hemodynamic (CF (C), CVR (D)). Data were computed at 30min of reperfusion and presented as means ±
SEM of n = 9 rats per group. Infarct size determination by TTC staining (n = 3) rats per group (E). *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, LVEDP,
left ventricular end diastolic pressure; Pmax, maximum developed pressure; CF, coronary flow; CVR, coronary vascular resistance.
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compared to SHR (Figure 3F). HDL treatment significantly (P <
0.05) reduced P70S6K phosphorylation in WKY. Total P70S6K
protein levels were significantly (P < 0.05) higher in SHR than in

WKY (Figure 3G). HDL treatment, however, did not affect total
P70S6K levels in WKY or SHR (Figure 3G). The HDL treatment
significantly (P < 0.05) increased levels of phospho-4E-BP1 in SHR

FIGURE 3
HDL inhibits mTORC1 signaling in WKY and SHR. Hearts from WKY and SHR subjected to I/R injury in the presence or absence of HDL were
immunoblotted against mediators of mTORC1 signaling cascade: phospho-mTOR (A), total mTORC (B), phospho-PRAS40 (C), total PRAS40 (D), Rag C
(E), phospho-P70S6K (F), total P70S6K (G), phospho-4EBP1 (H), total 4EBP1 (I), and GAPDH as a loading control. Data are means ± SEM. *P < 0.05, **P<
0.01, ***P< 0.001, ****P< 0.0001, n = 3-6.
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but not in WKY (Figure 3H). To summarize, immunoblotting
experiments revealed that HDL has an inhibitory effect on
mTORC1 signaling in WKY and SHR. The mechanism of HDL-
mediated inhibition of mTORC1 appears to be different between

normotensive and hypertensive rats. In WKY, HDL reduced the
levels of phospho-P70S6K. In SHR however, HDL decreased
PRAS40 phosphorylation and Rag C protein levels (Figures
3A–G). Together this suggests that HDL-mediated inhibition of

FIGURE 4
HDL-mediated cardiac protection requires Akt. Post-ischemic recovery parameters of cardiac functions including left ventricular functions (LVPEDP
(A), Pmax (B)) and coronary hemodynamic (CF (C), CVR (D)). Data were computed at 30min of reperfusion and presented asmeans ± SEMof n = 9 rats per
group. Infarct size determination by TTC staining (n = 3) rats per group (E). *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, LVEDP, left ventricular end
diastolic pressure; Pmax, maximum developed pressure; CF, coronary flow; CVR, coronary vascular resistance.
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mTORC1 could be one mechanism by which HDL protects against
I/R injury in WKY and SHR. Nonetheless, HDL appears to
differentially regulate mediators of mTORC1 signaling in
WKY and SHR.

Protein kinase B (Akt) is a downstream target of mTORC2 (Oh
and Jacinto, 2011). To test the effect of HDL on mTORC2 signaling
we used Akt specific antagonist MK-2206 (Chen et al., 2018; Akhtar
and Jabeen, 2018) and examined the phosphorylation state of

FIGURE 5
HDL induces the activation of Akt2 isoform. Heart homogenates fromWKY and SHR subjected to I/R injury, treated with MK-2206 in the presence or
absence of HDL, were subjected to immunoblotting against phospho-Akt, phospho-Akt1 or phospho-Akt2, total Akt, total Akt1, or total Akt2 (A–C) or
phosphorylated and total PRAS40 (D) and GAPDH as a loading control. Data are means ± SEM, *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, n = 3–6.
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specific Akt isoforms in response to HDL treatment. MK-2206
infusion did not protect the heart against I/R injury in WKY and
SHR as indicated by impaired LV function (Figures 4A,B), cardiac
contractility (Table 2), and coronary vascular dynamics (Figures
4C,D) and the lack of change in infarct size (Figure 4E) relative to the
control. MK-2206 treatment however, abolished the protective
effects of HDL in WKY and SHR (Figure 4). This was consistent
with the infarct size data whereby HDL did not reduce the infarct
size in MK-2206 treated WKY or SHR (Figure 4E).

Three Akt isoforms have been identified (Kumar and Madison,
2005; Yu et al., 2015), of which Akt1 and Akt2 are predominantly
expressed in the myocardium (Abeyrathna and Su, 2015; Muslin,
2011). We examined the effect of HDL on the phosphorylation of
these isoforms. HDL treatment significantly increased (P < 0.05)
total Akt phosphorylation at Ser473 in WKY and SHR which was
completely abolished in the presence of Akt antagonist (Figure 5A).
Interestingly, HDL treatment did not increase Akt1 phosphorylation
(Figure 5B), yet it significantly (P < 0.05) increased

FIGURE 6
HDL reduces markers of myocardial apoptosis. Heart homogenates from WKY and SHR, subjected to I/R injury in the presence or absence of HDL,
were subjected to immunoblotting against, phospho-GSK-3β (Ser9), and total GSK-3β (A), procaspase −7, cleaved caspase 7 (B), cleaved caspase 8 (C)
and GAPDH as a loading control, and were subjected to ELISA against cytochrome c (D). Data are means ± SEM, *P < 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001, n = 3-6.
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Akt2 phosphorylation in WKY and SHR (Figure 5C). Furthermore,
HDL induced significantly (P < 0.05) greater activation of Akt2 in
WKY relative to SHR. Treatment with Akt inhibitor abolished total,
non-isoform specific, Akt (Figure 5A), Akt1 (Figure 5B), and Akt2

(Figure 5C) phosphorylation in the presence or absence of HDL.
Moreover, Akt inhibition reduced the phosphorylation of Akt
substrate, PRAS40 (Figure 5D) in WKY and SHR by 100% and
94.3%, respectively. Akt inhibition reduced PRAS40 phosphorylation

FIGURE 7
Proposed Mechanism of HDL mediated protection against myocardial I/R injury in WKY and SHR. HDL inhibits mTORC1, activates mTORC2, and
inhibitsmyocardial apoptosis inWKY and SHR. HDL-mediated inhibition ofmyocardial apoptosis could be onemechanism bywhichHDL protects against
I/R injury in normotensive and hypertensive rats.
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by 95.4% and 93.3% in HDL-treated WKY and SHR, respectively
(Figure 5D). Together this data suggests that Akt is an essential
signaling mediator downstream of HDL that is involved in HDL-
mediated cardiac protection. HDL specifically induced
Akt2 activation in a magnitude that was proportional to the level
of HDL-mediated cardiac protection in normotensive and
hypertensive rats. Enhanced HDL-induced activation of Akt2,
and enhanced HDL mediated cardiac protection were observed
in WKY relative to SHR. Moreover, our data suggest that
PRAS40 is a downstream target of Akt in WKY and SHR. HDL
appears to phosphorylate PRAS40 through Akt dependent (major)
and independent (minor) mechanisms in SHR.

HDL protects against I/R injury by inhibiting
myocardial apoptosis

The phosphorylation of Akt inhibits GSK-3β and attenuates
myocardial apoptosis (Liu et al., 2020; Huang et al., 2016; Murphy
and Steenbergen, 2005). We demonstrate that HDL treatment
significantly enhanced GSK-3β phosphorylation (Figure 6A) in
SHR with a trend towards an increase in WKY. Furthermore,
HDL administration reduced the levels of caspase 7 (Figure 6B)
and caspase 8 (Figure 6C) and significantly reduced cytochrome c
release (Figure 6D) in heart homogenates from normotensive and
hypertensive rats. Together these data suggest that HDL attenuates
pathways involved in cardiomyocyte apoptosis. HDL attenuation of
cardiomyocyte apoptosis could be one mechanism by which HDL
protects against myocardial I/R injury in normotensive and
hypertensive rats.

Discussion

In this study, we investigated the involvement of mTORC1 and
mTORC2 signaling in HDL-mediated cardiac protection in
normotensive and hypertensive rats. We demonstrate that
mTORC1 and mTORC2 play opposing roles in mediating
myocardial I/R injury. Furthermore, we show that HDL protects
against I/R injury in normotensive and hypertensive rats to different
extents. HDL inhibits mTORC1 and activates mTORC2 signaling
and attenuates myocardial apoptosis following I/R injury (Figure 7).

Mammalian target of rapamycin (mTOR) is present in two
complexes, the rapamycin-sensitive mTORC1 and the rapamycin-
insensitive mTORC2 (Loewith et al., 2002). mTORC1 regulates
protein synthesis, cellular growth, proliferation, ribosomal and
mitochondrial biogenesis, autophagy, and metabolism (Johnson
et al., 2013; Wullschleger et al., 2006). mTORC1 form a complex
with mammalian lethal with SEC13 protein 8 (mLST8), DEP
domain-containing mTOR-interacting protein (deptor), PRAS40,
tti1/tel2 and regulatory-associated protein of regulatory-associated
protein of mammalian target of rapamycin (raptor) (Sciarretta et al.,
2014). PRAS40 inhibits complex activity, however, upon
phosphorylation it dissociates resulting in the alleviation of the
complex (Oshiro et al., 2007; Nascimento and Ouwens, 2009). On
the other hand, mTORC1 is activated by Rag GTPases. Rag GTPases
form heterodimers whereby Rag A or Rag B interact with Rag C or
Rag D (Kim et al., 2008). Active mTORC1 phosphorylates and

activates p70S6K which then phosphorylates ribosomal protein
S6 and inhibits the binding of 4E-BP1 to eIF4E (Choo et al.,
2008; Pullen and Thomas, 1997). mTORC2 however, is
composed of the following subunits: SEC13 protein 8, deptor, sin
1, tti1/tel2 and rapamycin-insensitive companion of mTOR (rictor).
mTORC2 activates Akt (Sarbassov et al., 2005) and inhibits
apoptosis (Filippone et al., 2017). Our data suggests that
mTORC1 plays a detrimental role while mTORC2 plays a
protective role in mediating myocardial I/R injury in WKY and
SHR (Figure 1; Table 2). In addition, hearts from normotensive and
hypertensive rats expressed significantly different basal levels of
mTORC1 signaling mediators. SHR expressed significantly higher
basal levels of phosphorylated-mTOR, phosphorylated-PRAS40,
and total-P70S6K, while WKY expressed significantly higher
basal levels of phosphorylated-P70S6K (Figure 3). WKY and SHR
also expressed significantly different levels of mTORC2 substrates,
Akt1 and Akt2. These differences in the basal expression level or
activation states of mTORC1 and mTORC2 signaling mediators
may suggest differences in the function and/or contribution of these
cascades between WKY and SHR which awaits further
investigations.

We demonstrate that short-term treatment of HDL protects
against myocardial I/R injury in normotensive and hypertensive rats
as indicated by improvements in cardiac functions, coronary
hemodynamics, and reduction in infarct size (Figure 2; Table 2).
Consistent with our previously reported data (Al-Jarallah and
Babiker, 2022), HDL was more protective in WKY than it was in
SHR (Figure 2; Table 2). The finding that HDL is protective when
administered at reperfusion suggests that HDL may represent a
promising target for the treatment of ischemic heart disease in
normotensive and hypertensive patients. Our findings align with
previous reports demonstrating the cardioprotective effects of HDL
against ischemic injury (Calabresi et al., 2003; Frias et al., 2013;
Gomaraschi et al., 2016). However, the protective mechanisms of
HDL against myocardial I/R injury appear to be complex and
multifaceted (Durham et al., 2018; Pedretti et al., 2019; White
et al., 2016).

We report that HDL inhibited mTORC1 signaling in WKY and
SHR (Figure 3). Nonetheless, the mechanism of HDL-mediated
inhibition of mTORC1 appears to be different between
normotensive and hypertensive rats (Figure 3). In WKY, HDL
significantly reduced the level of phospho-P70S6K but did not
affect the activation state of mTORC or PRAS40, neither it
affected the expression of Rag C. HDL-mediated reduction in
P70S6K phosphorylation implicates a reduction in
mTORC1 activity in response to HDL, despite of the lack of
change in the phosphorylation state of mTORC at Ser2448. HDL
treatment in SHR however, reduced the levels of phospho-mTORC,
phospho-PRAS40 (inactive inhibitor of mTORC1), and Rag C
(mTORC1 activator). To our surprise, HDL did not affect the
levels of phospho-P70S6K in hearts from hypertensive rats,
possibly suggesting the involvement of other substrates
downstream of mTORC1 in response to HDL treatment in these
rats. In addition to P70S6K, mTORC1 directly phosphorylates 4E-
BP1 (Kazi et al., 2011). HDL treatment increased 4E-BP1
phosphorylation (Figure 3H). Nonetheless, this could be due to
mTORC1-indenpendent signaling (Qin et al., 2016). To conclude, in
WKY P70S6K appears to be a key downstream substrate of
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mTORC1, and HDL inhibited mTORC1 by reducing the levels of
phosphorylated P70S6K. In SHR however, P70S6K activation
seemed to be less significant, despite the increase in basal total
levels of P70S6K. Moreover, the mechanism of HDL-mediated
inhibition of mTORC1 in SHR involved modulation of
mTORC1 activator (Rag C) and inhibitor (PRAS40) suggesting
the existence of different mechanisms by which HDL inhibited
mTORC1 in WKY and SHR.

In addition, HDL-mediated cardiac protection involved the
activation of mTORC2 signaling as indicated by enhanced
phosphorylation of mTORC2 substrate, Akt (Oh and Jacinto,
2011; Jacinto et al., 2006), in normotensive and hypertensive rats
(Figure 5). This is consistent with the previously reported effect of
reconstituted HDL on the activation of mTORC2 in angiogenic cells
(Guo et al., 2011). Furthermore, our data is consistent with HDL-
mediated activation of Akt in protecting against oxidative damage
induced cardiomyocyte necrosis (Durham et al., 2018). Together
this suggests that HDL-mediated inhibition of mTORC1 and
activation of mTORC2 signaling could be one mechanism by
which HDL protects against I/R injury in WKY and SHR.

We further examined the requirement of Akt in HDL-mediated
cardiac protection using Akt antagonist, MK-2206. Treatment with
MK-2206 abolished HDL-induced improvements in cardiac
functions, coronary vascular dynamics (Figures 4A–D; Table 2),
and reduction in infarct size (Figure 4E) in WKY and SHR
suggesting the requirement of Akt in HDL-induced cardiac
protection.

Three Akt isoforms exist of which, Akt1 and Akt2 are the
predominant isoforms expressed in the myocardium (Matsui and
Rosenzweig, 2005). The lack of Akt1 on an apolipoprotein E
knockout background induced features of plaque vulnerability
and cardiac dysfunction (Fernandez-Hernando et al., 2009).
Moreover, Akt1 played an essential role in mediating
physiological cardiac growth and attenuated pathological cardiac
hypertrophy (DeBosch et al., 2006a). Akt2 however, was dispensable
in maintaining cardiac phenotype (Cho et al., 2001). Nonetheless,
Akt2 regulated cardiac glucose metabolism and survival (DeBosch
et al., 2006b).

A considerable amount of interaction between mTORC1 and
mTORC2 has been reported. For instance, mTORC1-induced
activation of P70S6K suppresses mTORC2 (Fu and Hall, 2020;
Harrington et al., 2004). In addition, Akt mediates a positive
activation loop between mTORC1 and mTORC2 whereby
mTORC2 activates Akt (Abeyrathna and Su, 2015), which then
alleviates mTORC1 inhibition by phosphorylating PRAS40 (Wang
et al., 2007). Treatment with Akt antagonist, MK-2206, abolished the
phosphorylation of total, non-isoform specific, Akt, Akt1, and
Akt2 and Akt target, PRAS40 (Figure 5). This is consistent with
the finding that phosphorylation of PRAS40 at Thr-246 is mediated
by Akt in response to insulin (Kovacina et al., 2003; Nascimento
et al., 2010). The presence of Akt independent phosphorylation of
PRAS40 has also been reported (Lv et al., 2017; Sanchez Canedo
et al., 2010). The finding that MK-2206 treatment blocked the
cardioprotective effect of HDL and completely abolished Akt
phosphorylation in HDL-treated WKY and SHR indicates the
requirement of Akt in HDL-mediated cardiac protection. In
addition, the reduction in PRAS40 phosphorylation in the
presence of Akt antagonist indicates that PRAS40 is a

downstream target of Akt. The presence of residual 5.7%
phosphorylated PRAS40 in the presence of MK-2206 suggests the
presence of, a minor, Akt-independent phosphorylation of
PRAS40 in SHR (Figure 5D).

Interestingly, our data indicate that HDL activates Akt2 but
not Akt1 in WKY and SHR (Figures 5B,C). Moreover, the
magnitude of HDL-induced activation of Akt2 was consistent
with the magnitude of HDL-mediated cardiac protection against
I/R injury in WKY and SHR. HDL was more potent in activating
Akt2 in WKY and resulted in greater protection from I/R injury in
these rats. HDL treatment, however, did not affect
PRAS40 phosphorylation in hearts from normotensive rats. The
finding that HDL specifically activated Akt2 isoform yet did not
induce PRAS40 phosphorylation, could possibly suggest that
PRAS40 phosphorylation is likely to be mediated by Akt1 or
Akt3 isoforms in WKY. In line with this observation, the lack
of Akt2 did not affect the phosphorylation state of PRAS40 (Lv
et al., 2017). Moreover, slicing Akt3 but not Akt1 or Akt2 blocked
PRAS40 phosphorylation (Sun et al., 2020), indicating the
involvement of Akt3 in PPRAS40 phosphorylation. In addition,
the role of Akt3 in mediating PRAS40 phosphorylation was
reported in malignant melanoma (Madhunapantula et al.,
2007). A lack of HDL-induced activation of Akt1 (our data), or
possibly Akt3 (remains to be tested), may therefore explain the lack
of HDL-induced PRAS40 phosphorylation in WKY. The finding
that HDL activated Akt2 isoform and reduced the phosphorylation
of PRAS40 in hearts from SHR further supports the notion that
Akt2 isoform does not play a significant role in the
phosphorylation of PRAS40. HDL-mediated reduction in
PRAS40 phosphorylation in SHR could alternatively be due to
HDL-induced activation of phospho-protein phosphatases.
Perturbation of plasma membrane cholesterol has been shown
to regulate the activity of PP2A/HePTP phosphatase complex
(Wang et al., 2003). PRAS40 activity is regulated by phospho-
protein phosphatases including PTEN and MAPK-phosphatase-7
(MKP7) (Du et al., 2014; Wang et al., 2020). Thus, it’s plausible to
speculate that HDL-mediated cholesterol efflux (Rosenson et al.,
2012) may enhance the activity of these phosphatases resulting in
reduced PRAS40 phosphorylation. These possibilities, however,
remain to be directly tested. To conclude, Akt plays a non-
dispensable role in mediating the phosphorylation of
PRAS40 in WKY and SHR. HDL appears to differentially
regulate PRAS40 in WKY and SHR. In WKY HDL did not
affect PRAS40 phosphorylation, in SHR however, HDL
attenuated PRAS40 phosphorylation. HDL-mediated reduction
in PRAS40 phosphorylation in SHR indicates the enhanced
association of un-phosphorylated PRAS40 (active inhibitor)
with mTORC1 and subsequent complex inhibition which could
possibly be required to suppress the enhanced mTORC1 activity in
SHR (Figures 3C, 5D). It has been reported that
mTORC1 phosphorylates PRAS40 at Ser-183, Ser-212, and Ser-
221 and alleviates PRAS40 induced substrate competition (Wang
et al., 2008). The effect of HDL on PRAS40 phosphorylation on
other sites remains however to be investigated. The finding that
HDL specifically activated Akt2 suggests a novel role of Akt2 in
HDL-mediated cardiac protection in normotensive and
hypertensive rats. In contrast however, HDL mediated
activation of Akt1 and Akt2 has been implicated in HDL-
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mediated protection against doxorubicin induced apoptosis
(Durham et al., 2018). The lack of involvement of Akt1 in
HDL-mediated protection against I/R injury could be due to
species (WKY and SHR vs C57BL6 mice), model (ex-vivo vs
in vitro), or pathway (I/R injury vs doxorubicin induced
apoptosis) related differences. Apoptosis can be initiated
through the extrinsic pathway that involves caspase 8, initiator
caspase, (Tummers and Green, 2017), or via the intrinsic
mitochondrial pathway, which involves mPTP opening,
cytochrome c release, and caspase 7, executioner caspase,
activation (Lakhani et al., 2006; Riedl and Salvesen, 2007). Akt
phosphorylates and inactivates mediators of cellular apoptosis
including inhibits mPTP opening, cytochrome c release, and
activation of caspases (Tsang et al., 2004). HDL inactivated
GSK and reduced cytochrome c release, caspases 7 and
8 activation (Figure 6).

Our data are consistent with the previously reported data on the
anti-apoptotic effects of HDL (Frias et al., 2013; White et al., 2016).
In addition to its anti-apoptotic effects, HDL could protect against
I/R injury by virtue of its antioxidant (Calabresi et al., 2003;
Fogelman et al., 2013; Mineo et al., 2006) and anti-inflammatory
(Al-Jarallah and Babiker, 2022; Barter et al., 2004; Gomaraschi et al.,
2008) effects. The cardioprotective anti-inflammatory, and
antioxidant effects of HDL were not investigated in this study,
nonetheless, they cannot be excluded.

To our knowledge, this is the first study to demonstrate the role
of HDL in regulating mTORC1 and mTORC2 signaling in
protecting against myocardial I/R injury in normotensive and
hypertensive rats. HDL inhibited mTORC1 in normotensive and
hypertensive rats yet, via different mechanisms. HDL activated
mTORC2, indicated by increased Akt2 phosphorylation in WKY
and SHR. HDL-mediated inhibition of mTORC1, activation of
mTORC2, and inhibition of myocardial apoptosis could explain
HDL-mediated cardiac protection from I/R injury in normotensive
and hypertensive rats.

Our study, however, has some limitations including the rat’s age,
gender, and dosage of HDL treatment used. Additional studies in
female rats are required to demonstrate if HDL is equally protective
in both genders. It also will be interesting to test if HDL can protect
hearts from older rats, with marked hypertension-induced
deterioration in cardiac functions from I/R injury or if different
concentrations and/or routes of HDL administration protect to
different extents.
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SUPPLEMENTARY FIGURE 1
Hearts were isolated and divided into four groups (n=4-9 rat/group from
each genotype). Group-A (untreated controls) was subjected to 30 min of
ischemia followed by 30 min of reperfusion. Group-B (antagonist) was
infused 5 min before reperfusion and continued for an additional 10 min of
reperfusion. In group-C (HDL) was subjected to 30min of ischemia in which
HDL was added 5 min before the beginning of reperfusion. HDL
administration was continued during the first 10 min of reperfusion. In
Group-D (antagonist + HDL) hearts were subjected to ischemia in the
presence of MK-2206 (5 µM) infused at 20min of ischemia followed by the
addition of HDL (400 µg) 5 min before reperfusion. HDL and antagonist
administration continued during the first 10 min of reperfusion.
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