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The mammalian target of rapamycin (mTOR), an evolution-
arily conserved serine/threonine kinase, plays a significant
role in integrating cellular and environmental cues that
modulate cell metabolism, growth, proliferation, survival,
and homeostasis. The distinct roles of mTOR were identified
in gene transcription, protein synthesis, tissue regeneration
and repair, oxidative stress, immunity, aging, and cell death
that include autophagy and apoptosis (Figure 1(a)). Emerging
evidence over the last decade indicates that deregulation
of mTOR signaling has been implicated in many human
diseases, including cancer, obesity, diabetic complications,
pulmonary hypertension, cardiovascular diseases, and neu-
rodegeneration (Figure 1(b)). Moreover, oxidative stress has
also been etiologically implicated in this wide variety of
disease processes and states. Notably, the mTOR pathway is
activated during various cellular processes including tumor
formation and angiogenesis, insulin resistance, adipogenesis,
andT-lymphocyte activation. Based on its pathophysiological
importance, themTOR signaling pathway has attracted broad
scientific and clinical interest as a potential therapeutic target
to treat a variety of diseases associated with oxidative stress,
aging, proliferative disorders, and metabolic abnormalities.
The focus of this special issue is to advance our understanding
of the mTOR signaling pathways in metabolic and cardiovas-
cular diseases as well as cancer and aging, which could be

pivotal for the development of novel therapeutic strategies
to treat many human diseases. Internationally recognized
experts highlight the distinct role of mTOR signaling in
cardiovascular and metabolic diseases as well as cancer with
insightful presentation to enrich our knowledge in emerging
therapeutic application of mTOR inhibitors.

Acute myocardial infarction (AMI) is a leading cause
of death worldwide. Reperfusion of the coronary flow is
obligatory to resuscitate the ischemic myocardium; how-
ever, it may cause a paradoxical cardiomyocyte dysfunc-
tion, which is known as “reperfusion injury.” There is still
no effective therapy for preventing myocardial reperfusion
injury. Using the left coronary artery occlusion model in
C57 mice, S. M. Filippone et al. revealed that rapamycin
administration at the onset of reperfusion attenuatesmyocar-
dial infarction. Rapamycin improves post-MI/R (myocardial
ischemia/reperfusion) cardiac function with reduction of
oxidative stress and cardiomyocyte apoptosis. Considering
the important role of Reperfusion Injury Salvage Kinase
(RISK) pathway (specifically AKT and ERK1/2), they further
elucidated the effects of rapamycin on mTOR complexes
(mTORC1 and mTORC2) and MAP kinase (ERK and p38)
signaling pathways. This study confirmed that reperfusion
therapy with rapamycin protects the heart against MI/R
injury by selective activation of mTORC2 (indicated by
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Figure 1: Schematic representation of themTOR signaling network (a) and the involvement of deregulatedmTOR signaling in cardiovascular
and metabolic disorders, in cancer and in aging (b), such as those highlighted in this special issue: myocardial ischemia/reperfusion injury,
atherosclerosis, diabetes and its cardiac and vascular complications, tuberous sclerosis complex disease, and gynecological malignancies,
among other types of cancers.

the induction of phosphorylation of AKT S473) and ERK
with simultaneous inhibition of mTORC1 (indicated by the
attenuation of phosphorylation of ribosomal protein S6) and
p38.

Atherosclerotic plaque instability and rupture is the
major cause of acute myocardial infarction and stroke. The
vascular smooth muscle cell (VSMC) is a major contribu-
tor to atherosclerotic plaque progression and vulnerability.
The imbalance of autophagy of VSMC in the fibrous cap
might cause plaque instability. mTOR is a key regulator of
autophagy which may be involved in the development of
atherosclerotic plaque. Using murine atherosclerosis model,
Z. Luo et al. revealed that chronic treatment with low dose
(50mg/kg/d for 16 weeks) rapamycin (a specific mTOR
inhibitor) alleviates atherosclerosis progression and pro-
motes plaque stability by moderately inducing autophagy
of VSMC. They demonstrated that moderate autophagy
induced by low dose rapamycin was able to attenuate VSMCs
senescence. Inhibition of mTORC1 by rapamycin repressed
ULK1 which led to the formation of an active ATG1-ATG13-
ATG17 complex and stimulation of autophagy.The p53 family
plays a pivotal role in cellular senescence and the inhibition
of this pathway prevents the development of atherosclerosis
by effectively suppressing proinflammatory cytokines, as well
as cellular senescence. In this study, they also exhibited that
mTORC1 inactivation with rapamycin also inhibited VSMCs
senescence by repressing the expression of p53. Therefore,
rapamycin-induced vascular cell autophagy may provide
novel insights into the clinical treatment of atherosclerosis.

Sonodynamic therapy (SDT), a novel noninvasive
approach, exhibited a beneficial effect on atherosclerosis
by inducing autophagy and apoptosis of macrophages

with stabilizing the atherosclerotic plaques. Y. Jiang et al.
investigated whether the combination of hydroxysafflor
yellow A (the hydrophilic fraction of the safflower plant)
and ultrasound (HSYA-SDT) could induce autophagy and
inhibit inflammation in THP-1 macrophages. They showed
that autophagy was induced by HSYA-SDT in human THP-1
macrophages with inhibition of inflammatory factors. Based
on their results, they suggested that HSYA-SDT induces an
autophagic response via the PI3K/AKT/mTOR signaling
pathway and inhibits inflammation by reactive oxygen
species in THP-1 macrophages.

The persistent hyperactivation of mTOR has been impli-
cated in diverse metabolic disorder, including obesity, type
2 diabetes, and metabolic syndrome. Diabetic patients are
more prone to cardiovascular diseases which is associated
with worse prognosis as compared to its nondiabetic coun-
terpart. The beneficial effect of rapamycin treatment in
diabetic mice was well documented. Rapamycin improves
metabolic status by regulating glucose metabolic proteins
and prevents cardiac dysfunction in type 2 diabetic mice
by attenuating oxidative stress and modulating antioxidant
and contractile proteins. Rapamycin also protects diabetic
heart against reperfusion injury through STAT3 signaling.
Inhibition of mTORC1 with rapamycin reduces body fat
and lean mass in male Zucker obese (ZO) rat. Rapamycin
treatment for 12 weeks also increased expression of cardiac
Mediator Complex 13 (MED13) which is known to improve
whole body metabolism. In this special issue, C. Luck et
al. for the first time revealed that long time treatment with
rapamycin modulates several intracardiac proteins differ-
entially in healthy Zucker lean rats and diabetic Zucker
obese rats. They showed that rapamycin treatment causes
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an increase in cardiac fibrosis in healthy Zucker lean rats,
whereas rapamycin suppresses cardiac fibrosis in Zucker
obese rats by differentially regulating the phosphorylation
of AKT and antifibrotic cytokines in healthy and obese rats.
Moreover, rapamycin treatment for six weeks improves many
of the cardiac parameters in both healthy and obese/diabetic
rats. However, continuation of the treatment for another six
weeks reversed these cardiac functional improvements in
Zucker obese rats. Interestingly, they reported that long term
treatment with rapamycin enhances the fasting glucose level
in Zucker obese rats with activation of nonoxidative glucose
pathways (NOGPs), particularly the advanced glycation end
products (AGE) pathway. Understanding the differential
effects of rapamycin on cardiac tissues in diabetic rats
compared to healthy subjects is an imperative aspect to ensure
the efficient application of this drug for cardioprotection in
patients with preexisting diabetes.

X. Han et al. explored the role of acarbose, an oral
glucose-lowering drug, on diabetes-related wound healing,
angiogenesis, and endothelial precursor cell (EPC) impair-
ment, focusing on the AKT/eNOS (endothelial nitric oxide
synthase) signaling pathway. The authors suggested that
acarbose has beneficial effects on diabetes-induced wound
healing and angiogenesis by improving EPC function, using
the db/db mice as animal model of type 2 diabetes mellitus
and in vitro functional assays with isolated bone marrow
EPCs (BM-EPCs). They showed enhanced AKT and eNOS
activation in cultured BM-EPCs from acarbose-treated db/db
mice, together with increased nitric oxide production. Fur-
thermore, AKT inhibition was able to abolish the beneficial
effect of acarbose on high glucose induced EPC dysfunction
in vitro, whichwas accompanied by reduced eNOS activation.
Overall, the authors concluded that acarbose treatment could
reverse the diabetes-related impairment of wound healing,
angiogenesis, and EPC function by activating the AKT/eNOS
signaling pathway.

Finally, the review article contributed by D. Zhao and
coworkers discussed the role of oxidative stress and mTOR
signaling in myocardial ischemia/reperfusion (MI/R) injury
under diabetes. They summarized the potential mechanisms
underlying diabetic heart damage when subjected to MI/R
injury, including impaired activation of prosurvival path-
ways, excessive endoplasmic reticulum (ER) stress, increased
basal oxidative state and decreased antioxidant defences,
impaired autophagy and mitochondrial quality control, and
mTOR overactivation. The authors described the controver-
sial data regarding the cardioprotective or cardiotoxic role
of the mTOR signalling in MI/R injury and the complex
interplay with oxidative stress. Finally, potential therapeutic
strategies against cardiac injury in diabetic patients were
discussed, including the use of the hypoglycemic agent
metformin and the newly found free radicals scavengers
Sirt1 and CTRP9, which might be viewed as promising
pharmacological cardiometabolic targeted therapeutic genes
to protect the diabetic heart fromMI/R injury.

Aberrant activation of the mTOR signaling is involved in
some cancer hallmarks, suggestingmTOR as an attractive tar-
get for cancer therapy. In the review article by F. Palavra et al.,
the authors described the recent advances and the challenges

of mTOR inhibitors use in the treatment of patients with
tuberous sclerosis complex (TSC), an autosomal dominant
genetic disease associated with mutations in the TSC1 and
TSC2 genes, leading to the overactivation ofmTOR signalling
pathway. TSC is a disorder of cellular differentiation and
proliferation, characterized by the presence of benign and
noninvasive tumor-like lesions (called hamartomas) that can
affect multiple organ systems, such as the brain, kidney,
skin, heart, lung, and liver. The authors firstly summarized
the clinical diagnostic criteria for TSC and the molecular
upstream and downstream mediators of mTOR-TSC regula-
tion; afterwards, they revisited the pharmacological aspects of
mTOR inhibitors (rapamycin, also known as sirolimus, and
its analogues everolimus, temsirolimus, and ridaforolimus),
focusing on the clinical trials leading to their approval in
TSC-related conditions. To conclude, authors exposed the
current challenges and future directions in TSC treatment,
including the possibility of using the second generation of
mTOR inhibitors (known as mTOR kinase inhibitors or
TORKinibs), which allow inhibition of both mTORC1 and
mTORC2, thus opening new windows of opportunity to
better treat TSC and related conditions.

The review manuscript by A. C. de Melo et al. introduced
the recent progress regarding the mTOR pathway inhibitors
for the treatment of gynecological malignancies, including
endometrial, cervical, and ovarian cancers. As the efficacy
of the currently available antitumor agents is still limited,
the prognosis of the advanced gynecologic cancers remains
poor. Therefore, more effective therapeutic approaches for
gynecological malignancies are desperately needed. In this
regard, PI3K-AKT-mTOR-mediated signaling would be one
of the most promising therapeutic targets in gynecologic
cancers because aberrant PI3K-dependent signaling occurs
oftentimes in various types of cancer, including endometrial,
cervical, and ovarian cancers. Initially, the authors sum-
marized the clinical characteristics, involvement of PI3K-
AKT-mTOR-mediated signaling, and the recent advances of
clinical trials using mTOR pathway inhibitors in endome-
trial, cervical, and ovarian cancers, respectively. Next, they
illustrated the effects of mTOR inhibitors in both the case
of monotherapy and those of combination therapy with
other cytotoxic drugs against gynecologic cancers.Then, they
concluded that more intensive exploration of PI3K-AKT-
mTOR-targeted drugs which can get over the advanced or
recurrent gynecologic cancers should be conducted.

In the review article of S. Faes et al., the mecha-
nisms underlying resistance to mTORC1 inhibitors in cancer
therapy were revisited, including the existence of mTOR
mutations, the activation of alternate proliferative signaling
pathways following mTORC1 inhibition, and the intratu-
moral heterogeneity of mTORC1 activity. The molecular
mechanisms associated with those conditions were dissected,
including the main mutations already identified, namely,
in the FRB domain (FKBP-rapamycin binding domain) of
mTOR, which hamper the anticancer efficacy of rapalogs
by blocking the binding of rapamycin-FKBP12 to mTOR, as
well as mutations that promote hyperactivation of mTOR
and resistance to ATP-competitive mTOR inhibitors. Fur-
thermore, the authors discussed the alternate proliferation
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pathways that have been described, such as the overactivation
of PI3K/AKT and RAS/RAF/MEK/MAPK, secondary to
the inhibition of negative feedback loops after mTORC1
inhibition. Finally, the key elements contributing to the
intratumoral heterogeneity, including genetic and functional
heterogeneity, as well as tumor hypoxia and pH environment,
were discussed. It was concluded that those mechanisms, in
particular tumor heterogeneity, should be considered when
developing new therapeutic anticancer approaches targeting
mTOR.

Ultraviolet (UV) radiation is the most environmental
skin aggressor, causing skin disorders such as erythema
or sunburn, premature skin aging, and skin cancer. UVB-
induced skin damage is caused by DNA damage, apoptosis,
ER stress, and activation of key signaling pathways (e.g.,
MAPK family and AMPK). UVB was reported to increase
phosphorylation of mTOR substrate 4E-BP1 and p70 S6
kinase in epidermal keratinocytes. Keratinocytes, the pre-
dominant component in the epidermis, are themajor target of
UVB induced skin damage. S. Xu et al. detected the sensitivity
of human keratinocyte cell line HaCaT and human epidermal
keratinocytes (HEKs) to four different inhibitors of mTOR,
rapamycin, everolimus, Torin 1, or pp242.They reported that
keratinocytes were sensitive to those mTOR inhibitors, but
the regulation of mTOR downstream signaling was distinct.
Only rapamycin induces autophagy in HaCaT cells among
the four mTOR inhibitors tested. Therefore, they indicated
that mTOR inhibition in keratinocytes cannot always induce
autophagy. Moreover, they exhibited that mTOR signaling
is insensitive to UVB but sensitive to UVA radiation. The
mTOR inhibition caused by rapamycin, everolimus, or pp242
does not interfere UVB-stimulated the series of biological
events in keratinocytes, including the downregulation of the
ERmolecular chaperone BIP and ER transmembrane protein
PERK, activation of the DNA damage marker Histone H2A
and stress activated protein kinase SAPK/JNK, and cleavage
of apoptotic molecular caspase 3 and PARP. Accordingly
they suggested that mTOR signaling does not play a crucial
role in the complex cellular responses in keratinocytes with
ultraviolet damage.
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In order to investigate the effects of autophagy induced by rapamycin in the development of atherosclerosis plaque we established
murine atherosclerosis model which was induced in ApoE−/−mice by high fat and cholesterol diet (HFD) for 16 weeks. Rapamycin
and 3-Methyladenine (MA) were used as autophagy inducer and inhibitor respectively. The plaque areas in aortic artery were
detected with HE and Oil Red O staining. Immunohistochemical staining were applied to investigate content of plaque
respectively. In contrast to control and 3-MA groups, rapamycin could inhibit atherosclerosis progression. Rapamycin was able
to increase collagen content and a-SMA distribution relatively, as well as decrease necrotic core area. Then we used MOVAS
and culture with ox-LDL for 72 h to induce smooth muscle-derived foam cell model in vitro. Rapamycin and 3-MA were
cultured together respectively. Flow cytometry assay and SA-β-Gal staining experiments were performed to detect survival and
senescence of VSMCs. Western blot analysis were utilized to analyze the levels of protein expression. We found that rapamycin
could promote ox-LDL-induced VSMCs autophagy survival and alleviate cellular senescence, in comparison to control and 3-
MA groups. Western blot analysis showed that rapamycin could upregulate ULK1, ATG13 and downregulate mTORC1 and p53
protein expression.

1. Introduction

The rupture of vulnerable plaque followed by thrombus
formation is a fatal complication of atherosclerosis. Vulnera-
ble plaque is characterized by a large necrotic lipid core
containing infiltrated inflammatory cells and a thin fibrous
cap with lower vascular smooth muscle cells (VSMCs) and
extracellular matrix. Biological behavior (e.g., senescence,
apoptosis, autophagy, and proliferation) of VSMCs is a major
contributor to atherosclerotic plaque progression and vulner-
ability [1]. It is well recognized that senescent VSMCs exhibit
impaired proliferation and self-repairing capacity, which
reduced fibrous cap formation [2]. In unstable advanced

atherosclerotic lesions obtained from patients, senescent
VSMCs are found in fibrous caps and exhibit significant loss
of the proliferative capability, accompanied by an increase in
several senescent markers including enhanced senescence-
associated β-galactosidase (SA-β-gal) activity [3].

Autophagy or cellular self-digestion, the basic catabolic
mechanism that involves degradation of unnecessary or dys-
functional cellular components through the actions of lyso-
somes, has been reported to be implicated in a broad
spectrum of mammalian diseases. The mammalian target of
rapamycin (mTOR), a serine-threonine kinase as part of
the mTORC1 complex, regulates cell’s growth, proliferation,
autophagy, and metabolism by integrating signals from
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nutrients, energy status, and growth factors. It is reported
that mTOR dysregulation results in cancer, diabetes, and
cardiovascular diseases [4]. Furthermore, mTOR is also
involved in atherosclerotic plaque progression and destability
[5]. A series of clinical trials showed that the mTOR inhibitor
rapamycin was used as a drug-eluting stent for atherosclero-
sis intervention and prevent against stent restenosis by inhi-
biting VSMC proliferation and migration [6]. However, the
effects of mTOR on VSMC autophagy, senescence, and pro-
liferation are complicated. Autophagosome formation
requires a series of autophagy-related protein (Atg). The
ULK complex composed of ULK1, Atg13, and FIP 200 is
one of the most upstream factors of autophagosome in
mammals. Therefore, we hypothesized that a moderate
dose of rapamycin was capable of inducing autophagy in
VSMCs, thus suppressing the progression of atheroscle-
rotic plaques, which is related to regulation of the
mTORC1/ULK1/ATG13 signal pathway.

2. Methods

2.1. Animal Model. Female ApoE−/− mice (8 weeks old)
(Jax West Laboratories, West Sacramento, CA, USA) were
first fed with a standard laboratory chow diet for one week.
Thereafter, all animals were randomly allocated into three
groups with n = 20 each: (1) control group—mice kept on a
standard laboratory chow diet (TD.88137, Harlan Laborato-
ries Inc., Madison, WI) for 16 weeks; (2) high-fat and
cholesterol diet (HFD) group—mice were fed with a
Western-type diet (containing 15% fat and 0.25% choles-
terol) for 16 weeks; (3) low-dose rapamycin group—mice
were fed with a Western-type diet and received low-dose
rapamycin (50mg/kg/d) for 16 weeks; (4) high-dose rapamy-
cin group—mice were fed with a Western-type diet and
received high-dose rapamycin (100mg/kg/d) for 16 weeks;
and (5) 3-MA group—mice were fed with a Western-
type diet and received the autophagy inhibitor 3-MA
(100mg/kg/d) for 16 weeks. All animal procedures were con-
ducted in conformity with the Health Guideline of Chinese
PLA General Hospital on the Use of Laboratory Animals,
and all experiments were performed in accordance with the
Helsinki declaration.

2.2. Aortic Tissue Collection. The body weight of mice was
measured every week. Blood samples were taken from the
inferior vena cava, and animals were sacrificed by euthanasia.
Blood was centrifuged to obtain serum. The heart and whole
aorta were immediately extracted. The aorta was embedded
in optimal cutting temperature (OCT) embedding medium
(Tissue-Tek, Sakura Finetek USA, Torrance, CA) for
histology and immunofluorescence assay. The remaining
aorta was longitudinally opened and fixed with 4% parafor-
maldehyde for lipid measurement at the surface of the vascu-
lar wall. The embedded abdominal aortas were kept at −20°C.

2.3. Cell Culture and Experimental Design. The mouse aortic
smooth muscle cell line (MOVAS) was purchased from
American Type Culture Collection (ATCC) center (Manas-
sas, VA, USA). The cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Gibco, NY, USA), which
contained 5mM glucose and were supplemented with 10%
fetal bovine serum (FBS) (Gibco) and 1% penicillin/strepto-
mycin and incubated in 5% CO2 at 37

°C. The cells were pas-
saged every 2-3 days and then placed into 6-well plates with
slides at a density of 4× 105 cells/cm2 and disposed by incu-
bation with ox-LDL (Shanghai Leuven Biological Technology
Co.) (80μg/ml for 72 h). The optimal concentration and time
point of ox-LDL were analyzed using Western blot of the
autophagy protein marker. The MOVAS cells were randomly
divided into the following groups: (1) control group, cells
were incubated with DMEM; (2) ox-LDL group, cells were
pretreated with ox-LDL (80μg/ml) for 72h; (3) ox-LDL
+ low concentration rapamycin group, ox-LDL-pretreated
cells were incubated with the mTOR inhibitor rapamycin
(10 ng/ml) for another 24h; (4) ox-LDL+high-dose rapamy-
cin group, ox-LDL-pretreated cells were incubated with the
mTOR inhibitor rapamycin (30 ng/ml) for another 24 h;
and (5) ox-LDL+3-MA group, ox-LDL-pretreated cells were
incubated with 3-MA for another 24 hours, respectively. For
all data shown, individual experiments were repeated three
times.

2.4. Protein Extraction and Western Blot Analysis. Total pro-
teins were obtained by rinsing treated cells with ice-cold
phosphate-buffered saline (PBS) and lysing in lysis buffer
(10mM Tris, pH7.4, 20mM NaCl, 5mM MgCl2, 0.5% NP-
40, and 0.1mM PMSF). The extracts were then centrifuged
at 12,000 rotating speed for 10min at 4°C, and the clear
supernatants containing total protein were collected. The
protein concentration was measured with the Bio-Rad pro-
tein assay (Blue Skies Biotechnology Company in Shanghai).
20μl total protein (vessels and cells, resp.) was resolved on
SDS-PAGE and transferred onto a nitrocellulose membrane.
After blocking in 5% nonfat milk (in Tris-buffered-saline
with Tween (TBST)) for 2 hours, membranes were incubated
with primary antibodies: mouse anti-rabbit mTORmonoclo-
nal antibody (Cell Signaling, USA), ULK1 monoclonal anti-
body (Cell Signaling, USA), LC3-II monoclonal antibody
(Cell Signaling, USA), Atg5 monoclonal antibody (Merck
Millipore Cor., Germany), and β-actin monoclonal antibody
(Zhong Shan Cor., China), overnight at 4°C. Membranes
were washed with TBST for 3 times followed by incubation
with the corresponding secondary antibodies. Bands were
detected by the use of an enhanced chemiluminescence
detection kit (Thermo Electron Corp., Rockford, USA).
Expression of individual proteins was normalized to that of
β-actin. Western blot was repeated at least three times.

2.5. Cell Staining for Immunofluorescence Microscopy.
Cells were seeded onto slides and incubated with the
corresponding intervention, then, respectively, fixed with
4% paraformaldehyde for 15min at 4°C. After washing
with PBS, cells were punched with 1% Triton and then
incubated with mouse anti-rabbit LC3-II antibody at
4°C overnight. The slides were washed with PBS and then
incubated with mouse anti-rabbit IgG-FITC-conjugated
antibody for 2 h at room temperature. Cell nuclei were
counterstained by exposure to DAPI (1mg/ml). After the
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final wash, the slides were mounted and analyzed under a
laser scanning confocal microscope.

2.6. Detection of Autophagosomes by TEM Analysis. The
cultured MOVAS cells were fixed in 0.1mol/l sodium
cacodylate-buffered (pH7.4) 2.5% glutaraldehyde solution
for 2 h and then rinsed with ice-cold PBS and centrifuged at
1000×g for 5min at room temperature, after which the clear
supernatants were removed. Cell pellets were fixed with 2.5%
glutaraldehyde in 0.1M cacodylate buffer (pH7.4) for at least
30min at 4°C. After fixation, the specimens were thoroughly
washed in 0.1M cacodylate buffer and then postfixed with
1% osmium tetroxide in the same buffer for 1 h at room tem-
perature. The specimens were dehydrated in a graded series
of ethanol and embedded in Epon; then, 0.1μm thin sections
were stained with uranyl-acetate/lead citrate and viewed in
TEM (JEM-1230, JEOL, Tokyo, Japan).

2.7. Immunohistochemistry. ApoE−/− mice were sacrificed by
an intravenous overdose of pentobarbital. The occurrence of
plaque rupture and thrombosis of abdominal aorta was
observed. Tissue samples (2 cm long) were cut from the
abdominal aorta and fixed in 4% formaldehyde. Tissue

samples embedded in paraffin were reacted with mouse
anti-rabbit CD68 monoclonal antibody (Dako, USA), mouse
anti-rabbit α-smooth muscle cell (SMC) actin monoclonal
antibody (Sigma, USA), Sirius red staining, and Oil red O
staining.

2.8. SA-β-gal Staining. SA-β-gal staining was performed as
previously described [7]. Briefly, cells were washed twice with
PBS followed by fixation with a 3.7% formaldehyde solution
for 10 minutes. After washing, cells were then incubated with
the SA-β-gal staining solution (1mg/ml X-gal, 40mmol/l
citric acid, 5mmol/l potassium ferrocyanide, 5mmol/l potas-
sium ferricyanide, 150mmol/l sodium chloride, and 2mmol/
l magnesium chloride dissolved in phosphate buffer) (pH6.0)
overnight at 37°C in a CO2-free atmosphere. The stained
senescent cells were detected by conventional microscopy.
Senescent cells were determined by the ratio of SA-β-gal-
positive cells to the total cell count.

2.9. Statistical Analysis. All values are expressed as means
± SEM. Results were analyzed by 1-sample t-test versus
100-sample unpaired Student t-tests or for multiple
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Figure 1: Autophagy activation induced by rapamycin inhibits atherosclerotic plaque progression in ApoE−/− mice. (a) HE staining of an
aortic tissue section from ApoE−/− mice fed with HFD for 4 weeks or 16 weeks; (b) quantitation analysis of plaque burden in an aortic
tissue section (n = 5 per group; ∗p < 0 05 versus HFD group, #p < 0 05 versus low RAPA group); (c) Oil red O staining of the total length
of the carotid artery from different mice after 16-week HFD feeding; (d) quantitation of the mean Oil red O-stained plaque area (n = 5 per
group; ∗p < 0 05 versus HFD group, #p < 0 05 versus low RAPA group).

3Oxidative Medicine and Cellular Longevity



comparisons by ANOVA and the Student-Newman-Keuls
posttest. Significant differences were accepted when p < 0 05.

3. Results

3.1. Autophagy Activation Inhibits Atherosclerotic Plaque
Progression. HE staining of the aortic section revealed that

the difference in plaque size was not significant in all groups
of ApoE−/− mice fed with an HFD for 4 weeks (Figure 1(a)).
However, autophagy agonist rapamycin could significantly
decrease the plaque area of ApoE−/− mice fed with an HFD
for 16 weeks, in contrast to the HFD group. The autophagy
inhibitor 3-MA was able to reverse this trend (Figures 1(a)
and 1(b)). Moreover, Oil red O staining of the plaque area
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Figure 2: Autophagy activation induced by rapamycin influences the feature of plaque composition in ApoE−/− mice. (a)
Immunohistochemistry staining of aortic tissue; (b) the expression of α-SMC in plaque by immunohistochemistry staining; (c) the
expression of CD68 in plaque by immunohistochemistry staining; (d) the distribution of lipid in plaque by Oil red O staining; (e) the
distribution of collagen in plaque by Sirius red staining; (f) quantitative analysis of plaque stability which was calculated as the value of (α-
SMC area + collagen area)/(macrophage area + lipid area), (n = 5 per group; ∗p < 0 05 versus HFD group, #p < 0 05 versus low RAPA group).
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to the whole artery demonstrated that rapamycin signifi-
cantly decreased atherosclerotic lesions of the whole artery,
in comparison to the HFD group (p < 0 05). These effects
were abolished by 3-MA (77.3%± 0.02% in the 3-MA group
versus 59.3%± 0.01% in the low RAPA group, p < 0 05)
(Figures 1(c) and 1(d)).

3.2. Autophagy Activation Promotes Atherosclerotic Plaque
Stability. A marked change of atherosclerotic plaque mor-
phology was also observed in immunohistochemical staining
of carotid tissue isolated from ApoE−/− mice (Figure 2(a)).
Further quantification analysis showed that low-dose
rapamycin treatment markedly reduced the percent of
CD68 expression in the whole plaque, compared with the
HFD group, whereas 3-MA abolished the effects of rapamy-
cin (p < 0 05) (Figure 2(c)). Similarly, low-dose rapamycin
also significantly decreased the necrotic core area. However,
the ratio of α-SMA and collagen distribution in plaque
increased noticeably in the low-dose rapamycin treatment
group than in other groups (p < 0 05) (Figures 2(b),
2(d), and 2(e)). Further plaque stability analysis by cal-
culating the ratio of collagen content and the necrotic

core area revealed that low-dose rapamycin significantly
increased plaque stability, compared with HFD and 3-MA
groups (p < 0 05) (Figure 2(f)).

3.3. Autophagy Activation Regulates VSMC Senescence and
Cell Cycle. Transmission electron microscopy (TEM) and
immunohistochemical results revealed that VSMCs treated
with low-dose rapamycin exhibited typical features of
enhanced autophagy such as increased autophagosome
formation and expressions of LC3 II. Nevertheless, 3-MA
reversed autophagy in VSMCs induced by rapamycin
(Figures 3(a), 3(b), and 3(c)).

At 72 hours post-ox-LDL exposure, VSMCs became
enlarged and flattened morphologically with strong posi-
tive staining of senescence-associated galactosidase (SA-β-
gal). Low-dose rapamycin treatment could significantly
reduce the expression of galactosidase in VSMCs. How-
ever, 3-MA reversed the effects of rapamycin (p < 0 05)
(Figures 4(a) and 4(b)). Western blot analysis revealed that
low-dose rapamycin could significantly decrease the
expression of senescence markers p16 and p21 in contrast
to the ox-LDL group (Figures 5(a) and 5(b)). Flow
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Figure 3: Typical features of autophagy induced by rapamycin in VSMCs. (a) Transmission electron microscopy (TEM) showed
autophagosome formation in VSMCs. (b) Immunofluorescence staining revealed LC3II distribution in VSMCs. (c) Quantitative analysis
of LC3II expression in VSMCs (n = 5 per group; ∗p < 0 05 versus HFD group, #p < 0 05 versus low RAPA group).
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cytometry data revealed that low-dose rapamycin facili-
tated VSMC viability by promoting cell cycle progression,
compared with ox-LDL and 3-MA groups (p < 0 05)
(Figures 4(c), 4(d), and 4(e)).

3.4. Rapamycin Regulates VSMC Autophagy and Senescence
via the mTORC1/ULK1/ATG13 Signaling Pathway. To
further investigate the possible mechanisms of VSMC
autophagy and senescence, we assessed the level of
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Figure 4: Autophagy activation regulates VSMC senescence and cell cycle. (a, b) Staining of senescence-associated galactosidase (SA-β-gal) in
VSMCs. (c, d, e) Flow cytometry analysis of cell cycle in VSMCs.
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autophagy-related proteins mTORC1, ULK1, and ATG13.
Western blot results revealed that low-dose rapamycin signif-
icantly decreased the expression of mTORC1 but increased
the protein levels of ULK1 and ATG13 in VSMCs, in contrast
to the ox-LDL-induced group (p < 0 05). Meanwhile,
rapamycin attenuated the phosphorylation level of ULK1.
Additionally, low-dose rapamycin was able to inhibit p53
protein expression by inactivating mTORC1. However,
3-MA also abolished the effects of rapamycin on these
protein expressions (Figures 5(a) and 5(b)).

4. Discussion

VSMCs are a fundamental constitute of atherogenesis. Previ-
ous studies showed VSMC proliferation was predominant in
atherosclerosis progression, while apoptosis and senescence

of VSMCs decreased the fibrous cap and led to plaque insta-
bility. Autophagy, which is a major modulator of cellular
metabolism, plays crucial roles in the balance of cells’ prolif-
eration and apoptosis. However, effects of different levels of
autophagy on death, survival, and related mechanism are still
not well known. The present study investigates whether
moderate autophagy can inhibit VSMC senescence and stabi-
lize atherosclerotic plaque.

We demonstrated moderate autophagy induced by a low
dose of rapamycin could inhibit atherosclerosis progression,
in contrast to the autophagy inhibitor 3-MA. Moreover, his-
tology results indicated that low-dose rapamycin decreased
lipid core size, while it relatively increased collagen and
VSMC distribution in advanced plaque. The effects on the
fibrous cap and necrotic core were reversed by the autophagy
inhibitor 3-MA. Actually, low level of endogenous autophagy
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Figure 5: Western blot analysis showed that VSMC autophagy and senescence are regulated via the mTORC1/ULK1/ATG13
signaling pathway.
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can be observed in plaque tissue of the HFD group; however,
it may be not sufficient to prevent atherosclerosis develop-
ment. Exogenous autophagy induction is necessary to allevi-
ate VSMC apoptosis and plaque instability. Recently,
Grootaert et al. reported that defective autophagy of VSMCs
by genetic deletion of the essential gene Atg7 accelerated
postinjury neointima formation and diet-induced atheroscle-
rosis [8]. This result is partly consistent with our data. Some
differently defective and inductive autophagies on plaque
progression and vulnerability were both investigated in our
study. Additionally, we also found that a high dose of rapa-
mycin did not exhibit an extra protective effect on atheroscle-
rosis progression and stability. These infer that moderate
autophagy may play more protective roles.

We further investigated the effect of autophagy on
VSMCs’ survival. Herein, 80 μg/ml ox-LDL-treated VSMCs
for 72 h was used as a cell model in vitro. Accumulating evi-
dence showed that the modest dose of ox-LDL (10–40μg/
ml) promoted VSMC proliferation, whereas ox-LDL with
higher level (more than 60μg/ml) for 72 hours was more
likely to induce cell apoptosis [9]. We wonder to investi-
gate whether autophagy reversed the ox-LDL role, and
the mTOR inhibitor rapamycin was utilized to induce
autophagy. Flow cytometry results showed that moderate
autophagy displays a protective role in the survival of
ox-LDL-induced VSMCs. However, this trend was abol-
ished by 3-MA. It is also showed that the number of
VSMCs which stayed in a G1 phase of cell cycle was much
less in low-dose rapamycin treatment groups than in other
groups. It suggests that moderate autophagy can be con-
sidered a beneficial factor for VSMC growth. It is note-
worthy that high-dose rapamycin leads to VSMC cycle
arrest in the G1 phase. All these results are in line with
previous studies that other types of cells (e.g., macro-
phages, pancreatic β cells, and neurons) are also more
susceptible to injury-mediated cell death under defective
or excessive autophagy conditions [10, 11]. Moreover, pre-
vious research revealed that atherosclerosis progression
was associated with increased DNA damage and senes-
cence of VSMCs [12]. Therefore, the relationship between
autophagy, survival, and aging was further investigated in
our study. SA-β-gal staining and Western blot analysis of
p21 and p16 also demonstrated that ox-LDL treatment
significantly promotes VSMC senescence. The autophagy
inhibitor further exacerbated ox-LDL-stimulated senes-
cence. Nevertheless, moderate autophagy induced by low-
dose rapamycin was able to attenuate VSMC senescence.
It is comprehensible that autophagy is a homeostatic cellu-
lar recycling mechanism for degrading injured or dysfunc-
tional cellular organelles and proteins in cells and inhibits
cell senescence [13, 14].

The relationship between cellular senescence, autoph-
agy, and mTOR has been suggested in other studies [15].
mTOR is a key regular of cell growth and metabolic
homeostasis in cells. Previous researches reported that in
mammalian cells, rapamycin acts through an allosteric
mechanism that acutely disables the nutrient-sensitive
mTORC1, but the second complex mTORC2 is unaffected
by acute rapamycin treatment [16]. Our mechanism

analysis indicated that mTORC1 could promote phosphor-
ylate Ser757 on ULK1. When mTORC1 is inactivated by
rapamycin, the repression of ULK1 and ATG13 is relieved,
which allows the formation of an active ATG1-ATG13-
ATG17 complex and stimulates autophagy [17]. As for
the VSMCs, autophagy activation is able to alleviate
senescence. Additionally, it is reported that p53 plays an
essential role in cellular senescence and quiescence. We
demonstrated that mTORC1 inactivation could repress
p53 and inhibit VSMC senescence. These findings indi-
cated that the mTORC1/ULK1/ATG13 pathway was
mainly involved in cellular senescence and autophagy.

There are some limitations in this study. Firstly, an
autophagy inducer or inhibitor was injected into ApoE−/−

mice intraperitoneally to regulate autophagy in an animal
model. These administration methods cannot differentiate
the exact role of rapamycin on various types of cells in lesions
such as macrophages, VSMCs, or endothelial cells. In the
next research, transgenic mice treated with Cre-LoxP tech-
nology to selectively knock out autophagy-related genes
(e.g., ATG5 and ATG13) in VSMCs should be applied to
investigate the sophisticated role of autophagy on VSMC
behaviors in vivo. Secondly, the crosstalk regulation between
senescence and autophagy-related genes needs to be investi-
gated in depth.

In summary, this study demonstrated that moderate
autophagy induced by low-dose rapamycin could alleviate
atherosclerosis progression and promote plaque stability in
the ApoE−/− mice model, which was associated with regulat-
ing VSMC autophagy and senescence by the mTORC1/
ULK1/ATG13 signal pathway.
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Diabetes is comorbid with cardiovascular disease and impaired immunity. Rapamycin improves cardiac functions and extends
lifespan by inhibiting the mechanistic target of rapamycin complex 1 (mTORC1). However, in diabetic murine models, Rapamycin
elevates hyperglycemia and reduces longevity. Since Rapamycin is an immunosuppressant, we examined whether Rapamycin
(750 𝜇g/kg/day) modulates intracardiac cytokines, which affect the cardiac immune response, and cardiac function in male lean
(ZL) and diabetic obese Zucker (ZO) rats. Rapamycin suppressed levels of fasting triglycerides, insulin, and uric acid in ZO but
increased glucose. Although Rapamycin improved multiple diastolic parameters (E/E�耠, E�耠/A�耠, E/Vp) initially, these improvements
were reversed or absent in ZO at the end of treatment, despite suppression of cardiac fibrosis and phosphoSer473Akt. Intracardiac
cytokine protein profiling and Ingenuity� Pathway Analysis indicated suppression of intracardiac immune defense in ZO, in
response to Rapamycin treatment in both ZO and ZL. Rapamycin increased fibrosis in ZL without increasing phosphoSer473Akt
and differentially modulated anti-fibrotic IL-10, IFN𝛾, and GM-CSF in ZL and ZO. Therefore, fundamental difference in
intracardiac host defense between diabetic ZO and healthy ZL, combined with differential regulation of intracardiac cytokines
by Rapamycin in ZO and ZL hearts, underlies differential cardiac outcomes of Rapamycin treatment in health and diabetes.

1. Introduction

Accumulating evidence supports the role of the mechanistic
(previously called mammalian) target of rapamycin (mTOR)
as the “Grand Bioconductor” of metabolism and aging [1–
3]. The mTOR protein kinase serves as a central integra-
tor of nutrient signaling pathways and is overactivated in
cardiovascular tissues of patients with metabolic disorders
such as obesity, type 2 diabetes (T2DM), and metabolic
syndrome (MetS) [4–8]. Overactivation of mTOR is linked
to cardiovascular disease. We have reported recently that
inhibition of mTOR complex 1 (mTORC1) by Rapamycin
in male Zucker obese (ZO) rat results in weight loss and
reduction in body fat and lean mass [9]. mTORC1 consists
of mTOR, regulatory-associated protein of mTOR (Raptor);

mammalian lethal with Sec13 protein 8 (mLST8, also known
as GbL); proline-rich Akt substrate 40 kDa (PRAS40); and
DEP-domain-containing mTOR-interacting protein (Dep-
tor) [4, 5]. Rapamycin suppresses mTORC1 pathway by
inhibiting phosphorylation of p70S6 kinase (p70S6K) at
Thr389, which in turn no longer activates ribosomal protein
S6 and protein synthesis machinery. We also demonstrated
that 12 weeks of Rapamycin treatment in ZO rats resulted
in downregulation of cardiac levels of microRNA miR-208a.
miR-208a is a marker for cardiac dysfunction and fibrosis.
12 weeks of Rapamycin treatment also increased expression
of cardiac Mediator Complex 13 (MED13) which is known
to improve whole body metabolism [9]. Rapamycin is an
FDA-approved immunosuppressant and anticancer agent
that inhibits mTOR protein kinase [4, 5, 10]. Rapamycin is
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now considered to be an antiaging agent and recent reports
suggest that Rapamycin treatment increases lifespan in mice
[11, 12].

Obesity and T2DM aremetabolic disorders characterized
by chronic inflammation and accelerated aging. They, in
turn, further exacerbate cardiovascular disease (CVD) [13].
Recent studies on db/db mice treated with Rapamycin for
4 weeks have shown that Rapamycin could improve car-
diac contractile functions [14]. Moreover, in isolated db/db
mice hearts, Rapamycin treatment reduced oxidative stress
and protected against reperfusion injury [15]. Therefore,
short-term treatment with Rapamycin is cardioprotective in
T2DM. However, long-term treatment of db/db mice with
Rapamycin increased their mortality rate [16]. Thus, the
protective effect of Rapamycin seems to depend on the length
of treatment and the metabolic health of the subject (healthy
or diabetic). There are no reports of chronic Rapamycin
treatment causing rebound elevation of mTORC1. However,
activation of Rapamycin-insensitive mTORC2 is implicated
in some of these effects [4, 5]. Understanding how the pro-
tective effects of Rapamycin in cardiac tissues are modulated
by the metabolic and cardiac microenvironment induced in
T2DM compared to healthy subjects is an important aspect
to ensure effective use of this drug for cardioprotection in
patients with preexisting conditions including diabetes.

As an immunosuppressant, Rapamycin is expected to
modulate circulating and systemic cytokine profiles. The
extent to which Rapamycin modulates intracardiac cytokine
profiles differently in diabetes compared to healthy patients
is not fully understood. We observed that Rapamycin
(750𝜇g/kg/day; 12 weeks) reduced body weight, body fat,
and cardiac microRNA miR-208a (implicated in promoting
hypertrophy and fibrosis) and increased cardiac Med13 (that
promotes whole body metabolism in Zucker diabetic fatty
rats) [9]. Based on these observations, we hypothesized
that Rapamycin treatment would mitigate diastolic dysfunc-
tion in these rats. We also hypothesized that Rapamycin
would improve their intracardiac cytokine profile to mit-
igate chronic inflammation. Therefore, we evaluated car-
diac parameters of healthy Zucker lean (ZL) rats and dia-
betic Zucker obese (ZO) rats after six-week and 12-week
Rapamycin treatments (ZL-R and ZO-R). We also investi-
gated changes in the intracardiac cytokine protein profiles of
these rats at the end of 12-week Rapamycin treatment.

2. Methods

2.1. Rapamycin Treatment of Rats. All animal procedures
used in this study were approved by the Harry S. Truman
Veterans Memorial Hospital (HSTVMH) Subcommittee for
Animal Safety and University of Missouri IACUC before
commencing. All animals were cared for in accordance
with the Guidelines for the Care and Use of Laboratory
Animals (National Institutes of Health publication 85-23).
Zucker obese (fa/fa) (ZO) and lean (ZL) rats (Charles River
Laboratories) were used in this study. Rats were maintained
on ad libitum food and water and housed singly at the
HSTVMH animal housing facility under standard laboratory
conditions. Room temperature was maintained at 21-22∘C.

Light and dark cycles were for 12 hours, but animals were
entrained to have dark cycle (awake time) during the day and
light cycle (sleep time) during the night. At 8 weeks of age,
Rapamycin pellets designed to deliver Rap at a concentration
of 750𝜇g/kg/day for 21 days (from Innovative Research of
America Inc., Sarasota, FL) or placebo (sugar) pellets were
placed surgically under the skin behind the shoulder blades
under brief isoflurane anesthesia and this procedure was
repeated 3 times to achieve a 12-week treatment. ZL and
ZO rats that received placebo pellets are referred to as ZL-
C and ZO-C and those implanted with Rapamycin pellets are
referred to as ZL-Rap and ZO-Rap, respectively, in the text.

2.2. Fasting Plasma Profile and Tissue Collection. Animals
were fasted for 6 hours before blood collection. Bloodwas col-
lected biweekly from the saphenous vein as described previ-
ously [17]. Blood was also collected by cardiac puncture at the
time of sacrifice according to IACUC approved procedure as
described previously [17]. Plasma analysis was performed by
Comparative Clinical Pathology Services at Columbia, MO.
Plasma levels of triglycerides and uric acid were measured
using commercially available assays (Beckman-Coulter, Brea,
CA) on an automated clinical chemistry instrument (AU680,
Beckman-Coulter, Brea, CA). Glucose and insulin were
measured by an automated hexokinase G-6-PDH assay and
an ELISA kit specific for rat insulin, respectively. Hearts were
harvested at time of sacrifice as described before [17], flash
frozen in liquid nitrogen, and stored at −80∘C for future use.

2.3. Echocardiography. Transthoracic echocardiography on
placebo or Rapamycin-treated rats was performed under
inhaled isofluorane anesthesia (0.5–1.0% maintenance) with
a 12MHz pediatric transducer using a GE Vivid I Ultrasound
system to assess in vivo cardiacmorphology and diastolic and
systolic function as previously described [8]. Echocardiog-
raphy was performed in the middle of treatment (after six
weeks) and at the end of treatment (after 12 weeks).

2.4. Histopathology and Interstitial Fibrosis Measurement.
Tissues from animals (randomly numbered) were fixed in
10% neutral buffered formalin (NBF), embedded into paraf-
fin blocks; sections were cut at 4𝜇m thickness and were
stained with Masson’s Trichrome Stain (MTS) at Research
AnimalDiagnostic Laboratory (RADIL), Columbia,MO.The
stained sections were scanned using the Aperio CS Slide
Scanner byWSI Analytics Lab, Department of Pathology and
Anatomical Sciences, University ofMissouri, Columbia, MO.
Scanned sections were visualized using Aperio ImageScope
(Leica Biosystems). Next, 10 interstitial (20x magnification)
images of the most fibrotic regions were selected per animal.
Fibrotic area was quantified using the in-built Positive Pixel
Count (V9) algorithm (settings weremanually determined as
follows: hue value = 0.6785; hue width = 0.4; color saturation
threshold = 0). Positivity (Positive/Total Pixels) was averaged
over all regions from a single group to determine mean
fibrotic area per group.

2.5. Analysis of Rat Intracardiac Cytokine Protein Profile by
Quantibody� Rat Cytokine Array 67. Frozen heart tissues
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(−80∘C) of placebo- or Rapamycin-treated rats (𝑛 = 5 per
group) were powdered under liquid nitrogen and lysed with
ice cold lysis buffer (Cat#: AA-Lys, RayBiotech, Norcross,
GA) supplemented with Okadaic Acid (0.1 𝜇M), sodium
orthovanadate (250 𝜇M), sodium pyrophosphate (650𝜇M),
Bestatin (5 nM), and 1x cOmplete� Protease Inhibitor Cock-
tail (Roche Life Sciences). Tissue lysis was performed using
a Qiagen TissueLyser. Cell debris was removed by centrifu-
gation and protein in the supernatant was estimated by
BCA method (Pierce BCA protein assay kit). Intracardiac
cytokine protein levels of randomly numbered animals were
analyzed using RayBiotech’s Quantibody Rat Cytokine Array
67 [18, 19]. This array is a combination of 2 nonoverlap-
ping arrays that facilitates quantitative measurement of the
concentrations of 67 rat cytokines by using appropriate
antibody pairs. Within the array, each individual cytokine
was represented four times, along with positive and negative
controls which allowed for an analysis of standard deviation.
Cytokine analysis of the heart tissue lysates was performed by
RayBiotech according to their protocol and software analysis.
Cytokines that exhibited statistically significant differences
(𝑝 < 0.05) between different groups were selected for input
into Ingenuity Pathway Analysis (IPA, Qiagen, Germantown,
MD) to identify diseases and functions that were affected.
Heatmaps were generated using the ggplot2 package for R
[20].

2.6. Western Blotting. To determine the changes in the phos-
phorylation status of Ser473 of Akt in response to Rapamycin
treatment of ZL and ZO rats, their cardiac tissue lysates were
subjected to Western blotting as described previously [9, 17].
Akt and pSer473Akt antibody were purchased from Cell
Signaling Technology, Danvers, MA. Tris-buffered saline-
Tween 20 (TBST) containing 5% bovine serum albumin
(BSA) was used for blocking the Western blots (PVDF)
for one hour. Primary antibodies were diluted 1 : 1000 in
5% BSA in TBST. Blots were incubated for overnight at
4∘C in primary antibodies, were washed with TBST, and
were incubated in the horseradish peroxidase-conjugated
secondary antibody (1 : 25,000 dilution in 5% BSA in TBST).
After TBSTwashes, chemiluminescent substrate (Supersignal
West Femto Maximum Sensitivity Substrate kit; Thermo
Scientific) was added to visualize antibody binding using Bio-
Rad ChemiDoc XRS image-analysis system. Quantitation of
pSer473 protein band density compared to total Akt protein
banddensitywas performed after normalizing density of each
band to the density of total protein (determined by amido
black staining) in different areas of its respective lane of the
blot. All protein band density quantifications were performed
using Quantity One software (Bio-Rad Laboratories Inc.,
Berkeley, Ca). Data are reported as the normalized protein
band density in arbitrary units.

2.7. Statistical Analysis. Results are reported as means ± SE.
Statistical analysis was performed using SigmaStat software.
For multiple comparisons, one- or two-way ANOVA or two-
way repeated measures ANOVA, followed by uncorrected
Fisher’s LSD, was performed as appropriate, withmain effects
of strain, treatment, or a strain ∗ treatment interaction

(INT) noted where relevant. Unpaired two-tailed t-test was
performed for pairwise comparisons. A 𝑝 value < 0.05 was
deemed significant.

3. Results

3.1. Rapamycin Treatment Reduced Fasting Plasma Insulin,
Triglycerides, and Uric Acid. We have reported previously
that Rapamycin treatment (750𝜇g/kg/day) of ZO rats for
a period of 12 weeks significantly suppressed their food
intake, body weight, body fat, and lean muscle mass [9].
Here we report that, starting around 8 weeks of age, ZO-C
exhibited significantly high levels of fasting plasma insulin
and triglycerides (Figures 1(a) and 1(b)). Starting at around
9 weeks of age, they also showed high levels of fasting
plasma glucose (Figure 1(b)). Rapamycin suppressed fasting
plasma insulin and triglycerides but elevated fasting plasma
glucose in ZO rats (Figure 1). At the end of the treatment,
we observed an increase in fasting plasma glucose (over 2-
fold higher) in ZO-Rap compared to ZO-C (Figure 1(c)).
Conversely, plasma insulin levels were suppressed by about
50% in ZO-Rap compared to ZO-C (Figure 1(a)). At the
end of treatment, serum from ZO-C had high levels of uric
acid, a marker of chronic inflammation and heart failure
[21] compared to ZL-C. Rap treatment suppressed uric acid
elevation (Figure 1(d)). Rapamycin treatment did not change
these parameters significantly in ZL rats (Figure 1).

3.2. Effect of Rapamycin on Cardiac Functional Parameters
in ZO and ZL Rats after 6- and 12-Week Treatments. At the
end of 6-week Rapamycin treatment (14 weeks of age), the
cardiac functional parameters of untreated and Rap-treated
ZL and ZO rats were determined by echocardiography.
Fourteen-week-old ZL-C and ZL-Rap rats exhibited similarly
normal ultrasound-derived cardiac structural and functional
parameters (Table 1). Compared to ZL-C, ZO-C rats exhibited
abnormalities in multiple diastolic parameters, including
decreases in the tissue doppler E�耠/A�耠 ratio indicative of
impaired septal wall motion and mitral inflow propagation
velocity (Vp) indicative of impaired active phase relaxation.
They also showed increases in LV filling pressure (E/E�耠
and E/Vp ratios), isovolumic relaxation time (IVRT), and
myocardial performance index (Tei index of global cardiac
function) (Table 1). However, ejection fraction (EF) and frac-
tional shortening (FS) were similar in ZL and ZO groups with
and without Rapamycin treatment (Table 1). Collectively,
these indicate that the ZO rats exhibited diastolic dysfunction
with preserved ejection fraction. These observations are
consistent with cardiac pathology in diabetic rats [22]. With
the exception of IVRT which was similarly prolonged in both
ZO groups, these diastolic abnormalities were improved in
ZO rats treated for 6 weeks with Rap (Table 1).

At the end of the 12-week Rapamycin treatment, both
ZL-C and ZL-Rap rats exhibited normal ultrasound-derived
cardiac structural and functional parameters (Table 2). A
notable exception was the increase in the E�耠/A�耠 ratio in ZL-
Rap, and this was due mainly to an increase in septal wall
velocity during early diastole (E�耠), indicative of improved
diastolic filling (Table 2). Fractional shortening and ejection
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Figure 1: Changes in fasting serum triglyceride levels, insulin, and glucose, and serum uric acid of lean and obese rats treated with and without
Rapamycin. Six-hour fasting blood collection of the indicated groups was performed for analysis of (a) serum insulin, (b) serum triglyceride
levels, and (c) plasma glucose. (d) Uric acid wasmeasured from serum samples collected at the time of sacrifice. Analysis was performed using
commercially available assays (Beckman-Coulter, Brea, CA) on an automated clinical chemistry instrument (AU680, Beckman-Coulter, Brea,
CA) for triglycerides, glucose, and uric acid. Insulin was measured by an ELISA kit specific for rat insulin. Values are means ± SEM. 𝑛 = 6
for ZL-C, ZL-Rap, and ZO-C, and 𝑛 = 5 for ZO-Rap. ∗𝑝 < 0.05 versus ZL-C, and #𝑝 < 0.05 versus ZO-C using two-way repeated measures
ANOVA or Student’s t-test as appropriate.

fraction were similar between the ZL and ZO groups with
and without treatment (Table 2). Rapamycin reduced heart
weight (adjusted to tibia length) in ZO rats (Figure 2(a)).
There were significant strain effects in diastolic parameters
indicating impaired diastolic dysfunction in the older group
of ZO rats compared to age-matched ZL rats and this was
due largely to impaired diastolic parameters in the ZO-Rap
group (Table 2). Specifically, measures of filling pressure
(E/E�耠 and E/Vp), isovolumetric relaxation time (IVRT) and
propagation velocity (Vp) tended to be more impaired in
the ZO-Rap rats that received Rapamycin treatment for 12
weeks compared to the earlier time point (Figures 2(b)–2(f)).
Thus, after the six-week treatment, Rap improved cardiac

parameters in ZO group, but, after the 12-week treatment,
these improvements were reversed or not detectable.

3.3. Effect of Rapamycin Treatment on Cardiac Fibrosis and
Phosphorylation Status of Ser473 Akt. We have reported
previously that Rapamycin treatment suppressed miR-208a
that promotes fibrosis in ZO rats [9]. To further confirm
that Rapamycin treatment suppressed cardiac fibrosis, we
determined the extent of cardiac fibrosis in all four groups.
As shown in Figure 3, Rapamycin treatment suppressed
interstitial fibrosis in ZO rats (Figures 3(a) and 3(b)). This is
consistent with the effect of Rapamycin treatment according
to previously published reports[14]. However, Rapamycin
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Table 1: Summary of 2D M-Mode, pulse wave, and tissue Doppler echo measurements on 14-week-old ZL-C and ZO-C and Rapamycin
treated (ZL-Rap and ZO-Rap) rats. Values are mean ± SE. Numbers in parentheses are sample sizes. ∗𝑝 < 0.05 ZL-C versus ZO-C; †𝑝 < 0.05
ZO-C versus ZO-Rap; ‡𝑝 < 0.05 ZL-C versus ZL-Rap; §𝑝 < 0.05 ZL-Rap versus ZO-Rap.

Parameter Main effect 𝑝 value ZL-C (4) ZL-Rap (4) ZO-C (4) ZO-Rap (4)

PWTd, cm
Strain 0.001

0.15 ± 0.01 0.15 ± 0.00 0.20 ± 0.01∗† 0.17 ± 0.01Treatment 0.036
Interaction 0.036

RWT
Strain 0.050

0.41 ± 0.02 0.45 ± 0.01 0.53 ± 0.05∗ 0.48 ± 0.04Treatment 0.842
Interaction 0.257

LA, cm
Strain 0.018

0.27 ± 0.03 0.28 ± 0.04 0.40 ± 0.02∗† 0.31 ± 0.01Treatment 0.162
Interaction 0.090

E, m⋅s−1
Strain 0.016

1.09 ± 0.05 1.11 ± 0.06 1.26 ± 0.05∗ 1.21 ± 0.03Treatment 0.750
Interaction 0.480

E/E�耠
Strain 0.015

15.3 ± 0.7 13.8 ± 1.06 22.2 ± 0.9∗† 15.6 ± 2.6Treatment 0.021
Interaction 0.119

E�耠/A�耠
Strain 0.001

1.21 ± 0.02 1.15 ± 0.08 0.86 ± 0.05∗† 1.08 ± 0.06Treatment 0.014
Interaction 0.542

Vp
Strain 0.037

57 ± 3 67 ±2a 47 ± 1a† 61 ± 6Treatment 0.005
Interaction 0.567

E/Vp
Strain 0.001

1.92 ± 0.17 1.65 ± 0.05 2.67 ± 0.11∗† 2.03 ± 0.18Treatment 0.006
Interaction 0.200

IVRT
Strain 0.002

17.8 ± 1.5 16.1 ± 1.3 23.3 ± 1.9∗ 21.8 ± 0.8§Treatment 0.301
Interaction 0.966

MPI
Strain 0.011

0.38 ± 0.01 0.34 ± 0.01 0.45 ± 0.02∗† 0.38 ± 0.02Treatment 0.016
Interaction 0.373

PWTd, posterior wall thickness-diastole; RWT, relative wall thickness; LA, left atrial diameter; E, velocity of early mitral flow; E�耠, peak velocity of septal
annulus; E/E�耠 index of LA filling pressure;Vp, flow propagation velocity; E/Vp, index of LV filling pressure; IVRT, isovolumic relaxation time; MPI, myocardial
performance index. a�푃 = 0.06 versus ZL-C.

treatment increased cardiac fibrosis in ZL rats. Rapamycin
is reported to activate Akt and activation of Akt caused by
phosphorylation of Ser473 residue (phosphoSer473Akt) is
known to promote cardiac fibrosis [23, 24]. To test whether
Rapamycin-mediated activation of Akt plays a role in the
increase in cardiac fibrosis in ZL rats, we examined the
phosphorylation status of Ser473 of Akt. We found that
Ser473 phosphorylation of Akt was increased (𝑝 = 0.06)
in ZO-C heart compared to ZL-C heart and this effect
is consistent with the increased cardiac fibrosis in ZO-C
compared to ZL-C (Figures 3(c) and 3(d)). Moreover, Ser473
phosphorylation of Akt was suppressed by Rapamycin in ZO
rats (𝑝 = 0.04) and this is consistent with the Rapamycin-
induced suppression of cardiac fibrosis in ZO-Rap (Figures
3(c) and 3(d)). However, Ser473 phosphorylation was not
changed in response to Rapamycin treatment in ZL rat hearts

(Figures 3(c) and 3(d)). Thus, the increase in cardiac fibrosis
in ZL-Rap does not seem to be the effect of Rapamycin-
induced Akt Phosphorylation.

3.4. Differences in the Intracardiac Cytokine Profile between
ZO-C and ZL-C. To gain a better understanding of the
similarities and differences between the cardiac microen-
vironment of ZL-C and ZO-C, we examined expression
patterns of 67 cardiac proteins using the Rat Cytokine Array
Q67 (RayBiotech). Out of 67 proteins, 20 proteins were
differentially expressed between ZO-C and ZL-C (𝑝 <
0.05) (Figure 4). Expression of 19 proteins was suppressed
and only one was increased in ZO-C compared to ZL-C.
Interestingly, proteins that were suppressed in ZO-C heart
included interleukins that are implicated in heart disease.
Increased expression of IL-1 alpha and IL-1 beta is associated
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Figure 2:Heart weight, cardiac function, and myocardial strain analysis in 14- and 20-week-old rats. (a) Graph shows heart weight determined
at the time of sacrifice after normalizing to tibial length. (b) LV relative wall thickness (RWT) calculated by using the formula PWTd +
AWd/LVIDd, where AW is the anterior LV diastolic wall thickness and LVID is the LV internal diameter. (c) Graph shows E/E�耠, a powerful
predictor of primary cardiac event in humans, (d) E/Vp, (e) isovolumic relaxation time (IVRT), (f) flow propagation velocity (Vp). Values are
means ± SEM. 𝑛 = 6 for ZL-C, ZL-Rap, and ZO-C, and 𝑛 = 5 for ZO-Rap for (a) †𝑝 < 0.05 versus ZL-C, #𝑝 < 0.05 versus ZO-C. For (b)–(f),
𝑛 = 4 for all groups, ∗𝑝 < 0.1 and ∗∗𝑝 < 0.05 compared to 14 weeks for each respective group. 𝑝 values were determined using two-way
repeated measures ANOVA or Student’s t-test as appropriate.
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Table 2: Summary of 2D M-Mode, pulse wave, and tissue Doppler echo measurements on 20-week-old ZL-C and ZO-C and Rapamycin-
treated (ZL-Rap and ZO-Rap) rats. Values are mean ± SE. Numbers in parentheses are sample sizes. ∗𝑝 < 0.05 ZL-C versus ZO-C; †𝑝 < 0.05
ZO-C versus ZO-Rap; ‡𝑝 < 0.05 ZL-C versus ZL-Rap; §𝑝 < 0.05 ZL-Rap versus ZO-Rap.

Parameter Main effect 𝑝 value ZL-C (4) ZL-R (4) ZO-C (4) ZO-R (4)

HR
Strain 0.019

360 ± 16 389 ± 12 349 ± 10 339 ± 9§Treatment 0.441
Interaction 0.114

SWTd, cm
Strain 0.001

0.15 ± 0.00 0.15 ± 0.00 0.17 ± 0.01∗ 0.19 ± 0.01§Treatment 0.147
Interaction 0.308

PWTd, cm
Strain 0.004

0.16 ± 0.00 0.17 ± 0.00 0.19 ± 0.01∗ 0.20 ± 0.01§Treatment 0.116
Interaction 0.734

LVIDd, cm
Strain 0.757

0.73 ± 0.02 0.67 ± 0.02a 0.74 ± 0.01† 0.65 ± 0.03Treatment 0.003
Interaction 0.597

RWT
Strain 0.001

0.42 ± 0.01 0.48 ± 0.02‡ 0.48 ± 0.02∗† 0.60 ± 0.03§Treatment 0.001
Interaction 0.163

LA, cm
Strain 0.040

0.28 ± 0.01 0.31 ± 0.03 0.40 ± 0.03∗† 0.29 ± 0.03Treatment 0.135
Interaction 0.017

E�耠, m⋅s−1
Strain 0.001

0.078 ± 0.014 0.123 ± 0.009‡ 0.060 ± 0.007 0.056 ± 0.006§Treatment 0.037
Interaction 0.016

E/E�耠
Strain 0.013

16.2 ± 3.3 9.5 ± 1.2 19.8 ± 3.7 21.2 ± 2.2§Treatment 0.340
Interaction 0.152

E�耠/A�耠
Strain 0.016

1.20 ± 0.25 2.48 ± 0.32‡ 1.09 ± 0.18 1.14 ± 0.26§Treatment 0.025
Interaction 0.036

Vp
Strain 0.011

65 ± 6 63 ± 4 53 ± 7 43 ± 3§Treatment 0.256
Interaction 0.465

E/Vp
Strain 0.024

1.78 ± 0.20 1.83 ± 0.08 2.26 ± 0.48 2.70 ± 0.17Treatment 0.374
Interaction 471

IVRT
Strain 0.001

19 ± 1.7 16.7 ± 0.6 26.0 ± 1.1∗ 28.0 ±1.3§Treatment 0.919
Interaction 0.100

MPI
Strain 0.005

0.41 ± 0.03 0.38 ± 0.01 0.48 ± 0.03a 0.48 ± 0.03§Treatment 0.487
Interaction 0.553

HR, heart rate; SWTd, septal wall thickness-diastole; PWTd, posterior wall thickness-diastole; LVIDd, LV inner dimension-diastole; RWT, relative wall
thickness; LA, left atrial diameter; E, velocity of early mitral flow; E�耠, peak velocity of septal annulus; E/E�耠 index of LA filling pressure; Vp, flow propogation
velocity; E/Vp, index of LV filling pressure; IVRT, isovolumic relaxation time; MPI, myocardial performance index.

with poor prognosis for heart failure and suppression of
IL-1 beta is reported to reduce leukocyte production and
inflammation after acute myocardial infarction [25, 26]. IL-4
is implicated in cardiac fibrosis [27]. These interleukins were
suppressed in the heart tissues of ZO-C compared to ZL-C
(Figure 4).

However, cardioprotective interleukins (IL-2 and IL-10
[28, 29] that promote regulatory T cell expansion and reduce
leukocyte infiltration, resp.) were also suppressed in the
ZO-C heart. GM-CSF that primes inflammatory dendritic
cell formation and the dendritic cell maturation markers B-
71/CD80 and B7-2/CD86 [30] were additionally suppressed
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Figure 3: Effect of Rapamycin treatment on fibrosis and phosphorylation status Ser473 residue of Akt in ZL and ZO rats. (a) Representative
images of Trichrome stained heart sections of ZL-C, ZL-Rap, ZO-C, and ZO-Rap are shown. Images were taken at 10x magnification and
the insets were taken at 40x magnification (scale bars = 200𝜇m). (b) Graph shows the cumulative data for normalized fibrotic area from 10
images for each animal (𝑛 = 5 animals per group; 50 images total for one group). Fibrosis was higher in the heart tissue sections of ZO-C and
ZL-Rap compared to that of ZL-C. ZO-Rap heart tissue sections displayed reduced fibrosis compared to ZO-C. (c) Representative images of
Western blots probed with anti-phosphoSer473 Akt and anti-Akt antibodies. Data for 3 different animals per group are shown. All bands are
from the same gel. (d). Bar graph shows the ratio of intensity of bands corresponding to phosphoSer473 Akt to total Akt after normalizing
to total protein levels (𝑛 ≥ 3). ∗𝑝 < 0.05 for ZL-C versus ZO-C or ZO-Rap and #𝑝 < 0.05 for ZO-Rap versus ZO-C and †𝑝 = 0.06 for ZO-C
versus ZL-C.

in the ZO-C heart. Other proinflammatory cytokines that
were suppressed in the ZO-C heart included tumor necrosis
factor 𝛼 [31], CTACK (CCL27) [32], and the nursing hor-
mone prolactin that is implicated in heart disease [33]; see
Figure 4. Moreover, TREM-1 (that mediates inflammatory
cardiac injury) [34], CINC2 (CXCL-3) that is induced by IL-
1 (and also called macrophage inflammatory protein 2 beta,
MIP-2𝛽) [35], and fibroblast growth factor binding protein
(FGF-BP) (that is implicated in hypertension) [36] were also
suppressed in ZO-C heart (Figure 4).

Several anti-inflammatory markers were also suppressed
in ZO-C hearts.These include IL-10 and decorin that amelio-
rates high fat diet-induced cardiac dysfunction [29, 37], neu-
ropilin that attenuates cardiomyopathy [38], and LIX (CXCL-
5) that has a protective role in coronary artery disease [39];
see Figure 4. Other suppressed anti-inflammatory markers
in the hearts of ZO-C include interferon-𝛾 (IFN-𝛾) that has
cardioprotective roles and Platelet Derived Growth Factor
(PDGFAA) that improves wound healing [40, 41]. Moreover,
the inflammatory cytokine CINC3 (CXCL-2 or macrophage
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Figure 4: Changes in cardiac cytokines of ZO-Control rats compared
to ZL-Control rats. Significant differential expression of 20 cytokines
was determined in cardiac tissues of ZO-C and ZL-C rats. The
heatmap is a graphic representation of relative expression of cardiac
protein levels with individual cardiac samples arranged along
the 𝑥-axis and protein markers along the 𝑦-axis. Expression was
normalized for each protein across all animals (across each row).
Average relative expression inZO-Chearts compared toZL-Chearts
for each respective protein is given as a percentage next to each
row. Statistical significance was determined using Student’s t-test.
𝑝 < 0.05 for all proteins, 𝑛 = 5 for each group.

inflammatory protein 2 [MIP-2]) was significantly increased
(2-fold) in ZO-C heart (Figure 4) [35]. Thus the intracardiac
cytokine profile of ZO-C was considerably different in terms
both inflammatory and anti-inflammatory molecule levels
compared to ZL-C.

3.5. Effect of Rapamycin Treatment on the Intracardiac
Cytokines of ZO-C. Eight intracardiac proteins were differ-
entially expressed between ZO-C and ZO-Rap (Figure 5).
Out of the 20 intracardiac proteins that were differentially
expressed between ZL-C and ZO-C, only the expression of
three proteins was modulated by Rap treatment. They were
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Figure 5: Changes in cardiac cytokines of ZO-Control rats compared
to ZO-Rap rats. Significant differential expression of 8 cytokines
was determined in cardiac tissues of ZO-C and ZO-Rap rats.
The heatmap is a graphic representation of relative expression of
cardiac protein levels with individual cardiac samples arranged
along the 𝑥-axis and protein markers along the 𝑦-axis. Expression
was normalized for each protein across all animals (across each row).
Average relative expression in ZO-Rap hearts compared to ZO-C
hearts for each respective protein is given as a percentage next to
each row. Statistical significance was determined using Student’s t-
test. 𝑝 < 0.05 for all proteins, 𝑛 = 5 for each group.

prolactin, decorin, and CINC2/CXCL-3/MIP-2b (Figures 5
and 6). Decorin was suppressed by 28% in ZO-C. Rapamycin
treatment partially restored cardioprotective decorin in ZO-
Cby 14%. Prolactinwas also suppressed inZO-C compared to
ZL-Cby 40%andwas further suppressed byRapamycin treat-
ment (44%) (Figures 5 and 6) that resulted in a cumulative
suppression of prolactin levels by 64% in ZO-Rap compared
to healthy ZL-C. CINC3 (CXCL-2/MIP-2) was increased
by 2-fold in ZO-C, but Rapamycin treatment suppressed it
by 64%. Rapamycin treatment reversed the increase in this
inflammatory marker in ZO-C (Figures 5 and 6).

The other five intracardiac proteins that were modulated
by Rapamycin treatment in ZO-C were Notch-2, GDNF
family receptor alpha-1 (GFR𝛼1), hepatocyte growth factor
(HGF), IL-3, and prolactin receptor (Figure 5). Mutations in
Notch-2 gene that results in deficiency of Notch-2 signaling
are associated with congenital heart defects including right-
sided obstructive lesions such as pulmonary artery stenosis
and tetralogy of Fallot, as well as ventricular septal defects
[42].Therefore, Notch-2 signaling is critical for cardiac struc-
ture and loss of Notch-2 signaling via Rapamycin treatment
may have detrimental effects in the ZO-C heart. HGF is
another important cardioprotective protein [43]. HGF is an
angiogenic and antiapoptotic protein that ameliorates cardiac
ischemia-reperfusion injury and blockade of endogenous
HGF increases infarct size and mortality. Loss of HGF via
Rapamycin treatment may also be detrimental to cardiac
functions in ZO-C. Conversely, IL-3 is considered as an
inflammatory cytokine that is implicated in atherogenesis
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Figure 6: Rapamycin treatment widened the differences in intracar-
diac cytokine profiles of ZL-C and ZO-C. Cartoon diagram shows the
intracardiac proteins that were differentially expressed in response
to both diabetes and Rapamycin treatment. Arrowhead points
towards reduced expression. Direction of change in the protein is
labeled. Expressions of GM-CSF, IL-2, IFN-𝛾, and IL-10 are reduced
by both diabetes (in ZO-C) and Rapamycin treatment (in ZL-
Rap) compared to ZL-C. Prolactin and Notch 2 are suppressed
by Rapamycin treatment in ZO rat but increased in response to
Rapamycin treatment in ZL rats. Uric acid and CINC-3 were
increased by diabetes in ZO rats compared to ZL rats but suppressed
by Rapamycin treatment. Decorin was suppressed by diabetes (ZL-
C versus ZO-C) but increased by Rapamycin treatment in both ZL
and ZO rats. Rapamycin treatment increased IL-22 only in ZL rats.
IL-1𝛼, IL-1𝛽, B7-1 (CD-80), B7-2 (CD-86), and other molecules that
were suppressed by diabetes but not modulated by Rapamycin are
not shown here.

[44] and prolactin receptor is implicated in the pathology of
coronary artery plaques [45]. Therefore, suppression of their
expression by Rapamycin treatment may be beneficial for the
ZO-C heart.

3.6. Effect of Rapamycin Treatment on the Intracardiac Cytok-
ines of ZL-C. There were eleven intracardiac proteins that
were differentially expressed between ZL-C and ZL-Rap
groups (Figure 7). Expressions of four of these proteins,
GM-CSF, IL-2, IL-10, and interferon-𝛾, were suppressed by
Rapamycin treatment in ZL-C (Figures 6 and 7). Conversely,
while Rapamycin treatment suppressed prolactin and Notch-
2 in ZO-C hearts, it increased their expression in ZL-
C hearts (Figures 6 and 7). Decorin was another protein
whose cardiac expression was modulated similarly in both
ZO-C and ZL-C. Rapamycin increased this cardioprotective
protein in both groups (Figure 6). Expression of profibrotic
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Figure 7: Changes in cardiac cytokines of ZL-Control rats compared
to ZL-Rap rats. Significant differential expression of 11 cytokines was
determined in cardiac tissues of ZL-C andZL-Rap rats.The heatmap
is a graphic representation of relative expression of cardiac protein
levels with individual cardiac samples arranged along the 𝑥-axis
and protein markers along the 𝑦-axis. Expression was normalized
for each protein across all animals (across each row). Average
relative expression in ZL-Rap hearts compared to ZL-C hearts for
each respective protein is given as a percentage next to each row.
Statistical significance was determined using Student’s t-test. 𝑝 <
0.05 for all proteins, 𝑛 = 5 for each group.

receptor for tumor necrosis factor-like weak inducer of
apoptosis (TWEAK-R/Fn4) [46] was increased by over 2.4-
fold by Rapamycin in the ZL-C heart. The T cell Ig and
mucin domain-1 (Tim-1) protein is implicated in allograft
rejection [47] and its expression also was increased by 2-
fold by Rapamycin treatment. Finally, Rapamycin treatment
upregulated the expression of growth arrest specific gene 1
(Gas1) that has antiapoptotic properties [48]. While there
were some similarities in the changes in intracardiac protein
expression profiles induced by Rapamycin in ZL-C and ZO-
C, there were also considerable differences in the proteins and
their direction of change (increased versus decreased as seen
in prolactin or Notch-2) (Figure 6).

4. Discussion

Data presented here shows for the first time that Rapamycin
modulates several intracardiac proteins differentially in
healthy Zucker lean rats and diabetic Zucker obese rats.
Our expectation was that since Rapamycin is an immuno-
suppressant, it would suppress inflammatory cytokines in
the heart of both lean and obese rats to improve their
cardiac function. Previous studies have shown that short-
term treatment with Rapamycin improves cardiac functions
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in murine models of diabetes and reduces oxidative stress
[14, 15]. Data presented here also show that Rapamycin
treatment for six weeks improves many of the cardiac param-
eters for diastolic dysfunction significantly in both healthy
and obese/diabetic rats (Table 1 and Figure 2). However,
continuation of the treatment for another six weeks reversed
these cardiac functional improvements in ZO rats. Moreover,
in healthy ZL-M, Rap treatment caused an increase in cardiac
fibrosis. There are no reports in the previous literature of
rebound effect of mTORC1 signaling and upregulation due
to chronic suppression in animals or humans. Therefore, we
excluded that possibility as a causal factor in these results.

In healthy mice, it was shown that an “intermittent
rapamycin dosing schedule” could reduce effects on glu-
cose tolerance and the immune system compared to daily
rapamycin treatment [49]. However, similar studies are not
reported in rodent models with preexisting conditions such
as obesity and DM. In another study, 24-month-old female
C57BL/6J mice were treated with Rap (microencapsulated
Rapamycin diet containing 14 parts per million Rap) for 3
months and it was observed that Rap treatment reversed age-
related cardiac dysfunction [50]. In this study, glucose levels
were slightly increased in aged healthy mice in response to
Rap treatment initially; however, they became similar at the
end of the treatment [50]. In our study rats were treated from
the age of 2 to 5 months.Thus, the ZL rats (healthy rats) used
in our study were much younger and expected to be healthier
in terms of metabolic profile, cardiac function, and structure,
compared to aged rodent models. We also did not observe
any significant changes in glucose levels in our young healthy
ZL rats in response to Rap treatment. Authors noted that 45
intracardiac cytokines (out of a total of 145 cytokines tested)
were suppressed in Rap-treated aged mice and concluded
that “the anti-inflammatory effects of rapamycin are more
potent within cardiac tissue than systemically in the sera”
[50]. Data presented here also suggest that Rap suppressed
intracardiac cytokines in young healthy ZL rats. Interestingly,
IL-2, IL-10, and TWEAK-R were among the intracardiac
cytokines suppressed by Rap in both young ZL rats and aged
mice. There was no indication of any change in the cardiac
fibrosis levels in response to Rap treatment in these aged
healthy mice [50]. It is conceivable that the aged mice had
some cardiac fibrosis already and that was not altered by
Rap treatment. However, in young ZL rats, we observed an
increase in fibrosis in response to Rap treatment. Moreover,
we observed opposing effects of Rap treatment on young ZL
and ZO. In ZO, 750𝜇g/kg/day of Rap treatment was sufficient
to suppress cardiac fibrosis, whereas the same treatment
increased cardiac fibrosis in ZL. Therefore, many factors
including differences the age (young or old), species, route of
drug delivery, and dosage seem to influence effects of Rap in
rodent models.

Importantly, ZO-Rap exhibited worsening of relative wall
thickness, Vp, E/Vp, and isovolumic relaxation time at the
end of treatment (12 weeks) compared to the middle of
treatment (6 weeks) (Figures 2(b), 2(d), 2(e), and 2(f)) and
compared to the untreated ZO-C. Consistent with previous
reports on diabetic rats, ZO-C heart exhibited increases
in phosphorylation of Ser473 of Akt that results in Akt

activation, a contributor to cardiac fibrosis, and enhanced
cardiac fibrosis (Figure 3). Rapamycin suppressed both car-
diac fibrosis and excessive phosphorylation of Ser473 of Akt
(Figure 3). Therefore, the worsening of cardiac functions
in ZO-Rap is not related to increased phosphorylation of
Ser473 residue of Akt and subsequent increase in fibrosis.
However, unlike in healthy mice [50] or ZL rats subjected to
3-month Rap treatment (this study), there was a consistent
rise in fasting plasma glucose in ZO-Rap throughout the
3-month period of Rap treatment. Thus ZO-Rap had the
highest hyperglycemia among the four groups tested in this
study at the end of treatment. It has been proposed that
hyperglycemia-mediated activation of nonoxidative glucose
pathways (NOGPs), particularly the advanced glycation end-
products (AGE) pathway, could have a crucial role in causing
dysfunction of cardiac cells [51]. The fasting plasma glucose
levels of ZO-Rap was about 12mmol/L higher than that
of ZO-C at the end of treatment. This significant disparity
in fasting plasma glucose levels between ZO-C and ZO-
Rap at the end of 12-week Rap treatment could have con-
tributed to increased activation of NOGPs in ZO-Rap that
independently contributed to worsening of cardiac functions
in ZO-Rap compared to ZO-C. Moreover, fasting plasma
glucose levels of ZO-Rap after 12-week Rap treatment was
about 6mmol/L higher than that of ZO-Rap after 6-week
Rap treatment. This increase in hyperglycemia after 12-week
Rap treatment could have also contributed to the reversal
of Rap-mediated improvements in cardiac functions of ZO-
Rap after 6-week treatment. In ZL-Rap, Vp and IVRT were
comparable at both time points and E/E�耠 further improved by
long-term Rapamycin treatment compared to the untreated
ZL-C (Figures 2(c), 2(e), and 2(f)). However, ZL-Rap also
showed a trend towards increase in relativewall thickness and
reduction in E/Vp (Figures 2(b) and 2(d)).

In ZL rats, Rapamycin treatment suppressed GM-CSF
that primes inflammatory dendritic cell formation [30]
and improved expression of cardioprotective decorin [37],
anti-inflammatory/regenerative IL-22 [52], and antiapop-
totic GAS1 [48]. However, it also increased the expression
of potential cardiodeleterious molecules such as TWEAK-
R/Fn4 [46], Tim1 [47], and prolactin [33]. Moreover,
Rapamycin suppressed IL-2, IL-10, and IFN-𝛾 [28, 29, 40]
which are cardioprotective. There seems to be a shift towards
significantly disturbing the cytokine profile seen in healthy
animals by long-term Rapamycin treatment.

Interestingly, three antifibrotic cytokines, IL-10 [53, 54],
IFN-𝛾 [55, 56], and GM-CSF [57], were suppressed in ZO-C
and ZL-Rap heart compared to ZL-C (Figures 4, 6, and 7).
Because both ZO-C and ZL-Rap hearts exhibited fibrosis, it
is conceivable that suppression of these antifibrotic cytokines
either by DM or by Rapamycin serves as an additional mech-
anism for fibrosis. These molecules were not significantly
suppressed by Rapamycin in the ZO-Rap heart (Figure 5).
Thus, the effect of Rapamycin on these antifibrotic cytokines
differed in ZL and ZO hearts. This differential effect of
Rapamycin on antifibrotic cytokines in healthy and diabetic
rats could have contributed to Rapamycin-induced fibrosis in
healthy ZL heart and suppression of fibrosis in diabetic ZO
heart.
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Obesity and diabetes are considered states of chronic
inflammation and are characterized by an impaired immune
response and increased risk for infections [58, 59]. It was
interesting to note that there was significant suppression in
the expression of both inflammatory and anti-inflammatory
interleukins in the ZO-C heart compared to ZL-C heart. To
understand how this change in cytokine profile modulates
disease, we used Ingenuity Pathway Analysis (IPA) of the
differentially expressed cytokines between ZL-C and ZO-C.
Figure 8(a) shows that IPA diseases and functions analysis
predicts suppression of many key immune processes includ-
ing activation of phagocytes, myeloid cells, blood cells, and
peripheral blood mononuclear cells (PBMCs) in ZO-C heart
compared to ZL-C heart. Moreover, several inflammatory
molecules that are critical for immune response to infections
were suppressed significantly in ZO-C heart compared to ZL-
Cheart.These include IL-1 alpha and IL-1 beta, IL-2, GM-CSF
(that primes inflammatory dendritic cell formation), the den-
dritic cell maturation markers B7-1/CD80 and B7-2/CD86,
CTACK/CCL27 (that plays a role in priming Treg cells) [60],
and TREM-1 that promotes host defense during early stage of
infection [61]. The only proinflammatory cytokine that was
increased in ZO-C heart compared to ZL-C heart was CINC-
3 (CXCL2/MIP-2). These observations indicate the heart
tissues of ZO-C rats may have a comparatively weaker host
defense compared to the heart tissues of ZL-C rats. It must be
noted that endocarditis and skin and soft tissue infections are
higher in diabetics [58, 62]. It is conceivable that suppression
of cytokines essential for intracardiac immune functions in
diabetes may contribute to this pathology.

Rapamycin treatment reversed suppression of cardiopro-
tective decorin in ZO rat but did not recover expression
of other molecules including cardioprotective IL-10. It also
further suppressed prolactin and also prolactin receptor.
Thus, potential inflammatory signaling from prolactin was
significantly suppressed in ZO rat heart after Rapamycin
treatment. Rapamycin treatment also reversed the increase
in CINC-3 (CXCL2/MIP-2) in ZO rats. These effects are
potentially cardioprotective. However, it suppressed cardio-
protective HGF and also Notch-2 that is implicated in adult
cardiac repair [43, 63] in ZO-C heart. Therefore, while
Rapamycin treatment had a beneficial effect in restoring the
expression of some of the intracardiac molecules to the levels
seen in the healthy ZL rat, its effects were mixed as it also
contributed to further weakening of the cardiac health by
suppressing additional cardioprotective molecules.

IPA analysis of the differentially expressed cytokines
between ZL-C and ZL-Rap predicted suppression of immune
functions including quantity of red blood cells, differentiation
of monocyte derived dendritic cells, and cell viability, and
induction of mononuclear leukocytes (Figure 8(b)). This
is not surprising since Rapamycin is an immunosuppres-
sant. Similarly, IPA analysis of the differentially expressed
cytokines between ZO-C and ZO-Rap also predicted sup-
pression of key cellular functions including quantity of cells,
differentiation of cells, migration of cells, and proliferation
of immune cells. These Rapamycin-induced suppression of
cellular functions in ZO rats predicted by IPA is in addition to
the suppression of many key immune functions as shown in

Figure 8(a). Thus, the cytokine profile of ZO-Rap indicates
additional weakening of intracardiac innate immune func-
tions compared to ZO-C resulting from a pan-suppression of
cellular functions by Rapamycin.

Effect of Rapamycin treatment on cardiac dysfunction
in diabetic murine models has been studied extensively
for short time periods and the results are encouraging for
the use of Rapamycin in diabetics. Our data is consistent
with previous reports that show Rapamycin reduced cardiac
fibrosis and hyperinsulinemia in diabetic murine models.
However, Rapamycin-induced cardiac fibrosis in healthy ZO
heart and suppressed anti-inflammatory cytokines (IL-10,
IFN𝛾, and GM-CSF) only in ZL heart but not in ZO heart.
These observations highlight the potential role of differential
modulation of intracardiac cytokine profile by Rapamycin
in health and diabetes in shaping the cardiac outcome
to the treatment. To our knowledge, there are no reports
that define intracardiac cytokine profile in diabetic murine
models and compare the effect of Rapamycin treatment on
the intracardiac cytokine profiles of healthy and diabetic
rats. In Figure 9, we have summarized how metabolic and
cardiac parameters of ZL-C and ZO-C differ in the absence
of and after Rapamycin treatment. One notable factor here
is the altered cytokine profile of the ZO-C heart compared
to ZL-C heart that resulted in IPA predicted suppression of
intracardiac immune response in ZO-C. This interpretation
is consistent with the idea that tissue immune response is
impaired in diabetics and this condition can render diabetics
to increased susceptibility to infections. Since Rapamycin
is an immunosuppressant, in diabetics with an impaired
immune response, use of Rapamycin that can further increase
immune suppression requires additional caution.

5. Conclusion

In summary, data presented here shows for the first time
that diabetic ZO-C rats have an intracardiac cytokine protein
expression profile that is reflective of a weaker cardiac
host defense compared to that seen in the healthy ZL-C
rat. Rapamycin treatment, over the short term (6 weeks),
improved several cardiac parameters of diastolic dysfunction
in ZO-C. It also suppressed elevation in triglycerides and
insulin in the blood throughout the 12-week treatment
period.Moreover, elevation in serum uric acid levels, a surro-
gate marker for heart disease, was suppressed to comparable
levels seen in ZL-C at the end of Rapamycin treatment.
These observations support the concept that Rapamycin
has metabolic and cardiac protective effects in diabetic ZO
rats. However, hyperglycemia was further exacerbated by
Rapamycin treatment in ZO rats and this is consistent with
suppression of insulin. Long-term treatment with Rapamycin
(12 weeks) reversed or attenuated improvements in cardiac
functional parameters that were observed after six-week
treatment and exacerbated the disease. This effect could be
due to the fact that DM became more severe in ZO-Rap and
the significant change in the microenvironment of the heart
where several cardioprotective and host defense molecules
including IL-10 and HGF are reduced could have influenced
the differential outcome of Rapamycin intervention on the
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Figure 8: Predicted intracardiac immune responses modulated by DM or Rapamycin treatment or their combination. Disease and function
networks generated by bioinformatic pathway analysis through the use of the Ingenuity Pathway Analysis (IPA�, QIAGEN Redwood City)
software (65) for ZO-C versus ZL-C (a), ZO-Rap versus ZO-C (b), and ZL-Rap versus ZL-C (c) are shown. Ensemble ID numbers for the
genes encoding proteins listed in Figures 4, 5, and 7 were used as input for IPA. List of gene symbols used in networks and respective proteins
is given in (d). Predicted functions/diseases with the highest absolute activation z-scores were combined into networks for each comparison.
Direction of change in expression is indicated by colors of the molecules as indicated in the legend shown. IPA analysis indicated suppression
of various immune functions (shown in blue as described in the legend) in the heart tissues of ZO-C compared to ZL-C, ZO-Rap compared
to ZO-C, and ZL-Rap compared to ZL-C.
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Figure 9: Summary of the effects of DM and Rapamycin treatment on metabolic and cardiac outcomes in diabetic and healthy rats.

cardiac functions of ZL-C and ZO-C. Importantly, our data
on the intracardiac cytokine protein profiling indicate a
significant weakening of intracardiac immune defense in ZO-
C compared to ZL-C. Rapamycin is an immunosuppressant
and seems to have contributed to suppression of immunity
in the background of an already weakened immune response
in ZO-C. It is conceivable that the fundamental difference
in the intracardiac cytokine profile of the ZL-C and ZO-
C is an important contributing factor to the differential
cardiac outcomes in diabetics and nondiabetics in response
to Rapamycin treatment.

We have shown previously that Rapamycin treatment
suppresses Myeloid Cell Leukemia 1 (MCL-1) that has a
critical role in cardiomyocyte and vascular smooth muscle

survival [17]. We have reported recently that a novel peptide
agonist for the angiotensin II type 2 receptor AT2R named
NP-6A4 is effective in improving cardiomyocyte and vascular
smooth muscle survival under nutrient deficiency stress
[64]. We also showed that NP-6A4 could increase MCL-1
expression in cardiovascular cells [64]. We propose that a
synergistic treatment with Rapamycin and NP-6A4 would
be beneficial in mitigating some of the negative effects of
Rapamycin treatment and enhancing cardioprotection in
diabetes.
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Themechanistic target of Rapamycin (MTOR) protein is a crucial signaling regulator inmammalian cells that is extensively involved
in cellular biology.The function ofMTOR signaling in keratinocytes remains unclear. In this study, we detected theMTOR signaling
and autophagy response in the human keratinocyte cell line HaCaT and human epidermal keratinocytes treated with MTOR
inhibitors. Moreover, we detected the impact of MTOR inhibitors on keratinocytes exposed to the common carcinogenic stressors
ultraviolet B (UVB) and UVA radiation. As a result, keratinocytes were sensitive to the MTOR inhibitors Rapamycin, everolimus,
Torin 1, and pp242, but the regulation of MTOR downstream signaling was distinct. Next, autophagy induction only was observed
in HaCaT cells treated with Rapamycin. Furthermore, we found that MTOR signaling was insensitive to UVB but sensitive to UVA
radiation. UVB treatment also had no impact on the inhibition of MTOR signaling byMTOR inhibitors. Finally, MTOR inhibition
by Rapamycin, everolimus, or pp242 did not affect the series of biological events in keratinocytes exposed to UVB, including the
downregulation of BiP andPERK, activation ofHistoneH2Aand JNK, and cleavage of caspase-3 andPARP.Our study demonstrated
that MTOR inhibition in keratinocytes cannot always induce autophagy, and theMTOR pathway does not play a central role in the
UVB triggered cellular response.

1. Introduction

The mechanistic target of Rapamycin (MTOR) protein is a
crucial signaling regulator in mammalian cells. Two types
of MTOR containing complexes have been found in mam-
malian cells, MTOR complex 1 (MTORC1) and complex 2
(MTORC2), which are differently sensitive to Rapamycin
and show different upstream and downstream signaling [1].
Currently, MTORC1 signaling has been discovered to be
extensively involved in cellular biology, including autophagy
[2], macromolecule biosynthesis [3], the cell cycle [4], growth
[5], and metabolism [6].

Noticeably, the deregulation ofMTOR signaling has been
discovered to occur in human diseases, including cancer, dia-
betes, obesity, and neurodegeneration. Thus, there are many
ongoing efforts to pharmacologically target this pathway
[5]. Furthermore, the inhibition of the MTOR pathway has

lengthened the lifespan inmodel organisms and has provided
protection against many types of age related pathologies
[7]. Importantly, the classical MTOR inhibitor Rapamycin
has been found to prohibit the development of cutaneous
squamous cell carcinoma in a transplanted patient population
with immunosuppression [8].

The crosstalk betweenMTOR signaling and other cellular
processes has been identified due to the increasing interest
in MTOR function. For example, MTORC1 affects upstream
and downstream endoplasmic reticulum (ER) stress signal-
ing, while the latter can also facilitate or antagonize the output
of MTORC1 signaling [9]. In addition, emerging evidence
has revealed that the inhibition of MTOR signaling mediated
the induction of apoptosis under various conditions; for
instance, thymosin alpha 1 executed this effect in breast
cancer [10]. It was reported that the inhibition of MTOR
by pharmaceutical treatment, such as PF-04691502 [11],
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NVP-BEZ235 [12], and AZD8055 [13], can promote apopto-
sis, although these inhibitors affectedMTOR activity through
the indirect regulation of MTOR instead of the mediation of
PI3K signaling. Indeed, some direct MTOR inhibitors have
also been reported to induce apoptosis, for example, pp242
[14], temsirolimus [15], and everolimus [16]. Furthermore,
it was reported that inhibiting MTOR activity can attenuate
DNA damage and apoptosis [17]. Among the multiple target
signaling pathways of MTOR, the autophagy process plays
a key role in maintaining cellular homeostasis. Meanwhile,
autophagy might mediate the biological effects caused by
regulating MTOR signaling.

Keratinocytes are the most important structural cell type
in the mammalian epidermis, which constitutes the first
body barrier against various stressors and invasion [18]. The
role of MTOR signaling in keratinocytes has not been fully
clarified, although it has been reported to be involved in
keratinocyte biology and pathology. Ultraviolet B (UVB)
exposure, a common stressor of skin [19], is involved in
various skin disorders such as sunburn [20], photocar-
cinogenesis [21], photoaging [22], and melanogenesis [23].
Importantly, UVB radiation was reported to increase the
cascaded phosphorylation of MTOR substrate 4E-BP1 and
its detachment from eIF-4E via the p38 pathway in the
mouse epidermal cell line [24]. Additionally, UVB enhanced
the phosphorylation of another MTOR substrate p70 S6
kinase, and this effect was inhibited by pretreatment with an
MTOR inhibitor (Rapamycin), a PI3K inhibitor (LY294002),
and an MEK/Erk inhibitor (PD98059) [25]. Furthermore,
Rapamycin treatment prevented the increase in p70 S6 kinase
phosphorylation at the early period after UVB stimulation
in the human keratinocyte cell line HaCaT and dramatically
decreased UVB-induced epidermal proliferation and cell
cycle progression in a mouse model [26]. The UVB caused
skin damage is involved in many types of cellular events such
as DNA damage [27], apoptosis [28], ER stress [29], and
activation of key signaling pathways (e.g., MAPK family [30],
AMPK [31]). Considering the linkage between MTOR and
these cellular machineries, one interesting question needs
to be clarified whether inhibiting the MTOR pathway could
affect the cellular events triggered by UVB radiation.

To clarify the role of MTOR signaling in keratinocytes,
the preliminary work was to confirm the cellular responses
to MTOR signaling inhibition. Although many MTOR
inhibitors have been synthesized and utilized, reports con-
cerning the responses toMTOR inhibitors except Rapamycin
in keratinocytes are quite rare. Therefore, we first identified
whether four widely used MTOR inhibitors, Rapamycin,
everolimus, Torin 1, and pp242, work in the HaCaT human
keratinocyte cell line and primary human epidermal ker-
atinocytes (HEKs). Second, we determined the autophagy
flux in the two keratinocytes following treatment with these
MTOR inhibitors. Finally, we detected whether MTOR
inhibitor treatment affects the cellular responses in the two
keratinocytes exposed toUVB.As a result, keratinocytes were
sensitive to the MTOR inhibitors Rapamycin, everolimus,
Torin 1, and pp242, but the regulation of MTOR downstream
signaling was distinct. Next, autophagy induction only was
observed in HaCaT cells treated with Rapamycin but not in

HaCaT cells treated with other three MTOR inhibitors. In
addition, MTOR inhibition had no impact on the series of
biological events in keratinocytes exposed to UVB.

2. Materials and Methods

2.1. Cells. As previously described [32], HaCaT cells were
cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)
with 10% fetal bovine serum (both from Gibco, Invitrogen
Corp., Carlsbad, CA, USA). The human primary epidermal
keratinocytes (as previously described [33, 34]) were cultured
in Keratinocyte SFM Medium (Gibco, Invitrogen Corp.,
Carlsbad, CA, USA).

2.2. Reagents and Antibodies. In this study, drugs and
reagents included Rapamycin, 10𝜇g/mL E64d, 10 𝜇g/mL
pepstatin, Acridine Orange (AO), and dimethylsulfoxide
(DMSO) (all from Sigma-Aldrich, St. Louis, MO, USA),
Torin 1 (Tocris, Bristol, UK), pp242 (Abcam, Cambridge,
MA, USA), everolimus (Cell Signaling Technology, Danvers,
MA,USA), and FK-506 (tacrolimus) and pimecrolimus (both
from Santa Cruz, Dallas, TX, USA). The control cells (the
cells without drugs treatment or UVB radiation were named
as nontreatment (NT)) were treated with 0.1% DMSO, which
was used as the solvent for Rapamycin, E64d, pepstatin,
Torin 1, pp242, everolimus, FK-506 (tacrolimus), and pime-
crolimus. The DMSO solvent in our study was not beyond
0.1% [35].

2.3. UVB or UVARadiation. Light source with lamps of UVB
(Philips UVB Broadband PL-S 9W/12, Roosendaal, Nether-
land), delivering UV light between 290 nm and 320 nm, and
peaking at 310 nm, was used in this study. At a distance of
16 cm, themean irradiance ofUVBwas 1.50mW/cm2, and the
cells were exposed for 1, 3, 5, 6.7, 13.3, 20, and 33.3 seconds to
1.5, 4.5, 7.5, 10, 20, 30, and 50mJ/cm2 of the irradiation dose.
UVA (320 to 400 nm) was delivered from a solar simulator
using a short-arc xenon lamp (Shanghai SIGMA High-Tech
Co., Ltd., Shanghai, China). Interference filterswere equipped
for keeping the UVA integrity between 320 and 400 nm.
At a distance of 16 cm, the mean irradiance of UVA was
38mW/cm2, and the cells were exposed for 4 minutes and
23 seconds, 10 minutes and 57 seconds, and 21 minutes and
55 seconds to 10, 25, and 50 J/cm2 irradiation doses. Next, the
cells were incubated in fresh DMEM with or without MTOR
inhibitors after UVB or UVA exposure until lysis.

2.4. Western Blotting. RIPA Lysis buffer (Beyotime Biotech-
nology, Haimen, Jiangsu, China) including Protease Inhibitor
Cocktail and phosphatase inhibitor PhosSTOP (both from
Roche Applied Science, Basel, Switzerland) was used to lyse
cells. After protein extraction, the BCA assay was performed
to determine the total protein level in the supernatant of
the cell lysate in each sample. Proteins in isoconcentra-
tion and isovolume were loaded on 4–12% NuPAGE Bis-
Tris gels (Invitrogen Corp., Carlsbad, CA, USA) or 4–15%
Mini PROTEAN TG precast polyacrylamide gels (Bio-Rad
Laboratories, Hercules, CA, USA) and then were transferred
into PVDFmembranes (Bio-Rad Laboratories). Sequentially,
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the membranes were blocked in 3–5% bovine serum albumin
solution and then were incubated with primary antibodies
and secondary antibodies. Finally, the Chemiluminescence
ImagingMethod with ImmunStarWesternC Chemilumines-
cence Kit (Bio-Rad Laboratories) was used to visualize the
protein bands. The intensities of certain protein bands (such
as LC3A/B) were quantified with Quantity One. GAPDHwas
used as a loading control.

2.5. Cell Proliferation Assay. The bromodeoxyUridine
(BrdU) cell proliferation ELISA kit was used according
to the manufacturer’s instructions (Number 11647229001,
Roche Applied Science). Briefly, HaCaT cells were seeded
in a 96-well plate with 20,000 cells per well and were
cultured in the presence or absence of MTOR inhibitors
for 36 hours. Next, 10 𝜇M BrdU was added in the culture
medium, and incubation was continued for 3 hours. The
incorporation of BrdU was determined by ELISA. According
to the instruction, the incorporation of BrdU was calculated
through the following formula: absorbance at 370 nm −
absorbance at 492 nm.

2.6. Cell Migration Assay. The Oris� cell migration assay kit
(collagen I coated) was used according to the manufacturer’s
protocol (CMACC5.101, Platypus Technologies LLC, Madi-
son, WI, USA). HaCaT cells were seeded at a density of 5
× 104 cells per well in an Oris 96-well migration assay plate
with cell seeding stoppers. Cells were cultured for 24 hours.
The cell stoppers were removed, and 100 𝜇L of fresh medium
with or without MTOR inhibitors was replaced, followed by
incubation for 12 or 24 hours. The cell migration to the zone
isolated by stoppers was observed, and the micrographs were
captured under inverted microscopy. Cells in the migration
zone were replicated for five independent experiments. The
areas without cell migration per well were measured. The
cell migration parameter was calculated using the following
formula: (100% − areas without cell migration/area isolated
by stopper) × 100.

2.7. AO Staining Assay. In view of autophagosomes, vacuole
structures belonging to the acidic vesicular organelles (AVO),
labeling AVO by AO staining was used to monitor autophagy
[36, 37]. AVOs stained with AO were recorded using laser
scanning confocal microscopy (FV1000, Olympus Corpora-
tion, Japan). The nuclei and cytoplasm of AO stained cells
were visualized in deep and slight green fluorescence, while
the AVOs in these cells were clearly marked as red fluores-
cence (AO G: 𝜆ex = 488 nm, 𝜆em = 515 nm; AO R: 𝜆ex =
546 nm, 𝜆em = 620 nm). In each cell, a higher intensity of red
fluorescence implied a higher autophagy level. Therefore, to
some extent, the intensity of red fluorescence might be mea-
sured to reflect the proportion to the volume of AVOs. The
autophagy level in different treatment samples was measured
with the average red/green fluorescence ratio per cell. The
intensities of red and green fluorescence per cell were mea-
sured using Quantity One software. The mean red/green flu-
orescence ratios of different treatment cells were determined
for at least three individual experiments, and the significant
intergroup differences were analyzed statistically [36–38].

2.8. LC3B-GFP Puncta Analysis. To visualize the autophagy
process, the LC3B-GFP transgene was added and transfected
into HaCaT cells for protein expression via the Premo
Autophagy Sensor LC3B-GFP BacMam 2.0 system (P36235,
Invitrogen Corp., Carlsbad, CA, USA) according to the
manufacturer’s instructions. In this study, prior to the visu-
alization, all cells were incubated with LC3B-GFP for at least
24 hours to enhance the efficiency of transfection.The inten-
sity of LC3B-GFP puncta fluorescence in transfected cells
was monitored and imaged with a laser scanning confocal
microscope (GFP scanning: 𝜆ex = 530 nm, 𝜆em = 500 nm),
and the number of LC3B-GFP puncta in transfected cells was
determined using ImageJ software (http://imagej.nih.gov/ij/).

2.9. CytotoxicityMeasurement. To determine the cytotoxicity
by MTOR inhibitors, UVB, or their treatments together,
the Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology,
Haimen, Jiangsu, China) was used according to the manu-
facturer’s instructions [39, 40]. The cells were harvested into
24-well plates, and then the cells were treated with MTOR
inhibitors, UVB, or both for indicated time. Next, 50𝜇L of
CCK-8 reagent was added to 500 𝜇L of medium, and the cells
were then incubated for 2 hours at 37∘C.The absorbance was
measured using a microplate spectrophotometer at 450 nm.

2.10. Annexin V-EGFP Apoptosis Detection. Apoptotic cells
were identified by the Annexin V-EGFP Apoptosis Detection
Kit (Beyotime Biotechnology) as described previously [34].
The percentage of apoptotic cells was determined from three
independent experiments.

2.11. Statistical Analysis. Individual experiments were per-
formed at least three times, and similar results were obtained
for statistical analysis.The data were analyzed with univariate
ANOVA. Differences with 𝑃 < 0.05 were identified to be
statistically significant.

3. Results

3.1. Keratinocytes Are Sensitive to Treatment with the MTOR
Inhibitors Rapamycin, Everolimus, Torin 1, and pp242. To
detect the sensitivity of HaCaT cells to MTOR inhibitor
treatment, the cells were treated with different doses of
Rapamycin (10, 20, and 40 nM), everolimus (50, 100, and
200 nM), Torin 1 (0.5, 1 and 2 𝜇M), or pp242 (0.5, 1, and
2 𝜇M) for 12 hours (Figures 1(a), 1(c), 1(e), and 1(g)). Next,
the cells were treated with Rapamycin (20 nM), everolimus
(100 nM), Torin 1 (1 𝜇M), or pp242 (1 𝜇M) for 4, 12, or 24
hours (Figures 1(b), 1(d), 1(f), and 1(h)). We found that the
phosphorylation level of the MTOR protein, the core com-
ponent of bothMTORC1 andMTORC2, was decreased at the
autophosphorylation site, Ser2481, which has been identified
to monitor intrinsic MTOR specific catalytic activity [41].
The results were confirmed in HEKs (Figure 1(i)). These data
suggested that HaCaT cells are sensitive to the treatment of
these four MTOR inhibitors.

Moreover, BrdU incorporation and the cell migration
assay were used to evaluate the effects on ribosomal bio-
genesis and growth of MTOR inhibitors in HaCaT cells.

https://imagej.nih.gov/ij/
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Figure 1: Continued.
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Figure 1: HaCaT cells were treated with or without different doses of Rapamycin ((a) 10, 20, and 40 nM), everolimus ((c) 50, 100, and
200 nM), Torin 1 ((e) 0.5, 1, and 2 𝜇M), or pp242 ((g) 0.5, 1, and 2 𝜇M) for 12 hours. Then, the HaCaT cells were treated with Rapamycin
((b) 20 nM), everolimus ((d) 100 nM), Torin 1 ((f) 1 𝜇M), or pp242 ((h) 1𝜇M) for 4, 12, or 24 hours. Western blotting analysis was performed
using primary antibodies against MTOR and phospho-Ser2481 mTOR. GAPDH served as a loading control. (i) HEKs were treated with or
without Rapamycin (20 nM), everolimus (100 nM), Torin 1 (1 𝜇M), or pp242 (1 𝜇M) for 12 hours. HaCaT cells were treated with Rapamycin
(20 nM), everolimus (100 nM), Torin 1 (1 𝜇M), or pp242 (1𝜇M) for BrdU incorporation assay (j) and cell migration assay (k). The data were
presented asmeans± SD from three independent experiments and the representative figures were shown. Rapa: Rapamycin; Ever: everolimus;
NS: nonsense.

We found that, except for Rapamycin, everolimus, Torin 1,
and pp242 exhibited different levels of inhibitory effect on
DNA synthesis using the BrdU incorporation assay. Torin
1 showed the most significant effect (Figure 1(j)). Using the
cell migration assay, we observed that treatment with the
four MTOR inhibitors for 12 hours inhibited cell migration.
However, the effects were rescued at 24 hours in cells treated
with Rapamycin, everolimus, or Torin 1, and the inhibition
onmigration disappeared in pp242 treated cells (Figure 1(k)).
These data suggested that inhibiting MTOR activity leads to
the inhibition of proliferation and migration in HaCaT cells.

3.2. Effect of MTOR Inhibitors on Autophagy Flux. The
regulation of the autophagy process is one of the important

biological functions of the MTOR pathway. To detect the
autophagy flux, multiple methods were used in this study.
First, the microtubule-associated protein 1 light chain 3 (LC3,
a most widely used molecular marker of autophagy [42])-
I to LC3-II conversion was determined in the presence or
absence of the lysosome inhibitors E-64d and pepstatin,
which were generally used in the autophagy flux assay due to
their blockade of LC3-II degradation in autolysosomes [38].
We found an obvious increase in the ratio of LC3-II to the
loading control GAPDH in Rapamycin treated HaCaT cells
compared with that in untreated cells in the presence of E-
64d and pepstatin, indicating the accumulation of newborn
endogenous LC3-II (Figure 2(a)). Nonetheless, similar results
were not observed in cells treated with Torin 1, pp242, and



6 Oxidative Medicine and Cellular Longevity

LC3A/B-I
LC3A/B-II

0.0

0.5

1.0

1.5

E64d and pepstatin

LC
3-

II
/G

A
PD

H

1 2 3 4

12 hours

GAPDH37

14

16

Rapamycin (20nM)

−
−−

− +
++

+

∗P < 0.05

∗

∗
∗

1: NT
2: E64d and pepstatin

3: rapamycin
4: rapamycin + E64d

and pepstatin

(k
D

a)

(a)

0

20

40

60

80

E6
4d

 +
 p

ep
st

at
in

nu
m

be
r p

er
 ce

ll
G

FP
-L

C3
B 

pu
nc

ta

−

+

1 2 3 4

1: NT
2: E64d and pepstatin

3: rapamycin
4: rapamycin + E64d

∗P < 0.05

∗

∗

∗

and pepstatin

0nM rapamycin 20nM rapamycin

(b)

0

1

2

3

4

+

MergeAO RAO GLight

+

ra
tio

 p
er

 ce
ll

Re
d/

gr
ee

n 
flu

or
es

ce
nc

e

1 2 3 4

1: NT
2: E64d and pepstatin

3: rapamycin
4: rapamycin + E64d

∗P < 0.05

∗

∗

∗

and pepstatin

E6
4d

 +
 p

ep
st

at
in

E6
4d

 +
 p

ep
st

at
in

−

−

0nM rapamycin

20nM rapamycin

(c)

0.0

0.2

0.4

0.6

0.8

1.0

LC
3-

II
/G

A
PD

H

LC3A/B-I
LC3A/B-II

E64d and pepstatin

1 2 3 4

12 hours

GAPDH37

14

16

−
−−

− +
++

+

∗P < 0.05

∗

1: NT
2: E64d and pepstatin

3: everolimus
4: everolimus + E64d

and pepstatin

Everolimus (100 nM)

NS
NS

(k
D

a)

(d)

Figure 2: Continued.



Oxidative Medicine and Cellular Longevity 7

0

10

20

30

40

nu
m

be
r p

er
 ce

ll
G

FP
-L

C3
B 

pu
nc

ta

NS
NS

0nM everolimus 100nM everolimus

E6
4d

 +
 p

ep
st

at
in

−

+

1 2 3 4

1: NT
2: E64d and pepstatin

3: everolimus
4: everolimus + E64d

∗P < 0.05

∗

and pepstatin

(e)

+

MergeAO RAO GLight

+

1 2 3 4

1: NT
2: E64d and pepstatin

3: everolimus
4: everolimus + E64d

∗P < 0.05

∗

and pepstatin

E6
4d

 +
 p

ep
st

at
in

E6
4d

 +
 p

ep
st

at
in

−

−

0nM everolimus

100nM everolimus

0.0

0.5

1.0

1.5

2.0

2.5
ra

tio
 p

er
 ce

ll
Re

d/
gr

ee
n 

flu
or

es
ce

nc
e

NS
NS

(f)

Figure 2: HaCaT cells were treated with or without 20 nM Rapamycin (a) or 100 nM everolimus (d) for 12 hours in the presence or
absence of E64d (10𝜇g/mL) and pepstatin (10 𝜇g/mL). Then, the cell lysate was subjected to determine the level of LC3 protein by western
blotting. GAPDH served as a loading control.The ratios of LC3-II/GAPDHwere calculated, and statistical differences between treatment and
nontreatment (NT) were analyzed. HaCaT cells were pretreated with or without GFP-LC3B before Rapamycin (b) or everolimus (e) treatment
for 12 hours in the presence or absence of E64d and pepstatin. HaCaT cells were treated with or without Rapamycin (c) or everolimus (f) for
12 hours in the presence or absence of E64d and pepstatin. Then, cells were incubated with AO. The cells (b, e, c, and f) were imaged by a
laser scanning confocal microscope, and the means of GFP-LC3 puncta or red/green fluorescence ratios for individual cells were determined
for statistical analysis. The data were shown as means ± SD from three independent experiments and the representative figures were shown.
Bars = 20 𝜇m. NS: nonsense.

everolimus (Figures 2(d), 3(a), and 3(d)). The assay was
replicated in HEKs, and all four MTOR inhibitors including
Rapamycin did not increase the ratio of LC3-II/GAPDH
in the presence of E64d and pepstatin compared with
treatment alone with E64d and pepstatin after 12 hours of
incubation, indicating the lower sensitivity of autophagy reg-
ulation to MTOR inhibitors in primary keratinocytes (Sup-
plementary Figure 1(a) in Supplementary Material available
online at https://doi.org/10.1155/2017/5930639). Next, GFP-
LC3B puncta formation was detected to monitor autophagy
in cells treated with MTOR inhibitors. We observed an
increase in punctate GFP-LC3B in the presence of E-64d and
pepstatin compared with its absence, suggesting the basal

autophagy flux. The punctate GFP-LC3B was increased in
Rapamycin treated cells compared with that in the control in
the presence of E-64d and pepstatin, but not in cells treated
with Torin 1, pp242, and everolimus (Figures 2(b), 2(e), 3(b),
and 3(e)). Finally, the AO stained vacuoles were measured
to analyze autophagosome formation [36, 37]. As a result,
we found that the red/green fluorescence ratio per cell was
increased in Rapamycin treated cells compared with that
in control in the presence of E-64d and pepstatin. Similar
results were not observed in cells treated with other MTOR
inhibitors (Figures 2(c), 2(f), 3(c), and 3(f)). Collectively,
these data demonstrated that only Rapamycin exhibited
the effect of inducing autophagy among the four MTOR

https://doi.org/10.1155/2017/5930639
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pepstatin. Then, the cell lysate was subjected to determine the level of LC3 protein by western blotting. GAPDH served as a loading control.
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inhibitors tested in our study, although the crucial autophagy
modulator, MTOR signaling, was inhibited in keratinocytes.
The treatment doses of Rapamycin, everolimus, Torin 1, and
pp242were chosen according to those of previous studies [34,
43–45] and have been validated in the above work presented
in Figure 1.

3.3. The MTOR Pathway in HaCaT Cells Is Sensitive to the
MTOR Inhibitors Rapamycin, Everolimus, Torin 1, and pp242.
Although the decrease inMTOR phosphorylation is amolec-
ular marker of these MTOR inhibitors, the targeted signaling
and substrate of MTOR may be differentially affected due
to the distinct pharmaceutic effect. Therefore, we detected
the phosphorylation of downstream signaling mediators of

MTOR besides the MTOR protein per se. In the downstream
signaling of MTORC1, p70 S6 kinase and 4E-BP1 are direct
substrates [46], and unc-51-like kinase 1 (ULK1) is phospho-
rylation modified by MTORC1 [47]. When MTOR signaling
was activated or inactivated, these proteins presented the
corresponding change in the protein levels or status of
phosphorylation. We found that the phosphorylation levels
of MTOR at Ser2448 and Ser2481 were decreased upon
treatment with Rapamycin, Torin 1, pp242, and everolimus,
suggesting that keratinocytes are sensitive to all four MTOR
inhibitors (Figures 4(a)–4(d)). However, there were distinct
alteration patterns of the downstream signaling of MTOR.
On the one hand, the phosphorylation levels of 4E-BP1 and
S6 Ribosomal protein, the substrate of p70 S6 kinase, were
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Figure 4: HaCaT cells were treated with or without 50mJ/cm2 UVB and then incubated in the presence or absence of 20 nM Rapamycin
(a), 100 nM everolimus (b), 1𝜇M Torin 1 (c), or 1 𝜇M pp242 (d) for 12 hours. Western blotting was performed using primary antibodies
againstMTOR, phospho-Ser2448 or Ser2481MTOR, p70 S6 kinase, phospho-Thr389 or Ser371 p70 S6 kinase, S6 ribosomal protein, phospho-
Ser240/244 or Ser235/236 S6 ribosomal protein, 4E-BP1, phospho-Thr37/46 or Ser65 4E-BP1, ULK1, phospho-Ser555 or Ser757 ULK1, Rictor,
phospho-Thr1135 Rictor, SGK1, phospho-Ser78 SGK1, Akt, and phospho-Ser473 Akt. GAPDH served as a loading control. Representative
figures were exhibited from three independent experiments.
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decreased in all cells treatedwith the fourMTOR inhibitors. It
is worth noting that Torin 1 and pp242 downregulated the 4E-
BP1 expression on the protein level (Figures 4(c) and 4(d)).
On the other hand, the decrease in ULK1 phosphorylation
was observed in cells treated with Torin 1 and pp242, but not
in cells treated with Rapamycin or everolimus. Interestingly,
the core molecule of MTORC2, the Rapamycin-insensitive
companion of mTOR protein (Rictor) [48], was dephos-
phorylated in cells treated with these MTOR inhibitors,
but the phosphorylation level of its substrate serum and
glucocorticoid induced protein kinase 1 (SGK1) [49] was not
affected. Intriguingly, the phosphorylation of the MTORC2
target Akt was decreased in cells treated with Torin 1 or pp242
but not in cells treated with Rapamycin or everolimus.

These data indicated that different MTOR inhibitor treat-
ments led to a distinct response of MTOR downstream sig-
naling in keratinocytes such as ULK1 and 4E-BP1 signaling.

3.4. MTOR Inhibitors Did Not Affect UVB-Induced Cellular
Responses, Including DNA Damage, the ER Response, and
the JNK Signaling Pathway. To verify the role of MTOR
signaling in UVB damage, we detected MTOR signaling in
HaCaT cells exposed to UVB in the presence or absence
of these MTOR inhibitors. Intriguingly, we did not observe
the increase inMTOR phosphorylation, and the downstream
targets of MTORC1 and MTORC2 including p70 S6 kinase,
S6 ribosomal protein, 4E-BP1, ULK1, SGK1, and Akt in UVB
challenged HaCaT cells at 12 hours after a 50mJ/cm2 dose
of exposure in the absence of MTOR inhibitors (Figures
4(a)–4(d)). The results were validated by the assay in HaCaT
cells from 2 to 12 hours after 50mJ/cm2 of UVB expo-
sure (Supplementary Figure 1(b)). These data indicated that
MTOR activity was not activated from 2 to 12 hours after
50mJ/cm2 of UVB exposure. The UVB dose assay showed
that a low level of UVB exposure (1.5, 4.5, and 7.5mJ/cm2)
activated MTOR activity, suggesting that the inactivation of
MTOR activity in 50mJ/cm2 UVB treated cells was not the
artifact in experiment (Supplementary Figure 1(c)).

Furthermore, in the presence of these MTOR inhibitors,
UVB treatment did not affect the inhibition of MTOR
phosphorylation and its downstream signaling.

Our previous study indicated that some UVB associated
cellular events, such as apoptosis [34] and JNK activation
(data not shown), were more significant in 50mJ/cm2 UVB
treated HaCaT cells. Furthermore, the apoptosis activation
reached the peak at 12 hours after 50mJ/cm2 of UVB
exposure. Therefore, we treated cells with MTOR inhibitors
for 12 hours to observe the effect on the cellular response
by their treatment in UVB stimulated cells. DNA damage
can activate a series of cellular signaling responses, including
ataxia telangiectasia mutated kinase (ATM), ataxia telang-
iectasia and Rad3-related kinase (ATR), and Histone H2A
family member H2A.X [50, 51]. We found that the phos-
phorylation of Histone H2A.X was significantly upregulated
in UVB treated HaCaT cells, but the phosphorylation of
ATR and ATM was not changed (Figures 5(a)–5(d)). These
data suggested that the activation of Histone H2A.X is the
more sensitive marker in UVB-induced DNA damage in
keratinocytes.

Many types of molecular or physiological disturbances
can impair ER function. Additionally, ER stress triggers the
unfolded protein response (UPR), which is involved in reg-
ulatory signaling including protein kinase-like endoplasmic
reticulum kinase (PERK) and inositol-requiring enzyme 1
𝛼 (IRE1𝛼) [52]. The phosphorylation of both proteins was
increased when ER stress occurred. We found that both the
protein level and its phosphorylation of PERK and IRE1𝛼
were downregulated in UVB treated cells. The phosphory-
lation of eukaryotic initiation factor 2 𝛼 (eIF2𝛼) is a well
documented mechanism to decrease protein synthesis under
stress conditions [53], and it can be phosphorylated at Ser51
by PERK [52]. We actually found that the phosphorylation
of eIF2𝛼 was upregulated upon UVB treatment via a PERK
independent mechanism. Therefore, our data indicated that
UPR was inhibited, but protein synthesis was downregulated
in HaCaT cells exposed to UVB radiation. Moreover, we also
determined the level of some proteins which function as
molecular chaperones to help protein fold properly, including
calnexin [54], BiP [55], and protein disulfide isomerase (PDI)
[56]. We observed that only the BiP was downregulated in
UVB treated cells. The above data demonstrated that the
normal function of ER was disturbed in HaCaT cells exposed
to UVB damage (Figures 5(a)–5(d)).

Jun-amino-terminal kinase (JNK) (also named as stress-
activated protein kinase, SAPK) is activated by various stim-
uli such as UV damage, inflammatory cytokines, and ceram-
ides [57–59]. JNK pathway activation has been observed in
UVB challenged keratinocytes [60, 61]. In accordance with
previous reports, we observed JNK activation in UVB treated
cells (Figures 5(a)–5(d)).

Importantly, the activation of Histone H2A.X, inhibi-
tion of PERK and IRE1𝛼 signaling, downregulation of BiP,
and phosphorylation of eIF2𝛼 and JNK in UVB treated
HaCaT cells were not restored by treatment with Rapamycin,
everolimus, Torin 1, or pp242, suggesting that inhibiting
MTOR signaling could not affect UVB-induced integrated
cellular responses, such as DNA damage, ER function impair,
and JNK activation. Interestingly, in the validated study using
HEKs, we found that Rapamycin and everolimus did not
affect the above UVB triggered cellular events in accordance
with the observation in HaCaT cells. Torin 1 and pp242
cannot restore the inhibition of PERK and IRE1𝛼 signaling
and downregulation of BiP, although Torin 1 interestingly
inhibited the phosphorylation of Histone H2A.X and JNK
activation (Supplementary Figure 2(a)). The observation in
HEKs confirmed that inhibiting MTOR signaling might not
be considered as a target to shield the cellular response to
UVB radiation.

To investigate the effect on MTOR activity by ultraviolet
light, we further detected the cellular events in the presence
or absence of MTOR inhibitors in HaCaT cells treated with
another important spectrum of solar ultraviolet UVA. First,
we found that MTOR phosphorylation was decreased after
25 to 50 J/cm2 UVA exposure, suggesting the sensitivity of
MTOR to UVA in contrast to the UVB radiation (Supple-
mentary Figure 2(b)). Moreover, 50 J/cm2 UVA exposure led
to the increase in Histone H2A.X phosphorylation and JNK
activation but did not inhibit the expression of BiP, PERK,



12 Oxidative Medicine and Cellular Longevity

GAPDH

SAPK/JNK

Phospho-SAPK/JNK 
(Thr183/185)

Phospho-histone H2A.X
(Ser139)

Phospho-ATR
(Ser428)

Phospho-ATM
(Ser1981)

CHOP

Phospho-PERK
(Thr980)

Calnexin

BiP

IRE1𝛼

Phospho-IRE1𝛼
(Ser724)

PDI

Phospho-eIF2𝛼
(Ser51)

PERK

D
N

A
 d

am
ag

e
En

do
pl

as
m

ic
 re

tic
ul

um
 si

gn
al

in
g

JN
K 

sig
na

lin
g

12 hours

Rapamycin (20nM) −−

− −

++

+ +UVB (50mJ/cm2)

78

57

38

27

54

46

54

46

37

90

15

300

350

140

140

130

130

(k
D

a)
(k

D
a)

(k
D

a)

(a)

GAPDH

SAPK/JNK

Phospho-SAPK/JNK 
(Thr183/185)

Phospho-histone H2A.X
(Ser139)

Phospho-ATR
(Ser428)

Phospho-ATM
(Ser1981)

CHOP

Phospho-PERK
(Thr980)

Calnexin

BiP

IRE1𝛼

Phospho-IRE1𝛼
(Ser724)

PDI

Phospho-eIF2𝛼
(Ser51)

PERK

D
N

A
 d

am
ag

e
En

do
pl

as
m

ic
 re

tic
ul

um
 si

gn
al

in
g

JN
K 

sig
na

lin
g

12 hours

−−

− −

++

+ +UVB (50mJ/cm2)

78

57

38

27

54

46

54

46

37

90

15

300

350

140

140

130

130

Everolimus (100 nM)

(k
D

a)
(k

D
a)

(k
D

a)

(b)

GAPDH

SAPK/JNK

Phospho-SAPK/JNK 
(Thr183/185)

Phospho-histone H2A.X
(Ser139)

Phospho-ATR
(Ser428)

Phospho-ATM
(Ser1981)

CHOP

Phospho-PERK
(Thr980)

Calnexin

BiP

IRE1𝛼

Phospho-IRE1𝛼
(Ser724)

PDI

Phospho-eIF2𝛼
(Ser51)

PERK

D
N

A
 d

am
ag

e
En

do
pl

as
m

ic
 re

tic
ul

um
 si

gn
al

in
g

JN
K 

sig
na

lin
g

12 hours

−−

− −

++

+ +UVB (50mJ/cm2)

78

57

38

27

54

46

54

46

37

90

15

300

350

140

140

130

130

Torin 1 (1 𝜇M)

(k
D

a)
(k

D
a)

(k
D

a)

(c)

GAPDH

SAPK/JNK

Phospho-SAPK/JNK 
(Thr183/185)

Phospho-histone H2A.X
(Ser139)

Phospho-ATR
(Ser428)

Phospho-ATM
(Ser1981)

CHOP

Phospho-PERK
(Thr980)

Calnexin

BiP

IRE1𝛼

Phospho-IRE1𝛼
(Ser724)

PDI

Phospho-eIF2𝛼
(Ser51)

PERK

D
N

A
 d

am
ag

e
En

do
pl

as
m

ic
 re

tic
ul

um
 si

gn
al

in
g

JN
K 

sig
na

lin
g

12 hours

−−

− −

++

+ +UVB (50mJ/cm2)

78

57

38

27

54

46

54

46

37

90

15

300

350

140

140

130

130

pp242 (1 𝜇M)

(k
D

a)
(k

D
a)

(k
D

a)

(d)

Figure 5: HaCaT cells were treated with or without 50mJ/cm2 UVB and then incubated in the presence or absence of 20 nM Rapamycin (a),
100 nM everolimus (b), 1 𝜇M Torin 1 (c), or 1 𝜇M pp242 (d) for 12 hours. Western blotting analysis was performed using primary antibodies
against phospho-Ser428 ATR, phospho-Ser1981 ATM, phospho-Ser139 H2A X, Calnexin, BiP, PDI, phospho-Thr980 PERK, PERK, phospho-
Ser724 IRE1𝛼, IRE1𝛼, phospho-Ser51 eIF2𝛼, CHOP, phospho-Thr183/185 SAPK/JNK, and SAPK/JNK. GAPDH served as a loading control.
Representative figures were exhibited from three independent experiments.

or IRE1𝛼 like UVB (Supplementary Figure 2(c)). Interest-
ingly, four MTOR inhibitors exhibited significantly different
effects on cellular responses caused by UVA. For example,
everolimus alleviated the UVA induced phosphorylation
of Histone H2A.X, but Rapamycin aggravated this effect
(Supplementary Figure 2(c)). These findings demonstrated

that UVB and UVA led to different cellular effects, especially
the response of MTOR signaling.

3.5. MTOR Inhibitors Did Not Affect Apoptotic Molecu-
lar Markers Associated with UVB Stimulation. We found
that MTOR inhibitor treatment (except Rapamycin) led to
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different levels of cytotoxicity on HaCaT cells.The impacts of
everolimus and pp242 but not that of Torin 1 were slight. UVB
radiation caused significant cytotoxicity in HaCaT cells, and
MTOR inhibitor treatment after UVB exposure led to a more
significant impact (Figure 6(a)).These findings demonstrated
that inhibition of MTOR signaling did not rescue the cell
damage caused by UVB. The above findings were validated
in primary HEKs (Supplementary Figure 3(a)).

To further detect the impact of MTOR inhibitor treat-
ment, we assessed the apoptotic markers caspase-3 and PARP
in HaCaT cells with or without UVB challenge. Caspase-3
is a crucial executor of cellular apoptosis due to its critical
role in proteolytic cleavage of various key proteins.The active
form of caspase-3 contains two fragments, 17 kDa and 19 kDa,
which are formed by its cleavage [62]. Poly(ADP-ribose)
polymerase (PARP) is an important target of active caspase-
3 during the apoptosis process [63], and cleaved PARP
facilitates the disassembly of apoptotic cells [64]. Although
MTOR inhibitors exhibited different levels of cytotoxicity,
we found that each MTOR inhibitor treatment did not
trigger apoptosis. In accordance with the results of previous
studies [65, 66], we found the cleavage of caspase-3 and
PARP in UVB treated HaCaT cells, suggesting UVB trig-
gered apoptosis. Nonetheless, we found that UVB-induced
activation of caspase-3 and PARP was not prohibited by
any of the four MTOR inhibitors (Figure 6(b)). The above
results were validated in HEKs (Supplementary Figure 3(b)).
Furthermore, the ratios of cells stained with Annexin V
alone and both Annexin V and propidium iodide (PI) were
increased in UVB treated cells in the presence or absence of
four MTOR inhibitors, and we did not observe a difference
in cells stimulated by UVB in the presence or absence of the
four MTOR inhibitors (Figures 6(c) and 6(d)). Our findings
revealed that MTOR signaling was not involved in UVB
triggered apoptosis. Interestingly, we observed an increase in
staining with PI alone but not with Annexin V alone in Torin
1 treated HaCaT cells (Figures 6(c) and 6(e)), indicating that
the 1 𝜇m Torin 1 treatment increased cell death was due to
severe damage of the cell membrane. However, the Torin 1
induced cell death was not involved in apoptosis. Therefore,
we did not find an increase in the cleavage of caspase-3 or
PARP in Torin 1 treated cells.

In addition, transcription factor C/EBP homologous pro-
tein (CHOP) has been implicated in apoptosis in response to
ER stress [67, 68]. We observed that CHOP was not affected
upon UVB treatment (Figures 5(a)–5(d)), indicating that the
ER stress mediated CHOP mechanism may not be related to
UVB-induced apoptosis.

3.6. The Calcineurin Inhibitors Tacrolimus and Pimecrolimus
Did Not Induce LC3-II Accumulation. Rapamycin is also
known as another denomination sirolimus [69] and is used
in combination with the calcineurin inhibitor tacrolimus
as maintenance immunosuppressants in transplantation to
selectively block the transcriptional activation of cytokines
[43, 70, 71]. Importantly, Rapamycin binds two proteins, the
FK506- (tacrolimus-) binding protein (FKBP) and FKBP-
Rapamycin-associated protein (FRAP, the primal nomina-
tion of MTOR), in regulating cellular signaling [72, 73].

Thus, FKBP is the common target of both Rapamycin and
tacrolimus. However, it is unclear whether tacrolimus can
regulate autophagy flux and MTOR activity. We found that
tacrolimus did not increase LC3-II accumulation, GFP-LC3
puncta, and the phosphorylation ofMTOR and p70 S6 kinase
(Figures 7(a)–7(c)). Our data indicated that tacrolimus may
not affect autophagy and MTOR activity in keratinocytes,
although it possesses the same cellular target as and simi-
lar pharmaceutic functions to Rapamycin. In addition, we
found that pimecrolimus, which possesses a similar structure
as tacrolimus, also did not increase LC3-II accumulation
(Figure 7(d)).The treating doses of FK506 and pimecrolimus
were chosen according to those in previous studies [74–76].

4. Discussion

Our study revealed that the MTOR signaling of human
keratinocytes is sensitive to treatment withMTOR inhibitors,
such as Rapamycin, everolimus, Torin 1, or pp242, but
only the MTOR inhibition caused by Rapamycin can lead
to autophagy induction. Moreover, the MTOR inhibition
caused by Rapamycin, everolimus, or pp242 does not affect
the series of biological events in UVB stimulated ker-
atinocytes, including the downregulation of the ER molec-
ular chaperone BiP and ER transmembrane protein PERK,
activation of the DNA damage marker Histone H2A and
stress-activated protein kinase SAPK/JNK, and cleavage of
apoptotic molecular caspase-3 and PARP.

MTOR mediated regulation is the canonical autophagy
machinery in mammalian cells, but it is unclear whether
MTOR inhibition certainly results in autophagy induc-
tion. In this study, we first verified that both MTORC1
and MTORC2 signaling pathways are sensitive to these
four MTOR inhibitors. Interestingly, Rictor of keratinocytes
is sensitive to treatment with Rapamycin or everolimus,
although it has been identified to be insensitive to Rapamycin
[77]. Akcakanat et al. [78] found that Rapamycin treatment
led to Rictor dephosphorylation in a time and concentration
dependent manner, and their results were supported by our
data. Complicated downstream pathways mediate MTOR
signaling to modulate the autophagy process. It has been
generally conceived that ULK1 (the homolog of autophagy-
related gene 1 (ATG1) in yeast) protein plays a crucial
role in the autophagy machinery downstream of MTOR
signaling [79], but the role of ULK1 has not been clarified
clearly. Reports regarding ULK1 in keratinocytes are rare.
Recently, Akinduro et al. [80] reported that differentiating
keratinocytes depleted of ULK1 lacked nucleophagy, and
Kemp et al. [81] found that ULK1 signaling was dereg-
ulated by UV induced DNA damage. Our result is in
accordance with the findings of Kemp et al., because we
observed that ULK1 and its phosphorylation were inhibited
after UVB stimulation. Our study preliminarily revealed
the regulation of ULK1 in response to MTOR inhibitors in
keratinocytes. First, ULK1 signaling is sensitive to Torin 1
and pp242 but insensitive to Rapamycin and everolimus,
suggesting that ULK1 signaling is not unconditional in
response to regulation by upstream MTOR. Second, ULK1
is not involved in Rapamycin induced autophagy, indicating
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Figure 6: HaCaT cells were treated with or without 50mJ/cm2 UVB and then incubated in the presence or absence of 20 nM Rapamycin,
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that the ULK1 response is not indispensable for autophagy
induction. Conclusively, the current findings demonstrate
that a ULK1 independent mechanism exists in the autophagy
machinery of keratinocytes. Our study reveals that canonical
autophagy regulation has specificity in human keratinocytes.
Importantly, our study indicated that Rapamycin is a more
effective MTOR inhibitor as an inducer of autophagy in
the treatment of human keratinocytes. Indeed, Qiang et
al. [82] reported that Rapamycin induced autophagy and
reduced UVB-induced tumorigenesis in mouse skin. These
findings demonstrated the high availability of Rapamycin as
an autophagy inducer for keratinocyte in vitro and in vivo.

Torin 1 and pp242 are potent blockers of MTOR activity
through an ATP competitive mechanism [83]. Torin 1 [84]
and pp242 [85] have been reported to induce autophagy on
account of their inhibition of MTOR activity. However, we
found that Torin 1 and pp242 treatment did not enhance
autophagy flux in HaCaT cells, although the increase in
the conversion from LC3-I to LC3-II was observed in cells
treated with them. It is worth noting that Torin 1 has been

reported to induce autophagy stronger than Rapamycin in
mouse skin explants [80], indicating that we should continue
to consider the availability of Torin 1 as an autophagy
inducer in vivo study. Intriguingly, the similarities in MTOR
signaling reaction existed between Torin 1 induced cascade
and pp242 induced one and between Rapamycin induced
cascade and everolimus induced one, but difference existed
between two groups. These findings indicated that different
MTOR inhibitor led to the different effects on the pathways
related to MTOR and autophagy signaling. Therefore, it
should be taken into consideration that nontarget effect like
gene translation regulated by 4E-BP1 is different in utilization
of MTOR inhibitors as the autophagy inducers. Indeed,
some pathways were reported to be involved in MTOR
independent autophagy regulation, for instance, inositol sig-
naling [86], Ca2+/calpain, cAMP/Epac/Ins [87], JNK1/Beclin
1/PI3KC3 [88], and PKC [89]. Our previous study revealed
that trehalose, sucrose, and raffinose enhanced autophagy
in keratinocytes through an MTOR independent way [34].
Therefore, the importance of MTOR independent should
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be taken into consideration in autophagy regulation of ker-
atinocytes. However, aforementioned MTOR independent
signaling pathways related to the keratinocyte autophagy
machinery remain unclear, and more investigations should
be performed.

Ultraviolet (UV) radiation is the common stressor in skin
disorders. UV can be divided into UVA, UVB, and UVC
according to the spectrum. Among them, UVB is closely cor-
relatedwith epidermal cell photodamage, leading to sunburn,
photoaging, DNA damage, and photocarcinogenesis [90–
92]. Keratinocytes are the major target of UVB-induced skin
damage because they serve as the predominant component
in the epidermal structure. Bridgeman et al. [93] found
that UVB radiation activated MTOR signaling in mouse
epidermal keratinocytes and in mouse skin. Syed et al. [94]
reported that UVB can increase MTOR phosphorylation at 1
hour after radiation. Carr et al. [26] and Tu et al. [95] reported
that MTOR signaling activation can be observed after 2
hours of UVB exposure. Intriguingly, our data suggested
that MTOR signaling may be restored to the basal level at
12 hours after the early time activation by UVB exposure.
However, at the same observation time point, we still found
the UVB triggered events such as the downregulation of
the ER molecular chaperone BiP and ER transmembrane
protein PERK, activation of theDNAdamagemarkerHistone
H2A and stress-activated protein kinase SAPK/JNK, and
cleavage of apoptotic molecular caspase-3 and PARP in the
presence or absence of each of the fourMTOR inhibitors. Our
findings demonstrated that MTOR signaling may not serve
as the trigger to drive the UVB-induced cellular response.
Interestingly, MTOR inhibition was observed in UVA treated
HaCaT cells at the early time after exposure. Considering
that human skin is simultaneously exposed to UVA and UVB
from natural solar radiation, the associated effect on the
MTOR pathway by exposure of UVB combined with UVA
should be concerned in future studies of photodamage.

Nevertheless, inhibition of MTOR signaling has been
observed to have the anticarcinogenesis potentiality in the
UVB treated mouse model; for example, Rapamycin or
apigenin treatment reduced UVB-induced epidermal prolif-
eration through inhibiting MTOR activation [26, 93], and
AZD4547 and Curcumin C3 complex suppressed UVB-
induced epidermal hyperplasia via suppressing FGFR/MTOR
signaling [96]. Hence, more work is needed to clarify the role
ofMTOR signaling in the network of UV regulated pathways,
especially in the studies in vivo.

In this study, we only observed the increase in the
HistoneH2A familymemberH2A.X phosphorylation, which
was involved in demarcation for reorganizing mammalian
chromatin [51], but did not find significant changes in other
DNA damage markers, such as ATR or ATM. We speculate
that ATR and ATM are not key signaling components in
keratinocytes in response to UVB stimulation. Indeed, Vogel
andHerzinger reported that ATR andATMwere not essential
for the checkpoint response to UVB [97]. Additionally, Lei
et al. found that UVB-induced degradation of p21, which
plays an important role in the cell cycle and DNA repair,
did not require ATR, ATM, or both [98]. The ER signaling
response in UVB irradiated keratinocytes is unclear because

reports are lacking. However,Mera et al. found that the IRE1𝛼
downstream protein XBP1 was upregulated in HaCaT cells
exposed to 10 and 20mJ/cm2 UVB and that PERK was not
phosphorylated [29].They also found that polyubiquitination
was also increased. Park and Jang reported that GRP78, an ER
stressmarker, was increased inHaCaT cells exposed to 200 or
400mJ/cm2UVBbut not to 50 or 100mJ/cm2 [99].Therefore,
we speculate that the ER signaling response is regulated in a
dose dependent manner. Although the correlation between
MTOR signaling and ER stress has been verified, our study
indicates that MTOR inhibitors treatment does not rescue
the UVB-induced ER signaling damage, including PERK
and IRE1𝛼 inhibition and BiP downregulation. These data
demonstrate that the MTOR pathway may not be involved
in the ER response to UVB radiation. Wu et al. reported that
JNK activationwas required for apoptotic induction, and (+)-
Catechin preventedUVB triggered apoptosis in keratinocytes
through inhibiting JNK phosphorylation [100]. Our data
verified that JNK activation is a key cellular event in cell
photodamage because it has been observed in cells challenged
with either UVB or UVA. However, MTOR inhibitors (espe-
cially Rapamycin, everolimus, or pp242) do not affect JNK
activation in UVB or UVA treated keratinocytes. Therefore,
we speculated that MTOR signaling does not play a crucial
role in the complex cellular responses in keratinocytes with
ultraviolet damage.

Our study only revealed the effect of MTOR activ-
ity inhibition on UVB triggered events by pharmaceutic
approaches. The role of the MTOR pathway in keratinocytes
exposed to UVB damage needs to be further demonstrated
through genetic approaches to modulate MTOR signaling.
In summary, our study demonstrated that MTOR inhibition
in keratinocytes cannot always induce autophagy, and the
MTOR pathway may not play an essential role in the UVB
triggered cellular response. In addition, the roles of MTOR
and its associated signaling, such as ULK1 signaling in
the keratinocyte autophagy machinery, need to be clarified
because keratinocytes may have the specificity in canonical
autophagy regulation.
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[74] A. S. Büchau, J. Schauber, T. Hultsch, A. Stuetz, and R. L.
Gallo, “Pimecrolimus enhances TLR2/6-induced expression of
antimicrobial peptides in keratinocytes,” Journal of Investigative
Dermatology, vol. 128, no. 11, pp. 2646–2654, 2008.

[75] W. Huang, S. Ling, X. Jia et al., “Tacrolimus (FK506) suppresses
TREM-1 expression at an early but not at a late stage in amurine
model of fungal keratitis,” PLOS ONE, vol. 9, no. 12, Article ID
e114386, 2014.

[76] C.-C. E. Lan, Y.-H. Kao, S.-M. Huang, H.-S. Yu, and G.-S.
Chen, “FK506 independently upregulates transforming growth
factor 𝛽 and downregulates inducible nitric oxide synthase in
cultured human keratinocytes: possible mechanisms of how
tacrolimus ointment interacts with atopic skin,” British Journal
of Dermatology, vol. 151, no. 3, pp. 679–684, 2004.

[77] Dos D. Sarbassov, S. M. Ali, D.-H. Kim et al., “Rictor, a novel
binding partner of mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the cytoskeleton,”
Current Biology, vol. 14, no. 14, pp. 1296–1302, 2004.

[78] A. Akcakanat, G. Singh, M.-C. Hung, and F. Meric-Bernstam,
“Rapamycin regulates the phosphorylation of rictor,” Biochem-
ical and Biophysical Research Communications, vol. 362, no. 2,
pp. 330–333, 2007.

[79] J.-M. Park, C. H. Jung, M. Seo et al., “The ULK1 complex medi-
ates MTORC1 signaling to the autophagy initiation machinery
via binding and phosphorylating ATG14,” Autophagy, vol. 12,
no. 3, pp. 547–564, 2016.

[80] O. Akinduro, K. Sully, A. Patel et al., “Constitutive autophagy
and nucleophagy during epidermal differentiation,” Journal of
Investigative Dermatology, vol. 136, no. 7, pp. 1460–1470, 2016.

[81] M. G. Kemp, L. A. Lindsey-Boltz, and A. Sancar, “UV
light potentiates STING (stimulator of interferon genes)-
dependent innate immune signaling through deregulation of
ULK1 (Unc51-like kinase 1),” Journal of Biological Chemistry, vol.
290, no. 19, pp. 12184–12194, 2015.

[82] L. Qiang, B. Zhao, P. Shah, A. Sample, S. Yang, and Y.-Y. He,
“Autophagy positively regulates DNA damage recognition by
nucleotide excision repair,” Autophagy, vol. 12, no. 2, pp. 357–
368, 2016.



Oxidative Medicine and Cellular Longevity 21

[83] O. V. Leontieva, Z. N. Demidenko, and M. V. Blagosklonny,
“Dual mTORC1/C2 inhibitors suppress cellular geroconversion
(a senescence program),” Oncotarget, vol. 6, no. 27, pp. 23238–
23248, 2015.

[84] N.-T. Cheng, A. Guo, and H. Meng, “The protective role of
autophagy in experimental osteoarthritis, and the therapeutic
effects of Torin 1 on osteoarthritis by activating autophagy,”
BMCMusculoskeletal Disorders, vol. 17, article 150, 2016.

[85] S. A. Gordeev, T. V. Bykova, S. G. Zubova et al., “mTOR kinase
inhibitor pp242 causes mitophagy terminated by apoptotic cell
death in E1A-Ras transformed cells,” Oncotarget, vol. 6, no. 42,
pp. 44905–44926, 2015.

[86] S. Sarkar, R. A. Floto, Z. Berger et al., “Lithium induces
autophagy by inhibiting inositol monophosphatase,” Journal of
Cell Biology, vol. 170, no. 7, pp. 1101–1111, 2005.

[87] A.Williams, S. Sarkar, P. Cuddon et al., “Novel targets for Hunt-
ington’s disease in an mTOR-independent autophagy pathway,”
Nature Chemical Biology, vol. 4, no. 5, pp. 295–305, 2008.

[88] S. Sarkar, V. I. Korolchuk, M. Renna et al., “Complex inhibitory
effects of nitric oxide on autophagy,”Molecular Cell, vol. 43, no.
1, pp. 19–32, 2011.

[89] S. H. Tan, G. Shui, J. Zhou et al., “Induction of autophagy by
palmitic acid via protein kinase C-mediated signaling pathway
independent of mTOR (mammalian target of rapamycin),”
Journal of Biological Chemistry, vol. 287, no. 18, pp. 14364–14376,
2012.

[90] J. R. Hall, M. S. Bereman, A. I. Nepomuceno, E. A. Thompson,
D. C.Muddiman, andR. C. Smart, “C/EBP𝛼 regulates CRL4cdt2-
mediated degradation of p21 in response to UVB-induced DNA
damage to control the G1/S checkpoint,” Cell Cycle, vol. 13, no.
22, pp. 3602–3610, 2014.

[91] Y. Kawachi, X. Xu, S. Taguchi et al., “Attenuation of UVB-
induced sunburn reaction and oxidative DNA damage with no
alterations in UVB-induced skin carcinogenesis in Nrf2 gene-
deficient mice,” Journal of Investigative Dermatology, vol. 128,
no. 7, pp. 1773–1779, 2008.

[92] M. Ichihashi, M. Ueda, A. Budiyanto et al., “UV-induced skin
damage,” Toxicology, vol. 189, no. 1-2, pp. 21–39, 2003.

[93] B. B. Bridgeman, P. Wang, B. Ye, J. C. Pelling, O. V. Volpert, and
X. Tong, “Inhibition of mTOR by apigenin in UVB-irradiated
keratinocytes: a new implication of skin cancer prevention,”
Cellular Signalling, vol. 28, no. 5, pp. 460–468, 2016.

[94] D. N. Syed, F. Afaq, and H. Mukhtar, “Differential activation
of signaling pathways by UVA and UVB radiation in normal
human epidermal keratinocytes,” Photochemistry and Photobi-
ology, vol. 88, no. 5, pp. 1184–1190, 2012.

[95] Y. Tu, C. Ji, B. Yang et al., “DNA-dependent protein kinase
catalytic subunit (DNA-PKcs)-SIN1 association mediates ultra-
violet B (UVB)-induced Akt Ser-473 phosphorylation and skin
cell survival,” Molecular Cancer, vol. 12, no. 1, article no. 172,
2013.

[96] A. R. Khandelwal, X. Rong, T. Moore-Medlin et al., “Photo-
preventive effect and mechanism of AZD4547 and curcumin
C3 complex on UVB-induced epidermal hyperplasia,” Cancer
Prevention Research, vol. 9, no. 4, pp. 296–304, 2016.

[97] S. Vogel and T. Herzinger, “The epithelium specific cell cycle
regulator 14-3-3sigma is required for preventing entry into
mitosis following ultraviolet B,” Photodermatology Photoim-
munology and Photomedicine, vol. 29, no. 6, pp. 300–310, 2013.

[98] X. Lei, B. Liu, W. Han, M. Ming, and Y.-Y. He, “UVB-Induced
p21 degradation promotes apoptosis of human keratinocytes,”

Photochemical and Photobiological Sciences, vol. 9, no. 12, pp.
1640–1648, 2010.

[99] Y.-K. Park andB.-C. Jang, “UVB-induced anti-survival and pro-
apoptotic effects on HaCaT human keratinocytes via caspase-
and PKC-dependent downregulation of PKB, HIAP-1, Mcl-
1, XIAP and ER stress,” International Journal of Molecular
Medicine, vol. 33, no. 3, pp. 695–702, 2014.

[100] W.-B. Wu, H.-S. Chiang, J.-Y. Fang, S.-K. Chen, C.-C. Huang,
and C.-F. Hung, “(+)-Catechin prevents ultraviolet B-induced
human keratinocyte death via inhibition of JNK phosphoryla-
tion,” Life Sciences, vol. 79, no. 8, pp. 801–807, 2006.



Review Article
Recent Advances and Challenges of mTOR Inhibitors Use in
the Treatment of Patients with Tuberous Sclerosis Complex

Filipe Palavra,1,2 Conceição Robalo,1 and Flávio Reis2,3

1Centre for Child Development, Neuropediatrics Unit, Pediatric Hospital, Coimbra Hospital and University Centre, Coimbra, Portugal
2Laboratory of Pharmacology & Experimental Therapeutics, Institute for Biomedical Imaging and Life Sciences (IBILI),
Faculty of Medicine, University of Coimbra, Coimbra, Portugal
3Centre for Neuroscience and Cell Biology-Institute for Biomedical Imaging and Life Sciences (CNC.IBILI) Research Consortium,
University of Coimbra, Coimbra, Portugal

Correspondence should be addressed to Filipe Palavra; filipepalavra@gmail.com

Received 2 December 2016; Revised 11 February 2017; Accepted 21 February 2017; Published 12 March 2017

Academic Editor: Giuseppe Filomeni

Copyright © 2017 Filipe Palavra et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tuberous sclerosis complex (TSC) is a genetic condition characterized by the presence of benign, noninvasive, and tumor-like
lesions called hamartomas that can affect multiple organ systems and are responsible for the clinical features of the disease. In
the majority of cases, TSC results from mutations in the TSC1 and TSC2 genes, leading to the overactivation of the mammalian
target of rapamycin (mTOR) signalling pathway, which controls several cell functions, including cell growth, proliferation, and
survival. The establishment of a connection between TSC and mTOR led to the clinical use of drugs known as mTOR inhibitors
(like rapamycin, also known as sirolimus and everolimus), which are becoming an increasingly interesting tool in the management
of TSC-associated features, such as subependymal giant cell astrocytomas, renal angiomyolipomas, and also epilepsy. However, the
intrinsic characteristics of these drugs and their systemic effects in such a heterogeneous condition posemany challenges in clinical
practice, so that some questions remain unanswered. This article provides an overview of the pharmacological aspects of mTOR
inhibitors about the clinical trials leading to their approval in TSC-related conditions and exposes current challenges and future
directions associated with this promising therapeutic line.

1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant
genetic disorder of cellular differentiation and proliferation,
which is characterized, in pathological terms, by the presence
of benign and noninvasive tumor-like lesions (called hamar-
tomas) that can affect multiple organ systems, such as the
brain, kidney, skin, heart, lung, and liver [1]. Hamartomas are
then responsible for many of the clinical features of TSC, but
true neoplasms also occur, particularly affecting the kidney
and the brain.

Population-based studies suggest that TSC affects both
children and adults, with an estimated incidence at birth of
approximately 1 in 6000 [2, 3] and a prevalence between
1 : 14.000 and 1 : 25.000 [4, 5]. However, because of the striking
variability and severity of clinical presentation, the diagnosis

can be difficult to establish in individuals with subtle find-
ings and the true prevalence may be higher. Patients are
most frequently diagnosed with less than 15 months of age
and evidence points that TSC prevalence decreases as age
increases, being of 1 : 14.000 for those aged less than 6 years,
1 : 19.000 at 12 years, and 1 : 24.000 at 18 years old [4, 5].
Cardiac and cutaneous findings are usually the first clue that
a patient has TSC, but many other features may lead to the
diagnosis, which is currently based upon clinical characteris-
tics and/or genetic testing, as coming from the International
Tuberous Sclerosis Complex Consensus Conference, held in
2012 [6]. The following summarizes the clinical diagnostic
criteria for TSC, including 11 major and 6 minor features
(adapted from [6], where ∗ denotes that a combination of
lymphangioleiomyomatosis and angiomyolipomas with no
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other clinical features does not meet criteria for a definite
diagnosis (it is considered as only 1 major feature)).

Major Clinical Features

(i) Hypomelanotic macules (≥3, at least 5 mm diameter)
(ii) Angiofibromas (≥3) or fibrous cephalic plaque
(iii) Ungual fibromas (≥2)
(iv) Shagreen patch
(v) Retinal hamartomas (multiple)
(vi) Cortical dysplasia (≥3, including tubers and brain

white matter radial migration lines)
(vii) Subependymal nodules
(viii) Subependymal giant cell astrocytoma
(ix) Cardiac rhabdomyoma
(x) Lymphangioleiomyomatosis∗

(xi) Angiomyolipomas (≥2)∗

Minor Clinical Features

(i) “Confetti” lesions of the skin (hypomelanoticmacules
with 1-2 mm)

(ii) Dental enamel pits (≥3)
(iii) Intraoral fibromas (≥2)
(iv) Retinal achromic patch
(v) Renal cysts (multiple)
(vi) Nonrenal hamartomas

For a definite diagnosis to be made, in clinical grounds,
two major features are required or, alternatively, one major
and two or more minor features. Possible TSC can be con-
sidered when one major feature or two or more minor fea-
tures are present. However, genetic testing alone (the iden-
tification of either a TSC1 or TSC2 pathogenic mutation in
DNA extracted from nonlesional tissue) is sufficient to make
a definite diagnosis of TSC.

In fact, in this condition, mutations in one of the two
tumor suppressor genes, TSC1 (9q34, encoding hamartin) or
TSC2 (16p13.3, adjacent to the gene of adult polycystic kidney
disease and encoding tuberin), are found in more than 85%
of the cases [7]. These two proteins (hamartin and tuberin)
form a single functional unit that is involved in the regu-
lation of cell proliferation and differentiation—their com-
plex activates GTPase, keeping the RHEB (Ras homolog
enriched in brain) protein inactive, inhibiting the mam-
malian target of rapamycin (mTOR) pathway [1, 7].This path-
way promotes protein and lipid biosynthesis and is also res-
ponsible for cell cycle progression, playing a crucial role in
cell proliferation [8]. Therefore, in TSC patients, TSC1 or
TSC2 mutations give rise to hyperactivation of the mTOR
pathway, inducing several abnormalities in numerous cell
biochemical processes, including cell cycle regulation and
control at transcriptional, translational, and metabolic levels.

Given this underlying abnormality in TSC, the possibility
of using the mTOR pathway as a therapeutic target has

been investigated, namely, using mTOR inhibitors, such
as sirolimus (or rapamycin) and everolimus, firstly as an
alternative nonsurgical intervention for subependymal giant
cell astrocytomas (SEGA) in TSC patients. In fact, resulting
from this research, everolimus is currently the only mTOR
inhibitor approved in various countries for the treatment of
patientswithmore than 3 years of agewithTSC-related SEGA
who are not candidates for curative surgical resection [9] and
adults with TSC-associated renal angiomyolipomas who are
at risk of complications, but who do not require immediate
surgery [10].

This pharmacological strategy opened research avenues
in the field of TSC and, in recent years, many scientific
achievements have been obtained, for patients benefit. How-
ever, many challenges came along and, still, many disease
features are poorly understood. This review will focus on the
role of mTOR inhibitors in the treatment of TSC patients.
After discussing the relevance of mTOR pathway in the
disease, somepharmacological issues ofmTOR inhibitorswill
be focused, from trials to clinical practice. Future perspectives
and challenges will be also addressed.

2. Overview of mTOR-TSC Regulation

Mammalian target of rapamycin (mTOR) is an evolutionarily
highly conserved serine/threonine protein kinase,member of
the phosphoinositide 3-kinase- (PI3K-) related kinase family
and of cell survival pathways. mTOR integrates extracellular
and intracellular events to act as a molecular sensor of
nutrient abundance and energy, thus having a major impact
on a variety of functions in distinct organs and related clinical
disorders [11–13]. Under normal conditions or disease states,
mTOR activation by phosphorylation, in response to various
upstream modulators of mTOR kinase (such as nutrients,
growth factors, hormones, and mitogens), contributes to
regulating several key processes to cell functioning [8].

Two complexes (mTORC1 and mTORC2), with different
composition, control mTOR actions [8, 14, 15] (Figure 1).
There are two common proteins shared by both complexes:
mLST8 (mammalian lethal with Sec13 protein 8, also known
as G𝛽L), which is a positive regulator, and DEPTOR (DEP-
domain containing mTOR-interacting protein), which works
as the negative regulator. Regarding specific components,
mTORC1 is associated with Raptor (regulatory-associated
protein of mTOR), a positive regulator involved in substrate
recruitment, and PRAS40 (proline-rich AKT substrate of
40 kDa), the component responsible for mTORC1 inhibition,
which is itself inhibited by Akt; mTORC2 is associated
with Rictor (rapamycin-insensitive companion ofmTOR), an
essential player in the activation of the interaction between
mTORC2 and tuberous sclerosis complex 2 (TSC2), with
mSIN-1 (mammalian stress-activated protein kinase inter-
acting protein), which is necessary for the assembly of the
complex and for its capacity to phosphorylate Akt, and
with PROTOR-1 (protein observed with RICTOR-1), which
has been shown to bind to RICTOR and seems to play
a role in enabling mTORC2 to efficiently activate serum-
and glucocorticoid-induced kinase 1 (SGK1) [14–17] (Figure
1).
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Figure 1: Overview of mTOR-TSC regulation and upstream and downstream mediators. Both TSC1 and TSC2 are major components
in mTOR signalling cascade. mTOR complexes 1 and 2 (mTORC1 and mTORC2, resp.) are mediators of important cellular functions:
mTORC1 (which senses nutrients, energy, growth factors, and stress signals) promotes protein synthesis, cell growth, and cell proliferation,
while mTORC2 is associated with cell survival and proliferation. Tuberous sclerosis complex patients present mutations in either TSC1 or
TSC2 genes, causing suppression of RHEB-mediated mTORC1 inhibition, exacerbating cell cycle progression, cell proliferation, and growth.
Rapamycin (sirolimus) and everolimus are effective inhibitors of mTORC1 via FKBP12.

mTORC1 and mTORC2 complexes also differ in sensitiv-
ity to rapamycin, which binds to protein FKBP12 (FK 506-
binding protein of 12 kDa), thus inhibiting mTOR phospho-
rylation and activation, preferentially at the mTORC1 com-
plex [18]. Furthermore, mTORC1 andmTORC2 are distinctly
regulated and control different cell processes: while mTORC1
senses growth factors, mitogens, nutrients (amino acids
and energy), and stress signals, thus regulating cell growth
and proliferation, mTORC2 is linked with cell survival and
cycle progression, being insensitive to nutrients or cellular
energy [15, 18]. Tumor suppressor proteins hamartin and
tuberin form a heterodimeric complex (TSC1/2) that acts
as a functional unit in the suppression of mTORC1 activity
[7] (Figure 1). Nutrients are positive regulators by putatively
acting upstream of TSC1/2; in addition, mTORC1 senses
cellular energy status via the AMP-activated protein kinase
(AMPK) and TSC2 [19]. In fact, while, under conditions of
low energy, AMPK activation promotes mTOR inhibition via
TSC2 phosphorylation, under hypoxic conditions, mTORC1
is inhibited by TSC1/2 and/or AMPK-dependent mecha-
nisms [20, 21]. Although the mTORC2 upstream modulators
remain to be fully elucidated, activation has been linked
with phosphorylation of Akt and other AGC-family kinases,
including serum- and glucocorticoid-induced protein kinase

(SGK) and protein kinases C (PKCs), which play a central
role in cell survival and cytoskeleton organization [8]. Akt
appears to have a complex dual role on mTOR, being both an
upstream regulator of mTORC1 and a downstream target of
mTORC2. mTOR-dependent phosphorylated Akt is respon-
sible for the regulation of several cellular processes, including
cell growth, proliferation, apoptosis, and glucose metabolism
[8]. Some of the downstream targets ofmTORC1were already
clearly identified, including S6Ks (p70 ribosomal protein S6
kinase 1/2) and 4E-BPs (eukaryotic initiation factor 4 [eIF4]
binding proteins), which play a major role in the regulation
of cell growth, proliferation, and metabolism [15] (Figure 1).
In addition, mTOR has also been involved in the regulation
of other proteins which play major physiological and patho-
physiological (namely, in tumorigenesis) roles, such as the
hypoxia-inducible factor 1𝛼 (HIF-1𝛼), which is a major player
in angiogenesis, inflammation, bioenergetics, proliferation,
and apoptosis, and the STAT3, which is involved in the effects
mediated by several cytokines (such as IL-6 and IL-10) [18,
20–24].

A decrease in mTOR signalling in response to cellular
stresses, such as low ATP or oxygen levels, as well as
nutrient or amino acid depletion is an important autophagy
initiator. This works as a conservative action to mitigate
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cellular injury. The inhibition of mTOR using rapamycin
induces early activation of the autophagy cascade and this
can also be a mechanism of interest in the treatment of
several degenerative diseases, in which defects in autophagic
clearance of cellular proteins have been implicated, and
also in the oncology field, since this seems to be strongly
implicated in tumorigenesis [25]. mTORC1 is an inhibitor of
autophagy, via ULK1 and ULK2 kinases and, by using the
mTORC1 inhibitor rapamycin and the autophagy inhibitor
chloroquine in vitro, Yu et al. [25] demonstrated that
TSC2-deficient cells are highly dependent on autophagy
for survival. In fact, TSC provides a good model into the
roles of autophagy in human disease but also indicates the
possibility of using autophagy inhibition as a therapeutic
target, namely, in combination with mTORC1 inhibitors, as
was also suggested for lymphangioleiomyomatosis (LAM)
[26], a condition also associated with mTOR activation and
TSC2 gene mutations. In agreement, Parkhitko et al. [27]
showed that the combination of mTORC1 and autophagy
inhibition was more effective, when compared with either
treatment alone, in inhibiting the survival of tuberin- (TSC2-
) null cells, growth of TSC2-null xenograft tumors, and
development of spontaneous renal tumors in Tsc2(+/−) mice.
These authors suggested that mTORC1 inhibitors may have
autophagy-dependent prosurvival effects in TSC and that
autophagy and the autophagy target p62/sequestosome 1
could be viewed as two distinct therapeutic targets for TSC
[27]. More recently, combined strategies of mTOR inhibition
(with rapamycin) and autophagy inhibition (with resvera-
trol, a naturally occurring polyphenol) showed a selective
induction of apoptosis in TSC2-deficient cells [28]. Using that
strategy, the rapamycin-induced upregulation of autophagy
was blocked and Akt inhibition restored. It was concluded
that the combination of rapamycin and resveratrol could be
viewed as an effective therapeutic approach for treatment
of diseases with mTORC1 hyperactivation, such as TSC and
LAM [28, 29]. This strategy could be very important to
overcome one of themajor concerns with the use of mTORC1
inhibitors, the upregulation of autophagy and the suppression
of the negative feedback loop to Akt, which stimulates cell
survival, thus reducing the efficacy of therapy and increasing
the possibility of relapses upon cessation of treatment [28,
29].

3. Rapamycin and Analogues

Rapamycin, also known as sirolimus, is a natural macrolide
firstly isolated froma bacteria strain of the Streptomyces genus
(Streptomyces hygroscopicus) from soil bacterium extracts
found on Easter Island. Rapamycin (or Rapa Nui, the native
name) was initially described as an antibiotic and antifungal
agent, but its potent immunosuppressant properties mean-
while discovered led to its approval (in 1999) as a drug for
preventing allograft rejection [30]. In addition, rapamycin
has demonstrated several other interesting effects, including
cytostatic and antiproliferative properties, expanding the
potential clinical applications to oncology. In fact, rapamycin
and its derivativesmeanwhile developed, collectively referred
to as rapamycin analogues (everolimus, temsirolimus, and

ridaforolimus), have been used or tested in several types of
cancers, such as in advanced renal cell carcinoma, bladder,
breast, neuroendocrine tumors, and inclusively TSC-related
SEGA and renal angiomyolipomas [31–33]. Figure 2 repre-
sents the molecular structure of rapamycin (sirolimus) and
its analogues.

3.1. Pharmacodynamic Properties and Clinical Applications.
The mechanisms of action for sirolimus and analogues
are similar and involve the formation of a complex by
interacting with the intracellular binding protein FK506-
binding protein (FKBP12), which then binds to mTOR at the
FKBP12-rapamycin binding domain, thus inhibiting down-
stream signalling events (Figure 1). Sirolimus mechanism of
action was first revealed using Saccharomyces cerevisiae; the
binding to FKBP, involving both TOR1 and TOR2 genes, was
responsible for arresting yeast in the G1 phase of the cell cycle
[34]. In mammalian cells, the complex is relatively different
since TOR (mTOR) exists as a single 289 kDa isoform that
specifically binds to FKBP12. Rapamycin (sirolimus) does not
directly bind to mTOR, but it is the highly selective binding
of rapamycin to FKBP12 that mediates FKBP12 dimerization
with mTOR, thus blocking the access to the mTOR kinase
active site, causing a highly sensitivemTORC1 inhibition [34].
This feature is common to sirolimus and its analogues; shared
macrolide structure allows the interaction with FKBP12, the
mechanism by which these allosteric molecules selectively
inhibit mTORC1 over mTORC2. Both sirolimus and its
analogues exert their inhibitory effects on mTOR-regulated
mechanisms by reducing the phosphorylation of downstream
mTOR effectors, including 4EBP1 and S6K1, which are
responsible for the translation of mRNA encoding pivotal
proteins for cell cycle regulation, cell size control, cellular
growth, angiogenesis, and glycolytic activity [34].

Despite sharing a central macrolide chemical structure,
sirolimus and its analogues yet differ in the functional
groups added at C40. While everolimus and ridaforolimus
are biochemically active derivatives (hydroxyethyl ester and
dimethylphosphinate, resp.) of sirolimus, temsirolimus is a
prodrug that is transformed in sirolimus when converted
in its active form due to removal of the dihydroxymethyl
propionic acid ester group at C40 (Figure 2) [35].

Though sirolimus has been successfully used as an
immunosuppressant agent to prevent graft rejection in trans-
planted patients, the subsequent analogues have been also
approved for this indication, as well as to treat other con-
ditions, including in oncology field. Everolimus has been
used in posttransplant immunotherapy and in the treatment
of breast and renal cancer, as well as in neuroendocrine
tumors [36, 37]. Temsirolimus is approved for advanced
renal cell carcinoma treatment [38] and ridaforolimus is in
advanced stages of clinical development, but it is not yet
approved for any specific indication [39]. Table 1 summarizes
mentioned drugs’ clinical pharmacology and their current
medical applications.

3.2. Pharmacokinetic Features. Despite the minor differences
at C40 between sirolimus and analogues, they have important
clinical implications, namely, due to distinct pharmacokinetic
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Figure 2:Molecular structure of sirolimus and its analogues.They all share a central macrolide chemical structure and have a unique R group
at the C40 position.

features, particularly bioavailability and half-life, as recently
reviewed [35, 40].

Sirolimus is orally available as a solution or in tablets and
has a high percentage of protein binding (about 92%) and a
low oral bioavailability (of about 15%: 14% for solution and
18% for tablets), being rapidly absorbed with an estimated
𝑡max (time after administration when the maximum plasma
concentration is reached) of around 2 hours [35, 41]. The
extensive interpatient variability is mainly attributed to the
effects of intestinal cytochrome p450 3A enzymes (CYP3A)
and P-glycoprotein activity on sirolimus absorption, which
are also responsible for some of the drug-drug interactions,
the most relevant one being cyclosporine coadministration
in renal transplant patients, which increases 𝐶max (the peak
plasma concentration after administration) and area under
the curve (AUC) of sirolimus. Sirolimus has a large volume
of distribution (around 12 L/kg), being approximately 95%
into red blood cells (RBCs). Hepatic CYP3A enzymes are
the major metabolizers of sirolimus and elimination occurs
predominantly by fecal route (around 90%), with a clearance
between 1.45 and 6.93mL/min/kg and a terminal half-life
ranging from 46 to 78 hours [35, 41]. The relative hydropho-
bicity of sirolimus allows absorption through the skin, which
could be an advantage for use in custom topical preparations
to treat TSC-related facial angiofibromas [35, 41].

Everolimus is also orally used, once a day, in tablet
form.This sirolimus derivative shares some pharmacokinetic
features with the original molecule, including the wide
distribution into RBCs, the metabolism by hepatic CYP3A
enzymes, and the predominantly fecal elimination [35, 41].
However, everolimus is more readily absorbed, exhibits
greater oral bioavailability (20%), and has a lower protein
binding capacity (around 75%) and several other favorable
pharmacokinetic parameters, including a better blood-brain
partition coefficient, a greater water solubility, and a shorter

half-life, which suggests that a steady-state concentration is
achieved more rapidly. Everolimus is rapidly absorbed in
healthy volunteers and in patients with solid tumors, with
𝑡max values of 30min to 1 hour andhalf-life of around 30hours
[35, 41]. Thus, everolimus has faster steady-state levels after
initiation and faster elimination after withdrawal, which is an
advantage over sirolimus.

Temsirolimus is formulated for weekly intravenous
administration and was designed to overcome the poor solu-
bility of the prototypemTOR inhibitor, oral rapamycin,which
undergoes extensive first-pass metabolism leading to low and
potentially variable absorption and exposure. Maximizing
the bioavailability and dose intensity by using intravenous
administration may provide optimal clinical benefit in some
tumors [42]. Temsirolimus exhibits better solubility and an
elevated volume of distribution that allows extensive delivery
into peripheral tissues. This drug is metabolized by CYP3A4
and is primarily excreted by the feces (around 82%), having a
terminal half-live between 9 and 27 hours [35].

Ridaforolimus is a more recent analogue of sirolimus that
is being formulated for oral or intravenous administration.
Although some pharmacokinetic features are identical to
those of sirolimus, including primary metabolization by
CYP3A enzymes, preferential elimination by fecal route
(around 90%) and terminal half-life ranging from 30 to 75
hours, ridaforolimus shows improved solubility, stability, and
bioavailability when compared with sirolimus [43].

4. Clinical Trials with mTOR Inhibitors in
TSC Patients

4.1. Sirolimus. The first clinical study in which sirolimus was
used as a TSC treatment was conducted in 2006, when 5
patients with SEGA tumors were submitted to treatment with
that mTOR inhibitor for 2.5 to 20 months [44]. Doses were
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Table 1: Pharmacology and clinical applications of rapamycin (sirolimus) and its analogues, everolimus, temsirolimus, and ridaforolimus.

Sirolimus Everolimus Temsirolimus Ridaforolimus

Commercial names Rapamune�
Afinitor�, Votubia�,
Certican�, Zortress�,

Evertor�
CCI-779, Torisel� AP23573, MK-8669,

Deforolimus

Biochemical features
Molecular weight 914.2 g/mol 958.2 g/mol 1030.3 g/mol 990.2 g/mol

Mechanism of action Inhibition of the
TSC-mTOR pathway

Inhibition of the
TSC-mTOR pathway

Inhibition of the
TSC-mTOR pathway

Inhibition of the
TSC-mTOR pathway

Biochemically
functional form

Sirolimus is the active
form

Active derivative
(hydroxyethyl ester)

of sirolimus

Prodrug actived after
removal of the

dihydroxymethyl propionic
acid ester group at C40

position

Active derivative
(dimethylphosphinate) of

sirolimus

Pharmacokinetic
features
Route of
administration Orally, once daily Orally, once daily I.V. infusion, once/week Oral or intravenous

infusion
Protein binding ∼92% ∼75% ∼85% ∼94%

Bioavailability and
distribution

Low oral
bioavailability (∼15%):
14% for solution and

18% for tablets
Large distribution
(around 12 L/kg),
∼95% into RBCs

Tablet: 20%
Wide distribution
into RBCs; good

blood-brain partition
coefficient

Injection: 100%
Elevated distribution that
allows extensive delivery
into peripheral tissues

Tablet: 16%
Improved solubility,

stability and bioavailability
vs sirolimus

Metabolization Hepatic CYP3A Hepatic CYP3A Hepatic CYP3A4 Hepatic CYP3A4
Terminal half-life 46–78 h 26–30 h 9–27 h 30–75 h

Elimination Feces (91%), urine
(2%)

Feces (>90%), urine
(2%) Feces (82%), urine (5%) Feces (88%), urine (2%)

Clinical indications

In TSC patients and
other indications

Clinical trials in TSC
patients;

immunosuppression
in transplanted

patients

SEGA and adult
angiomyolipoma

associated with TSC;
immunosuppression

in transplanted
patients; advanced
kidney cancer and

other tumors
(neuroendocrine,

breast)

Advanced renal cell cancer

Clinical trials for advanced
soft tissue and bone

sarcomas and hematologic
malignancies

titrated until serum levels of 5–15 ng/mL were reached and
an average of 55% reduction in tumor volume was observed
[44].

After that, the efficacy and tolerability of sirolimus in TSC
patients diagnosed with renal angiomyolipomas and LAM
were also investigated in two open-label studies. Twenty-five
patients with TSC and LAM were recruited for a proof-of-
concept phase I/II study, receiving an initial dose of sirolimus
of 0.25mg/m2, followed by periodic uptitrations, until a
plasma level of 10–15 ng/mL of the drug was reached [45].
This study showed that renal angiomyolipomas decreased
their volumes to approximately 53% of the baseline value after

12 months of treatment, but at 24 months regrowth to 86% of
the baseline value was noticed [45].

This set the basis for a Phase II Trial of Efficacy and Safety
of Sirolimus for Treatment of Angiomyolipoma in Tuberous
Sclerosis and Sporadic LAM (the TESSTAL trial), which
involved 16 patients [46, 47]. They initially received the drug
with an oral dose of 0.5mg/m2, but it was titrated until a level
of 6–10 ng/mL was reached. After 12 months of treatment, a
reduction in tumor volume of more than 50% was reported
in 80% of the perprotocol group, but it increased again
after treatment cessation [46]. Later, at 24 months, a partial
response was noticed in 40% of those individuals remaining
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in the trial [46]. The efficacy of sirolimus in reducing the
volume of different types of tumors in patients with LAM
was assessed in other studies [47–52]. Additionally, the drug
showed also a benefit in the treatment of pulmonary fibrosis
and skin manifestations of TSC [53, 54]. Since sirolimus
is available in a topical formulation, there is a prospective
study in which it was possible to show a reduction in facial
angiofibromas in 73% of patients (𝑛 = 28) [55]. To confirm
this, a phase II clinical trial using different doses of topical
sirolimus was recently completed (NCT01526356), but the
results are not yet available.

In terms of safety, the studies of sirolimus in patients
with TSC, namely, with renal angiomyolipomas and LAM
showed important rates of adverse events [44–47]. In the
proof-of-concept study, infections, diarrhea and aphthous
ulcers were the most frequently reported effects [45]. In
the phase II trial (TESSTAL study), the majority of adverse
events were classified as mild and were consistent with what
was already known, from the previous study: mucositis,
respiratory infections, and proteinuriawere reported [46, 47].

4.2. Everolimus. To date, only sirolimus and everolimus have
been clinically tested for the management of TSC patients
and, in fact, only everolimus is effectively approved for
that indication. Following the first report of sirolimus to
treat SEGA, two major clinical trials were conducted to test
the efficacy and safety of everolimus in that TSC-related
condition [56, 57].

The first one was an open-label and prospective study,
which recruited 28 patients diagnosed with SEGA and with
lesion growth demonstrated on brain magnetic resonance
imaging (MRI), performed before study treatment initiation
[56]. The median dose of everolimus that was used was
5.3mg/m2/day and the median treatment duration was 34.2
months (range 4.7–47.1). All 28 patients demonstrated a
reduction in the volume of the tumors or a cessation of lesion
growth. As a measure of efficacy, at 18, 24, 30, and 36 months,
primary SEGA volume was reduced ≥30% from baseline
(this was the definition of treatment response) in 75% of
the patients and more than 30% of them experienced SEGA
volume reduction of more than a half within 6 months of
treatment [56]. The second study, known as the EXIST-1 trial
(Efficacy and Safety of Everolimus [RAD001] in Patients of
All Ages With Subependymal Giant Cell Astrocytoma Asso-
ciatedWith Tuberous Sclerosis Complex), was a randomized,
placebo-controlled, and double-blind study recruiting 117
patients (78 receiving everolimus with a target concentration
of 5–15 ng/mL and 39 placebo) and the results were similar
to those previously reported: a reduction of more than 50%
in SEGA volume was obtained in 49% of patients treated a
median of 29 months [57, 58]. Regarding safety issues, in the
first study, all patients reported at least one adverse event,
but none of them led to everolimus discontinuation: they
were grade 1-2 in severity and those most frequently reported
were upper respiratory infections, stomatitis, sinusitis, and
otitis media [56]. In the EXIST-1 trial, the same situation
was observed: patients treated with everolimus had more
adverse events than those in the placebo arm, including
mouth ulceration, stomatitis, convulsions and pyrexia; three

patients aged ≥13 years in the everolimus group experienced
amenorrhoea [57].

These studies have also drawn attention to some addi-
tional benefits of everolimus (measured as secondary end-
points) for the treatment of other TSCmanifestations related
to the central nervous system, namely, seizure control and
behaviour and cognitive development [56, 59, 60].

The first clinical trial with prospective design to evaluate
everolimus efficacy in the treatment of medically refractory
epilepsy, in the context of TSC, was published in 2013 and
included 23 patients aged ≥2 years [61]. The median dose of
everolimus used was 7.5mg/day and treatment duration was
12 weeks. In terms of efficacymeasures, seizure frequencywas
reduced by 50% or more in 12 of 20 patients and, overall,
a median of 73% in reduction of seizures from baseline
was reported in 17 out of 20 patients [61]. Several cases
experienced an important improvement, considering they
had a prior history of failed drugs, vagus nerve stimulation
or, inclusively, epilepsy surgery [61]. No new adverse events
were reported in this study, but it is worth noting that 3
patients experienced an increase in seizures, highlighting
how treatment response may be variable, between different
individuals. Complicating this scenario are the results coming
from the EXIST-1 trial, in which no significant difference
between everolimus and placebo was observed in median
seizure frequency at baseline and week 24 [57]. To clarify
this situation, two trials are currently under way, aiming to
specifically evaluate everolimus’ effect onmeasures of seizure
control (NCT01713946) and cognition (NCT01289912: this
study is completed, but no results were yet provided) [62].

Everolimus has also been tested in TSC-associated
angiomyolipomas and LAM, in the so-called EXIST-2 trial
(Everolimus for Angiomyolipoma AssociatedWith Tuberous
Sclerosis Complex or Sporadic Lymphangioleiomyomato-
sis [EXIST-2]: A Multicentre, Randomised, Double-Blind,
Placebo-Controlled Trial) [63]. In this study, 118 patients aged
18 years or older were recruited to receive everolimus (𝑛 =
79) or placebo (𝑛 = 39). The angiomyolipomas response
(defined as at least a 50% reduction in total volume relative
to baseline) rate was 42% for those patients treated with
everolimus (versus 0% with placebo) and the adverse events
were predictable and generally manageable, considering data
coming from previous studies [63]. The extension of EXIST-
2 was recently published and confirmed a proportion of
patients with reductions of ≥30% and ≥50% in angiomy-
olipoma volumeof 82% (62/76) and 65% (49/76), respectively,
at week 96, with lesser adverse events over time [64].

5. Current Therapeutic Challenges Using
mTOR Inhibitors

Sirolimus and everolimus were firstly developed for the
treatment of fungal infections and cancer and to prevent
organ transplant rejection. This gives a notion about their
pharmacological potential, when systemically administered
and this may be a theoretical issue, when considering TSC-
related features treatable with these agents, since they are, at
the end, focal lesion areas. However, this is not straightfor-
ward and deserves some considerations.

https://clinicaltrials.gov/ct2/show/NCT01526356
https://clinicaltrials.gov/ct2/show/NCT01713946
https://clinicaltrials.gov/ct2/show/NCT01289912
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First of all, robust knowledge about dosing and side effects
existed before these drugs were considered to be used in the
treatment of TSC. The most frequent adverse events associ-
ated with them include stomatitis and mouth ulcers, mar-
row suppression, infections, hypercholesterolemia, and other
metabolic disturbances [65, 66]. TSC patients reported these
toxicities in clinical trials, but with overall reduced frequency
and severity, comparing with what was theoretically expected
[57, 58, 63, 64]. The reason for this can be related to the fact
that these agents are used in monotherapy for TSC patients,
whereas in other oncological situations and in transplant
fields they are combined with other immunosuppressants or
chemotherapy. Additionally, in TSC the dosing strategy aims
to identify theminimumeffective dose, while in other clinical
settings (particularly in oncology) dosing is closer to the
maximum tolerated, not specifically avoiding side effects [35].

The risk of infection is also an important issue to be
discussed, since these drugs have an intrinsic immunosup-
pressive potential, which is indeed the reason for their use in
transplant medicine [67]. Looking at data coming from the
first clinical trials in TSC patients, infection rate was reported
to be high as 80–90% of treated individuals. Nevertheless, it is
worth noting that all infectionswere recorded as being related
to the study drug and the period of patients’ follow-up was a
minimum of 1 year [56]. In fact, those infection rates actually
decreased as patients received treatment for longer and the
larger placebo-controlled studies using everolimus in patients
with SEGA and with angiomyolipomas came to provide a
clearer notion about infection risk: in these studies, only 10–
20% of subjects were diagnosed with an infection and this
percentage was nearly the same in both the everolimus and
placebo arms [57, 63]. Most of those infections were classified
asmild ormoderate in severity and they were rarely the cause
of treatment discontinuation [56, 57, 63, 68].

Finally, but no less relevant, the basis for the choice
between sirolimus and everolimus, in clinical practice, should
be discussed. There is abundant supportive evidence for the
efficacy of both drugs in TSC patients, namely, for the thera-
peutic approach of some of its manifestations, but the fact is
that there are not, to date, clinical trials directly comparing
those mTOR inhibitors (in TSC, oncology and transplan-
tation). In the absence of such a study, in TSC patients,
clinicians have to follow the best evidence published so far,
regarding the selection of a specific drug. In a very recent
systematic review, authors concluded that oral everolimus has
high-quality evidence regarding its effect in reducing the size
of SEGA and adult renal angiomyolipomas, without signif-
icantly increasing the risk of patients to experience adverse
events, as compared to those not receiving any treatment
[69]. However, the usage of the drug seems to increase the
risk of dose reduction, interruption, or withdrawal, over
time [69]. The existence of a sirolimus topical formulation
makes it attractive for the treatment of skin manifestations of
TSC,more than the systemic everolimus intake.Nevertheless,
topical sirolimus only showed a nonsignificant tendency of
skin lesions improvement, meaning that this putative benefit
needs to be clarified and further established, as well as the
possibility of using these drugs in other TSC clinical features
[69].

6. Future Directions

Over the past decade, the definition of the multiple roles
of the mTOR signalling pathway in neurological conditions
has been a successful and exciting story of translational
research going from bench to bedside. Beyond genemutation
discovery, several functional experiments were conducted in
order to validate the pathological role of those mutations
and different pharmacological approaches were developed,
trying to manipulate that signalling pathway and allowing
benefit to be tested in clinical trials. We have reached a point
where some drugs appear very promising in the treatment of
some diseases whose manifestations are typically attributed
to mTOR pathway dysfunction, but there are a growing
number of novel mutations in genes related to components
of the mTOR pathway that have recently been linked to
several developmental brain malformations. In the same way,
changes inmTOR-dependent autophagy have been described
and linked to neurological conditions whose pathophysiol-
ogy is deeply characterized by degenerative processes [70].

Nevertheless, despite all these discoveries, there are some
straightforward questions that remain unanswered. How
does the dysfunction of the cellular processes depending
of mTOR lead to distinct neurological phenotypes? In fact,
apart fromTSC, developmental brainmalformations, autism,
and intellectual disability, there are also completely different
conditions such as traumatic and hypoxic-ischaemic brain
injury, and dementia that were already connected to mTOR
dysfunction. How does mTOR activation in different cell
types (neurons and glial cells) impact clinical phenotypes,
from embryonic brain development to senescence? How
can the usage of systemic mTOR inhibitors be optimized,
considering that the target could be perfectly contained and
localized in some brain areas? How early can treatment with
these drugs be (and, regarding this aspect, it is pertinent
to think on a comparison of mTOR inhibition and classical
antiepileptic drugs, such as vigabatrin, in earlymanifestations
of the disease, such as infantile spasms)? How does mTOR
dysfunction allow interaction with other brain signalling
pathways, namely, involved in neuronal development?

Regarding this last issue, recent interest has been placed
in the dialog between the mTOR and the Sonic Hedgehog
(Shh) signalling pathways. Shh is involved in themechanisms
regulating neurogenesis, neuronal migration, and synaptic
tuning and a critical step for this molecular pathway is
the removal of Ptch1 (transmembrane receptor Patched1)
inhibition on the signal transducer Smo (G-protein coupled
receptor Smoothened) and its localization in the primary
cilium. These cilia are membrane extensions with sensory
functions that seem to play a critical role in cell fate definition,
considering neuronal progenitors. In a very recent communi-
cation, di Nardo et al. [71] presented preliminary data indicat-
ing that hyperactivation of mTORC1 signalling is associated
with reduced ciliation in TSC2-knockdown rat hippocampal
neurons, in a neuronal-specificTSC1-knockoutmousemodel
and in the brain of TSC patients with epilepsy. Furthermore,
the same authors revealed that, inTSC2-knockdownneurons,
altered Shh signalling was associated with defective ciliation
[71]. For the first time, this study suggested that TSC could
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be considered as a ciliopathy and that Shh/ciliary signalling
might represent an additional therapeutic target [71].

Recently, a second generation of mTOR inhibitors
(known as mTOR kinase inhibitors or TORKinibs) has also
been developed. As a major difference from the rapamycin
analogues, they present the ability to directly inhibit the
kinase by blocking the ATP catalytic site, rather than linking
FKBP12, which causes inhibition of both mTORC1 and
mTORC2 [72, 73]. Because of this property, they have been
shown distinct implications on downstream target inhibition,
as well as on mechanisms of protein translation control and
regulation loops. In addition, they would be important to dif-
ferentiate TORC1- from TORC2-mediated intracellular sig-
nalling. Yet, in preclinical or early clinical stages of devel-
opment, this new generation of mTOR inhibitors are potent
inhibitors of proliferation and they are expected to have
an important therapeutic benefit in oncological indications
[72, 73]. If the dual targeting of TORC1/TORC2 will be able
to introduce a superior efficacy when compared to that of
everolimus, without further significant toxicity, these newer
agents might open new windows of opportunity to the treat-
ment of several conditions, including TSC.

7. Conclusions

The treatment of TSC usingmTOR inhibitors is an important
and promising challenge, from a clinical point of view.
Patients have a systemic and progressive disease, but the
majority of them develop significant morbidity only by mid-
dle age. This means that the decision of using a drug such as
a mTOR inhibitor in base of isolated individual organ com-
plications will probably not be the most appropriate strategy
and it makes sense, in this field, to use a lifetime risk score
to decide how, when, and what to treat. For this approach to
be successful, more epidemiological and clinical data need to
be collected and studies like the Tuberous Sclerosis Registry
to Increase Disease Awareness (TOSCA) registry need to be
promoted [74].

Managing TSC requires a multidisciplinary approach
and the introduction of mTOR inhibition therapy reinforces
the need for this very close collaboration between well-pre-
pared health professionals. Questions remain regarding
which drug to choose, the correct timing for treatment initia-
tion and discontinuation, the serum level to be achieved,
and the management of long-term side effects. Registries
such as TOSCA and further studies will help to answer these
pertinent questions.
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Prompt coronary reperfusion is the gold standard for minimizing injury following acute myocardial infarction. Rapamycin, mam-
malian target of Rapamycin (mTOR) inhibitor, exerts preconditioning-like cardioprotective effects against ischemia/reperfusion
(I/R) injury.Wehypothesized that Rapamycin, given at the onset of reperfusion, reducesmyocardial infarct size throughmodulation
of mTOR complexes. Adult C57 male mice were subjected to 30min of myocardial ischemia followed by reperfusion for 1 hour/24
hours. Rapamycin (0.25mg/kg) or DMSO (7.5%) was injected intracardially at the onset of reperfusion. Post-I/R survival (87%) and
cardiac function (fractional shortening, FS: 28.63±3.01%)were improved inRapamycin-treatedmice compared toDMSO (survival:
63%, FS: 17.4±2.6%). Rapamycin caused significant reduction inmyocardial infarct size (IS: 26.2±2.2%) and apoptosis (2.87±0.64%)
as compared to DMSO-treated mice (IS: 47.0 ± 2.3%; apoptosis: 7.39 ± 0.81%). Rapamycin induced phosphorylation of AKT
S473 (target of mTORC2) but abolished ribosomal protein S6 phosphorylation (target of mTORC1) after I/R. Rapamycin induced
phosphorylation of ERK1/2 but inhibited p38 phosphorylation. Infarct-limiting effect of Rapamycin was abolished with ERK
inhibitor, PD98059. Rapamycin also attenuated Bax and increased Bcl-2/Bax ratio. These results suggest that reperfusion therapy
with Rapamycin protects the heart against I/R injury by selective activation of mTORC2 and ERK with concurrent inhibition of
mTORC1 and p38.

1. Introduction

Timely intervention at reperfusion is the current standard
of care for the treatment of an acute myocardial infarction
(AMI). However, the consequences of reperfusion injury
still represent a major limitation to treatment. Therefore,
developing novel approaches to minimize such injury is
needed to further improve outcomes following an AMI.

The mammalian target of Rapamycin (mTOR) is a ser-
ine/threonine kinase that functions as a key regulator of
cell growth, survival, and metabolism [1]. Identified as an
intracellular sensor, mTOR detects nutrient and energy avail-
ability, as well as stressors affecting the cell [1]. Complex
downstream signaling networks provide mTOR the ability
to regulate autophagy, protein synthesis, cell polarity, and
cytoskeletal organization [2–6]. For this reason, mTOR sig-
naling has been studied extensively to elucidate its role in

diabetes, aging, cancer, metabolic disorders, and cardiovas-
cular diseases [2, 7–12]. mTOR is also an integral component
for cardiovascular development and its targeted deletion in
the heart has been shown to result in cardiomyopathy, heart
failure, and death [5].

Effective metabolic control is established via the forma-
tion of two distinct mTOR multiprotein complexes: mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [6,
7, 13]. These complexes are responsible for the regulation of
different cellular processes and are defined by the adaptor
proteins that bind to the central mTOR catalytic subunit.
Common to both complexes are DEPTOR (DEP domain
containing mTOR-interacting protein), mLST8 (mammalian
lethal with sec-13 protein 9), and a Tti1-Tel2 complex [6–
8, 10, 12]. Unique to mTORC1 are Raptor (regulatory-
associated protein of mTOR) and the inhibitory PRAS40
(proline-rich AKT substrate) subunit which enable it to
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phosphorylate the downstream ribosomal protein p70S6K
(Ser235/236) and 4FBP1 (eukaryotic initiation factor 4E-bind-
ing protein 1) [14]. Activation of mTORC1 is responsible for
promoting autophagy and ribosome biogenesis [12, 15, 16].
mTORC2 contains Rictor (Rapamycin-insensitive compan-
ion of mTOR) and mSin1 (mammalian stress-activated MAP
kinase-interacting protein), allowing for phosphorylation of
downstream AKT473 and GSK3ß [17]. Less is known about
mTORC2 than its counterpart, but it has been proven to play a
key role in cytoskeletal organization and cell growth/survival
[18].

In 2006, our laboratory first identified the precondi-
tioning-like cardioprotective effects of Rapamycin against
ischemia/reperfusion (I/R) injury [9]. Rapamycin pretreat-
ment reduced infarct size after I/R injury and also attenuated
necrosis and apoptosis in cardiomyocytes following simu-
lated ischemia/reoxygenation (SI-RO). Mechanisms mediat-
ing the protective effects of Rapamycin involved the open-
ing of mitochondrial ATP-sensitive potassium channels [9].
We further demonstrated that additional cardioprotective
signaling occurs via phosphorylation of ERK, STAT3, and
endothelial nitric oxide synthase (eNOS), in conjunction
with an increased Bcl-2 : Bax ratio [19]. Whether Rapamycin
treatment attenuates reperfusion injury remains unknown.
Therefore, the present study was designed to investigate
the in vivo effects of reperfusion therapy with Rapamycin.
Considering the important role of the Reperfusion Injury
Salvage Kinase (RISK) pathway, a group of prosurvival
protein kinases (including AKT and Erk1/2), which confer
cardioprotection when activated specifically at the time of
myocardial reperfusion [20, 21], we hypothesized that the
RISK pathway may provide an amenable pharmacological
target for cardioprotection with Rapamycin. Our results
demonstrate that Rapamycin administered at the onset of
reperfusion shows great promise as an interventional drug
capable of significantly reducing infarct size and cardiomy-
ocyte apoptosis following I/R injury via signaling pathways
involving MAP kinases and the PI3K-AKT.

2. Methods

2.1. Chemicals and Reagents. Rapamycin (Sirolimus�) was
purchased from LC Laboratories (MA). PD98059, an ERK
inhibitor, was purchased fromSigmaAldrich (St. Louis,MO).
ApoAlert� DNA Fragmentation Assay kit was purchased
from BD Biosciences, Palo Alto, CA. DAPI was bought
from Vector Laboratories, Inc. CA. Antibodies for phospho-
serine473 AKT, AKT, p-S6, S6, p-ERK1/2, ERK1/2, p-P38, P38,
phospho-tyrosine705-STAT3, STAT3, Bcl-2, and Bax were
purchased from Cell Signaling Technology. SOD-2, ferritin
heavy chain, and GAPDH-HRP were purchased from Santa
Cruz Biotechnology.

2.2. Animals. Adult C57BL/6Jmalemice (bodyweight∼30 g)
were purchased from Jackson Laboratories. Animal care and
experiments were approved by the Institutional Care and Use
Committee of Virginia Commonwealth University and were
conducted according to the Guide for the Care and Use of

C57BL/6J Infarct size
Apoptosis
Western blot

Ischemia Reperfusion

LAD
ligation Echocardiography

PD98059 Western blot 
(1mg/kg)

Rapamycin

or DMSO
(0.25mg/kg)

30min 1hr 24hr

Figure 1: Experimental protocol. Experimental groups and protocol
of regional I/R by LAD occlusion in C57 mouse hearts.

Laboratory Animals for Biomedical Research published by
the National Institutes of Health (No. 85-23, revised 1996).

2.3. Experimental Groups. For in vivo regional I/R protocol,
four groups were used: (1) DMSO (7.5%), (2) Rapamycin
(0.25mg/kg), (3) Rapamycin + PD98059 (1mg/kg an ERK
inhibitor), and (4) PD98059 alone. DMSO or Rapamycin was
injected (intracardiac, i.c.) 5min before the onset of reperfu-
sion following 30min of in situ ischemia. ERK activation was
inhibited through intraperitoneal administration of PD98059
10 minutes following the start of ischemia. The surgeon was
blinded to the treatment allocation.

2.4. Myocardial Infarction Protocol. The in vivo myocardial
I/R procedures were conducted in mouse by ligation of the
left anterior descending coronary artery (LAD) according to a
previously reported method [22]. Animals were anesthetized
with pentobarbital sodium (70mg/kg, i.p.) and ventilated
on a positive pressure ventilator. A left thoracotomy was
performed at the fourth intercostal space, and the heart was
exposed by stripping the pericardium. To induce ischemia,
the LAD was occluded for 30min by a 7.0 silk ligature that
was placed around it and a small piece of polyethylene tubing
(PE10) that was positioned on top of it. Reperfusion was
established by removing the PE10 tube that was compressing
the LAD. 5min prior to reperfusion, Rapamycin (0.25mg/kg)
or DMSO (7.5%) was injected intracardially to ensure its
immediate availability at the onset of reperfusion as well
as avoiding any preconditioning effect. Although intracar-
dial injection of Rapamycin is not clinically applicable, it
resembles the best option to mimic intracoronary delivery
during cardiac catheterization, which is not feasible in mice.
We chose this route of administration, which has been
previously reported in the literature with same myocar-
dial ischemia/reperfusion protocol [23], to bypass liver
metabolism that occurs with intravenous/intraperitoneal
administration in order to ensure immediate availability of
Rapamycin at the onset of reperfusion in our study. The dose
of Rapamycin was chosen based on our previous studies on
Rapamycin-induced cardioprotection against myocardial I/R
injury [9, 19]. Air was then expelled from the chest, and the
chest cavity was closed. The animal was placed in a cage on a
heating pad until fully conscious and then kept for 24 hours
(Figure 1).
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2.5. Measurement of Infarct Size. The heart was removed
following 30min of ischemia and 24 hours of reperfusion
and mounted on a Langendorff apparatus. The coronary
arteries were perfused with 37∘C Krebs-Henseleit buffer.
After the blood was washed out, 3mL of 10% TTC in isotonic
phosphate buffer (pH 7.4) at 37∘C was infused over several
minutes before the ligature was retightened and ∼1mL of 5%
Phthalo blue dye was injected as a bolus into the aorta until
most of the heart turned blue. The heart was perfused with
saline to wash out the excess dye. After freezing the heart for
24 hours, it was sectioned from apex to base into slices of
equal thickness (∼1mm). The slices were then fixed in 10%
neutral buffered formaldehyde for 4 hours with a weight on
top to keep the heart slices flat for the initial 30min.The areas
of infarcted tissue, the risk zone, and the whole left ventricle
were determined by computer morphometry using ImageJ
imaging software (NIH, Bethesda).

2.6. Echocardiography. Cardiac function was assessed via
echocardiography using a VisualSonics Vevo 2100 Imaging
System. Mice were anesthetized with 2.5 L/min Isoflurane
prior to assessment. Imaging was conducted through the
parasternal short axis while mice were exposed to 1.5 L/min
Isoflurane via a nose cone. Left ventricular (LV) end-diastolic
diameter (LVEDD) and end-systolic diameter (LVESD), LV
fractional shortening (FS), and ejection fraction (EF) were
calculated using Vevo analysis software (version 2.2.3).

2.7. Apoptosis Assay. Apoptosis was determined by TUNEL
staining using an ApoAlert� DNA Fragmentation Assay
kit (BD Biosciences, CA) according to the manufacturer’s
protocol. Hearts were stored in a 10% formalin solution,
and paraffin embedded tissue section was mounted on glass
slides. Apoptosis was then assessed in the transverse sections
of paraffin sections as previously reported [19]. Apoptotic
cells were examined under a fluorescencemicroscope (Nikon
Eclipse Ti) which were clearly identifiedwith a strong nuclear
green fluorescence. All cell nuclei were visualized as blue
fluorescence following staining with DAPI. The apoptotic
index was expressed as the number of apoptotic cells of all
cardiomyocytes per field. Apoptotic rate in the peri-infarct
regions was calculated using 6 random fields.

Lipid Peroxidation Assay. Lipid peroxidation in heart was
assayed by measuring malondialdehyde (MDA) using a lipid
peroxidation assay kit (BioVision, CA, USA) according to the
manufacturer’s protocol as previously reported [7].

2.8. Western Blots. Total soluble protein was extracted from
the whole heart tissues (following 30min ischemia and 1 hr
reperfusion or 24 hr reperfusion) with extraction buffer.
Seventy-five (75 𝜇g) proteins from each sample were sep-
arated by SDS-PAGE and transferred onto nitrocellulose
membrane (0.2 um pore size). The membrane was incu-
bated in cold conditions overnight with primary antibodies
(phospho-serine473-AKT, AKT, phospho-serine235/236-S6, S6,
p-ERK1/2, ERK1/2, p-P38, P38, phospho-tyrosin705-STAT3,
STAT3, Bcl-2, Bax, SOD-2, and ferritin heavy chain 1 or

GAPDH-HRP) in a 1 : 1000 dilution with 5% BSA. The
membrane was washed and incubated with horseradish
peroxidase conjugated secondary antibody (1 : 3000 dilution
in 5% milk solution) and the blots were developed using
a chemiluminescent system (Western Lighting Plus-ECL;
Perkin Elmer, Inc.).

2.9. Data Analysis and Statistics. Statistical analysis was
performedwithGraphPad Prism 7 (Graphpad Software Inc.).
Data are presented as mean ± SEM. The differences between
groups were analyzed with one-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls post hoc test
for pairwise comparison, or by unpaired 𝑡-test. 𝑝 < 0.05 was
considered to be statistically significant.

3. Results

3.1. Survival. A total of 105 mice were used in this study;
26 out of 30 mice survived in the Rapamycin-treated group
(approximately 86%) as compared with 27 out of 39 in the
DMSO-treated group (69%) following I/R. Post-I/R survival
rate was 63% (14 out of 22) in mice treated with Rapamycin
plus PD98059 and 57% (8 out of 14) in mice treated with
PD98059 alone.

3.2. ReperfusionTherapy with Rapamycin Reduces Infarct Size
and Improves Cardiac Function. Rapamycin treatment at the
onset of reperfusion resulted in a significant reduction in
infarct size (% of risk area) to 26.2 ± 2.2% as compared to
47.0 ± 2.3% in the DMSO-treated Control group (𝑛 = 6,
𝑝 < 0.0001) after 30min ischemia and 24-hour reperfusion
(Figure 2(a)). Total risk area was not statistically different
between Rapamycin (55.5% ± 2.5) and DMSO (56.9% ± 2.6)
treated groups (𝑛 = 6, 𝑝 > 0.05) following in vivo I/R
(Figure 2(b)).

Cardiac function was assessed by echocardiography fol-
lowing 30min ischemia by LAD occlusion and 24-hour
reperfusion. DMSO-treated mice showed significant reduc-
tion of FS, 17.4 ± 2.6%, and EF, 35.2 ± 4.99%, after I/R as
compared to Controlmice before I/R (FS, 46.6±0.7%, and EF,
81.0 ± 2.1%) (𝑛 = 6, ∗𝑝 < 0.001 versus Control; Figures 2(c)
and 2(d)). Rapamycin improved post-I/R FS (28.63 ± 3.01%)
and EF (52.22 ± 4.1%). Heart rates did not change between
the groups (Figure 2(e)).

3.3. Effect of Rapamycin on Myocardial Apoptosis. Following
in vivo I/R, tissue sections from Rapamycin-treated hearts
showed a significant reduction in TUNEL-positive nuclei in
the peri-infarct regions (2.87 ± 0.64%) as compared to the
DMSO-treated group (7.39 ± 0.81%, 𝑛 = 7, 𝑝 < 0.001)
(Figures 3(a) and 3(b)).

3.4. Rapamycin Blocks Proapoptotic Bax Signaling. The ex-
pressions of Bcl-2 and Bax were measured to identify pro-
survival and proapoptotic cell signaling, respectively. Bax
expressionwas significantly increased at 24 hours following in
vivo I/R (𝑛 = 5, 𝑝 < 0.0001) but was reduced to a preischemic
state with administration of Rapamycin at reperfusion (𝑛 = 5,
𝑝 < 0.0001) (Figures 3(c) and 3(d)). The expression of Bcl-2
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Figure 2: Rapamycin at the onset of reperfusion reduces infarct size. (a) Infarct size of C57 mouse hearts following 30 minutes of ischemia
and 24 hours of reperfusion with and without Rapamycin treatment as percentage of risk area. After TTC and Phthalo blue staining, the blue
area represents the remote area, the area at risk is stained red, and the infarcted myocardium is stained white. (b) Risk area as percentage of
the overall tissue section. (c) Fractional shortening (%) as measured via echocardiography. (d) Ejection fraction (%). (e) Heart rate (BPM).

did not change following I/R injury with/without Rapamycin
treatment (Figures 3(c) and 3(e)). However, the ratio of Bcl-
2/Bax significantly declined following I/R (𝑛 = 5, 𝑝 < 0.01)
and was restored by Rapamycin treatment (Figure 3(f)).

3.5. Rapamycin Inhibits mTORC1 and Promotes mTORC2
Activity. To further elucidate the effects of Rapamycin on
mTOR, S6 and Akt phosphorylation levels were analyzed
by Western blot to gauge mTORC1 and mTORC2 activity
(Figure 4(a)), respectively.WeperformedWestern blots using
the proteins isolated from mouse heart following 30min

of ischemia and 1 hour or 24 hours of reperfusion. S6
phosphorylation at Ser 235/236 was immensely increased
following ischemia and 1 hr as well as 24 hours of reperfusion
as compared to Control (Figures 4(a) and 4(b)). The phos-
phorylation of S6 was significantly reduced with Rapamycin
treatment (𝑛 = 5, 𝑝 < 0.0001) (Figures 4(a) and 4(b)). Total
S6 was also induced following I/R as compared to Control,
but it significantly reduced with Rapamycin treatment as
compared to Control or I/R (𝑛 = 5, 𝑝 < 0.05) (Figures
4(a) and 4(c)). The phosphorylation of AKT (Ser473) was
reduced following ischemia and 24 hours of reperfusion
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Figure 3: Effect of Rapamycin on myocardial apoptosis. (a) Representative images of TUNEL-positive nuclei in green fluorescent color and
total nuclei staining with DAPI (blue) staining of sections of myocardium treated following 30 minutes of ischemia/24 hours of reperfusion.
(b) Apoptotic index calculated as the % of TUNEL stained apoptotic nuclei versus the total amount of nuclei visualized via DAPI staining. (c)
Representative immunoblots of Bax and Bcl-2 in hearts of C57 mice following 30 minutes of ischemia and 24 hours of reperfusion including
Control (C57), DMSO (I/R + DMSO), and Rapamycin (I/R + RAPA) treated groups (𝑛 = 3/group). GAPDH immunoblot was used as a
loading Control. (d) Densitometric analysis of the ratio of Bax to GAPDH (𝑛 = 5/group). (e) Densitometric analysis of the ratio of Bcl-2 to
GAPDH (𝑛 = 5/group). (f) Densitometric analysis of the ratio of Bcl-2 to Bax (𝑛 = 5/group).

as compared to Control, although that reduction was not
significant after 1 hour of reperfusion (Figures 4(a) and 4(d)).
However, postischemic Rapamycin treatment was found to
significantly increase phosphorylation at this site following
30min ischemia and 24-hour reperfusion (𝑛 = 5, 𝑝 < 0.001)
(Figures 4(a) and 4(d)). The induction of phosphorylation of
AKT following 1 hour of reperfusionwith Rapamycinwas not
significant. Total AKT levels were reduced following 30min
ischemia and 1-hour reperfusion (𝑛 = 5, 𝑝 < 0.001) but were
not altered between groups following 24 hours of reperfusion
(Figures 4(a) and 4(e)).

3.6. Effect of Rapamycin on MAP Kinase Signal Transduction.
To analyze the effect of postischemic Rapamycin treatment

on theMAP kinase signaling pathways following 1 hour or 24
hours of reperfusion, phosphorylation levels of ERK1/2 and
P38 were measured via Western blot analysis (Figure 5(a)).
p-ERK1/2 was not altered following 1 hour of reperfusion
between groups. However, following 24 hours of reperfusion,
p-ERK1/2 was significantly increased following postischemic
treatment with Rapamycin as compared to the Control and
DMSO-treated I/R groups (𝑛 = 5, 𝑝 < 0.001) (Figures 5(a)
and 5(b)). Total ERK1/2 level significantly reduced following
1 hour of reperfusion (𝑛 = 5, 𝑝 < 0.001) but it was rescued
by Rapamycin treatment. However, total ERK did not change
among any of the treatment groups following 24 hours of
reperfusion (𝑛 = 5, 𝑝 > 0.05) (Figures 5(a) and 5(c)).
Phospho-p38 remained unchanged between Control and
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Figure 4: Rapamycin inhibits mTORC1 while simultaneously promoting mTORC2 activity. (a) Representative immunoblots of phosphory-
lated S6 (S235/236), total S6, phosphorylated AKT (S473), and total AKT in hearts of C57 mice following 30 minutes of ischemia and 1 hour
and 24 hours of reperfusion including Control (C57), I/R + DMSO, and Rapamycin (I/R + RAPA) treated groups (𝑛 = 3/group). GAPDH
immunoblots were used as a loading Control. (b) Densitometric analysis of the ratio of pS6 to S6. (c) Densitometric analysis of the ratio of
S6 to GAPDH (𝑛 = 5/group). (d) Densitometric analysis of the ratio of pAKT to AKT (𝑛 = 5/group). (e) Densitometric analysis of the ratio
of AKT to GAPDH (𝑛 = 5/group).
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Figure 5: Effect of Rapamycin on MAP kinase signaling. (a) Representative immunoblots of phosphorylated ERK1/2, total ERK1/2,
phosphorylated P38, and total P38 in hearts of C57 mice following 30 minutes of ischemia and 1 hour and 24 hours of reperfusion including
Control (C57), DMSO (I/R + DMSO), and Rapamycin (I/R + RAPA) treated groups (𝑛 = 3/group). GAPDH immunoblots were used as a
loading Control. (b) Densitometric analysis of the ratio of pERK1/2 to ERK1/2 (𝑛 = 5/group). (c) Densitometric analysis of the ratio of ERK1/2
to GAPDH (𝑛 = 5/group). (d) Densitometric analysis of the ratio of pP38 to P38. (e) Densitometric analysis of the ratio of P38 to GAPDH
(𝑛 = 5/group).
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Figure 6: Effect of ERK inhibition on the infarct sparing effects of Rapamycin. (a)Whole tissue TTC and Phthalo blue staining of C57 mouse
hearts following 30 minutes of ischemia and 24 hours of reperfusion with Rapamycin and/or PD98059. (b) Infarct size as a percentage of risk
area. (c) Risk area as percent of LV. (d) Fractional shortening (%) as measured by echocardiography. (e) Ejection fraction (%). (f) Heart rate
(BPM).

DMSO-treated I/R groups (𝑛 = 5, 𝑝 > 0.05) following 1 hour
and 24 hours of reperfusion, but it significantly decreased
with Rapamycin treatment following 24 hours of reperfusion
(𝑛 = 5, 𝑝 < 0.01) (Figures 5(a), 5(d), and 5(e)).

3.7. ERK Inhibition Abolishes the Infarct Sparing Effect of
Rapamycin. Rapamycin treatment significantly reduced
infarct size (to 26.2 ± 2.2% from 47.0 ± 2.3% in the DMSO-
treated Control group), which was completely blocked by
treatment with ERK inhibitor, PD98059 (49.1 ± 4.7%, 𝑛 = 6,
𝑝 < 0.0001 versus I/R + RAPA, Figure 6(b)). PD98059 alone
did not alter the infarct size compared to DMSO-treated

I/R group (57.27 ± 3.0%). Administration of PD98059
with/without Rapamycin did not alter total risk area
(62.65% ± 1.8% and 62.36 ± 3.3%) compared to Rapamycin-
(55.52% ± 2.5%) and DMSO- (56.98% ± 2.6%) treated I/R
groups (𝑛 = 6, 𝑝 > 0.05) (Figure 6(c)).

Treatment with PD98059 also abolished post-I/R cardiac
functional improvement induced by Rapamycin (FS, 22.31 ±
2.5%, and EF, 44.81±4.4%, 𝑛 = 6, Figures 6(d) and 6(e)). Post-
I/R cardiac function was not significantly different between
PD98059 and DMSO-treated I/R mice (FS, 15.73± 1.5%, and
EF, 32.95 ± 3.6%). Heart rate did not change between the
groups (Figure 6(f)).
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To investigate the effect of PD98059 on myocardial acti-
vation of ERK and AKT, we performedWestern blot analysis
using myocardial proteins from mice subjected to 30min
ischemia and 24-hour reperfusion and treated with PD98059
and Rapamycin. The results show that PD98059 inhibited
Rapamycin-induced phosphorylation of ERK (Figures 7(a)
and 7(d)) but had no effect on the induction of phosphory-
lation of AKT by Rapamycin (Figures 7(a) and 7(b)).

3.8. Rapamycin Attenuates Lipid Peroxidation through ERK
Activation. The oxidative stress as measured by accumula-
tion of lipid peroxidation product malondialdehyde (MDA)
was significantly increased in the hearts after 24-hour I/R
injury as compared to nonischemic Control hearts (𝑛 = 4;
𝑝 < 0.0001, Figure 8(a)). Rapamycin treatment at the onset
of reperfusion significantly attenuated MDA accumulation
following I/R (𝑛 = 4, 𝑝 < 0.0001), suggesting a po-
tent antioxidant-type activity of Rapamycin. Interestingly,
ERK inhibitor PD98059 blocked the antioxidant effect of
Rapamycin (𝑛 = 4, 𝑝 < 0.001). Postischemic treatment
with Rapamycin also induced the expression of antioxidant
enzymes (SOD-2, manganese-dependent superoxide dismu-
tase, and ferritin heavy chain 1) in hearts as compared to
Control and DMSO-treated I/R groups (Figures 8(b), 8(c),
and 8(d)). Again, PD98059 abolished the induction of both
antioxidant proteins with Rapamycin.

3.9. Effect of Rapamycin on STAT3 Signaling. Phosphoryla-
tion of STAT3 was significantly induced following I/R (𝑛 = 5,
𝑝 < 0.001 after 1 hour of reperfusion and 𝑝 < 0.01 after
24 hours of reperfusion versus Control) (Figures 9(a) and
9(b)). Rapamycin treatment at reperfusion could not alter
postischemic induction of phosphorylation of STAT3. Total
STAT3 significantly reduced following ischemia and 1 hour
of reperfusion (𝑛 = 5, 𝑝 < 0.01 versus control), but it was
induced after 24 hours of reperfusion (𝑛 = 5;𝑝 < 0.001 versus
Control) (Figures 9(a) and 9(c)). Rapamycin could not also
alter the postischemic STAT3 levels following 1 hour as well
as 24 hours of reperfusion.

4. Discussion

Early restoration of coronary flow is obligatory to resusci-
tate the ischemic myocardium. However, reperfusion may
paradoxically contribute to myocardial dysfunction in the
ischemic area via “reperfusion injury” [24–26]. Reperfusion
injury results in cardiomyocyte damage through ventricular
arrhythmias, myocardial stunning, microvascular obstruc-
tion, endothelial dysfunction, and irreversible cell damage
or necrosis (termed lethal reperfusion injury) [27, 28]. As
it stands, mitigation of reperfusion-induced cardiomyocyte
death remains among the most attractive approaches to
further improve outcomes following successful percutaneous
coronary intervention in AMI patients. However, no phar-
maceutical approaches are currently approved by the FDA
that can directly protect heart against the deleterious effects
of reperfusion injury due to the lack of a consistent clinical
benefit.

In the present study, we investigated the potential ther-
apeutic effect of Rapamycin when given at reperfusion in a
mousemodel of in vivo I/R. Our results show that Rapamycin
(0.25mg/kg, i.c.) induced cardioprotection as shown by sig-
nificant reduction ofmyocardial infarct size. In addition post-
I/R cardiomyocyte apoptosis was significantly diminished in
the Rapamycin-treated group as compared to DMSO-treated
mice as depicted by TUNEL staining. Echocardiography
revealed that cardiac function was preserved in Rapamycin-
treated mice as compared to Control mice at 24 hours
following I/R. Moreover, Rapamycin treatment inhibited the
expression of proapoptotic protein Bax following I/R, without
alteration of antiapoptotic protein Bcl-2. The ratio of Bcl-
2/Bax expression was significantly increased in Rapamycin-
treated group suggesting a potent antiapoptotic effect in the
myocardium following I/R.

Rapamycin selectively binds to FKBP12 and inhibits the
kinase activity of mTORC1 [4, 6]. When bound, FKBP12
restricts access of mTOR substrate docking sites and destabi-
lizes the structural integrity of mTORC1 [12, 29–31]. In acute
doses, such as those utilized in the present study, mTORC2
is unaffected by this drug-receptor complex [18, 32]. mTOR,
being a major growth regulator, plays an integral role in the
induction of cardiac hypertrophy in response to pressure
overload and MI [33]. Selective inhibition of mTORC1 with
Rapamycin has been shown to preserve cardiac function
and attenuate maladaptive hypertrophy resulting from these
stressors [34–37].

Recent studies demonstrated that mTORC1 is the domi-
nant complex stimulated by I/R injury, with mTORC2 show-
ing no significant changes in activity [38]. Genetic and phar-
macologic evidence shows that mTORC1 inhibition is ben-
eficial after myocardial infarction [39–41]; however, genetic
deletion of mTORC2 is associated with increased ischemic
damage [42]. PRAS40 overexpression reduced mortality and
improved cardiac function after myocardial infarction via
increased activity of mTORC2 signaling [42]. In the present
study, we used the phosphorylation of S6 (Ser235/236) and
AKT (Ser473) asmeasures formTORC1 andmTORC2 activity,
respectively. We examined the phosphorylation levels of S6
andAKT following 30min of ischemia and 1 hour (early effect
of reperfusion) as well as 24 hours of reperfusion (late effect
of reperfusion).

Our results show that the phospho-S6 level increased
following I/R, and the induction of phospho-S6was abolished
following treatment with postischemic Rapamycin therapy
after 1 hour and 24 hours of reperfusion. Phospho-AKT
levels showed no remarkable changes following I/R, but
Rapamycin administration induced the phosphorylation of
AKT after 24 hours of reperfusion. These results suggest that
treatment with Rapamycin at reperfusion inhibits mTORC1,
while simultaneously promoting mTORC2 signaling. This
upregulation of phospho-AKT (Ser473) in Rapamycin-treated
mice at reperfusionmay confermyocardial protection against
I/R injury, which is comparable to that afforded by ischemic
preconditioning [41].

The RISK pathway, representing a group of survival pro-
tein kinases that include the PI3K/AKT and ERK1/2, has been
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Figure 7: Effect of ERK inhibitor on phosphorylation of AKT and ERK. (a) Representative immunoblots of phosphorylated AKT, total AKT,
phosphorylated ERK1/2, total ERK1/2, and GAPDH in hearts of C57 mice following 30 minutes of ischemia and 24 hours of reperfusion
including Control (C57), DMSO (I/R + DMSO), Rapamycin (I/R + RAPA), and PD (I/R + PD + RAPA) treated groups (𝑛 = 3/group). (b)
Densitometric analysis of the ratio of pAKT/AKT, (c) AKT/GAPDH, (d) pERK1/2 to ERK1/2, and (e) ERK1/2 to GAPDH.
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Figure 8: ERK inhibition abolishes the antioxidant effect of Rapamycin. (a) MDA level in hearts of C57 mice following 30min ischemia and
24 hours of reperfusion with/without Rapamycin (RAPA) and/or PD98059 (RAPA + PD). (b) Representative immunoblots of SOD-2, ferritin
heavy chain 1, and GAPDH in hearts of C57 mice following 30 minutes of ischemia and 24 hours of reperfusion including Control (C57),
DMSO (I/R + DMSO), and Rapamycin (I/R + RAPA) and PD98059 (I/R + PD + RAPA) treated groups (𝑛 = 3/group). (c) Densitometric
analysis of the ratio of SOD-2 to GAPDH (𝑛 = 3/group). (d) Densitometric analysis of the ratio of ferritin heavy chain to GAPDH (𝑛 =
3/group).
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Figure 9: Effect of Rapamycin on STAT3 signaling. (a) Representative immunoblots of phosphorylated STAT3 and total STAT3 in hearts of
C57 mice following 30 minutes of ischemia and 1 hour and 24 hours of reperfusion including Control (C57), DMSO (I/R + DMSO), and
Rapamycin (I/R + RAPA) treated groups (𝑛 = 3/group). GAPDH immunoblots were used as a loading Control. (b) Densitometric analysis
of the ratio of pSTAT3 to STAT3 (𝑛 = 5/group). (c) Densitometric analysis of the ratio of STAT3 to GAPDH (𝑛 = 5/group).

reported to exert cardioprotectionwhen activated specifically
at the time of myocardial reperfusion [20]. The cardiopro-
tective effect of RISK pathway activation is associated with
the recruitment of antiapoptotic signaling and the inhibition
of proapoptotic proteins by avoiding the opening of the
mitochondrial permeability transition pore at the onset of
reperfusion [43–45]. Several studies have demonstrated that
activating the RISK pathway with pharmacological agents
may be a viable intervention for limiting myocardial infarc-
tion. Specifically, insulin, growth factors, TGB-𝛽1, leptin,
apelin, opioids, adenosine, bradykinin, atorvastatin, met-
formin, guanylyl cyclase receptor atrial natriuretic peptide,
and glucagon-like peptide elicit cardioprotection at the time
of myocardial reperfusion through the activation of the RISK
pathway [44]. In the present study, treatmentwithRapamycin
at the onset of reperfusion specifically activated AKT by
inducing phosphorylation at the Ser 473 residue which may
provide cardioprotective benefits.

TheMAPK family of proteins encompass the second arm
of the RISK signal pathway. While the apoptosis-inhibiting
and infarct-reducing benefits of ERK1/2 upregulation have

been well documented across multiple treatment models,
there is still great debate regarding the role of p38 in
cardioprotection [46–59]. In the present study, a significant
increase in ERK1/2 phosphorylation was observed follow-
ing Rapamycin administration at the onset of reperfusion
and following 24 hours of reperfusion. Additionally, hearts
subjected to I/R without any pre- or posttreatment elicited
no change in total ERK following 24 hours of reperfusion.
These results are in line with previous studies published
by our laboratory demonstrating the beneficial effects of
preconditioning with Rapamycin as well as sildenafil (a phos-
phodiesterase inhibitor) [19, 49]. p38 is particularly unique in
the temporal aspects of its activation and inhibition. Despite
being activated by myocardial I/R, previous evidence showed
that preischemic inhibition of P38MAPK reduced infarct size
and preserved cardiac function in both in vivo and ex vivo
mouse, rat, rabbit, and pig models [19, 49, 60–66]. A more
recent study demonstrated that the benefits of p38 inhibition
are time sensitive, with infarct-induced arrhythmias being
attenuated only when p38 was inhibited before or during
ischemia [67]. Conversely, ischemic preconditioning (IPC)
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has been shown to promote p38 phosphorylation at the time
of myocardial reperfusion, indicating that modulation of
these MAP kinases is subject to a complex array of signal
transduction pathways over the entire course of ischemia and
reperfusion [47, 50, 52]. In the present study, phosphorylation
of p38 was not altered after 1 hour of reperfusion between
groups, but it has been inhibited following 24 hours of reper-
fusion with Rapamycin treatment. Total p38 was inhibited
after ischemia and 1 hour of reperfusion, but it was induced
following 24 hours of reperfusion. Rapamycin reduced the
total p38 after 24 hours of reperfusion.

Inhibition of ERK via administration of the ERK
inhibitor, PD98059, was performed in order to understand
the cause and effect relationship between ERK activation
and the reduction of infarct size following Rapamycin treat-
ment at the end of ischemia. PD98059 completely abolished
Rapamycin-induced infarct size reduction which was com-
parable with the DMSO group. Rapamycin-induced cardiac
functional improvement following I/R was also abolished
following treatment with PD98059.These results suggest that
ERK activation is a key factor in the cardioprotective benefits
of Rapamycin therapy and is responsible for its overall infarct
size reduction. PD98059 inhibited Rapamycin-induced ERK
phosphorylation following 24 hours of reperfusion, which
was not significantly different as compared to I/R group.
However PD98059 had no effect on Rapamycin-induced
AKTphosphorylation.These results suggest that Rapamycin-
induced AKT phosphorylation may have triggered ERK
phosphorylation, because pharmacological inhibition of ERK
had no effect on phosphorylation of AKT. Future studies are
required to identify the precise sequence of activation of RISK
signaling.

Many studies showed that reactive oxygen species (ROS)
generated during early reperfusion lead to extensive oxidative
stress to cells, which contributes to irreversible ischemic
myocardial injury [24, 26, 68]. Earlier studies demonstrated
the antioxidant effect of Rapamycin by protecting mitochon-
dria against oxidative stress and apoptosis in a rat model of
Parkinson disease [69], by improving endothelial function
in aging [70] and vascular contractility [71]. Rapamycin
also protects human corneal endothelial cells from oxidative
injury-mediated cell death via inhibition of ROS produc-
tion [72]. We previously reported the antioxidant effect of
Rapamycin in reducing diabetes-induced myocardial dys-
function [7]. Rapamycin treatment reduced oxidative stress
in diabetic heart by augmenting antioxidant proteins as well
as iron-regulating proteins [7]. Ferritin heavy chain (FHC)
protein plays an important role in the pathogenesis of heart
failure [73]. A decrease in the abundance of ferritin heavy
chain 1 enhances the levels of iron deposition and the resul-
tant enhanced oxidative stress, which lead to cardiomyocytes
cell death. In the present study, our results show that the lipid
peroxidation product MDA was enhanced following I/R in
the heart, which was reduced by Rapamycin administration
at the onset of reperfusion. The expressions of antioxidant
proteins SOD-2 and iron-regulating protein ferritin heavy
chain 1 were increased with Rapamycin treatment at the
onset of reperfusion. Taken together, these data suggest
that Rapamycin inhibits oxidative stress by inducing the

expression of antioxidant enzyme as well as iron-regulating
protein following I/R injury.

In an effort to investigate the effects of Rapamycin as
a clinical intervention for MI, we have collected strong
evidence detailing themolecular signaling pathways bywhich
the drug acts when administered at the onset of reperfusion.
In addition to mTORC1 inhibition and mTORC2 induction,
our data proves that Rapamycin also upregulates the ERK
protein of the MAPK family. Recently we showed the benefi-
cial effects of chronic treatment with Rapamycin in improv-
ing metabolic status and preventing cardiac dysfunction in
diabetic mice (db/db mice) through attenuation of oxidative
stress aswell as alteration of contractile and glucosemetabolic
proteins [6, 7, 13]. Using diabetic mice, we demonstrated
that reperfusion therapy with Rapamycin in diabetic hearts
provides cardioprotection through the STAT3-AKT signaling
pathway [6, 7, 13]. In the present study, we examined the effect
of Rapamycin treatment at the onset of reperfusion on the
phosphorylation of STAT3 in nondiabetic and normal mice.
The phosphorylation of STAT3 was induced after ischemia
and 1 hour as well as 24 hours of reperfusion. Total STAT3
reduced at an early time point of reperfusion but was induced
after 24 hours of reperfusion. Rapamycin did not alter the
effects of I/R on phosphorylation as well as total level of
STAT3 in the hearts of C57 mice. Therefore, the mechanism
of cardioprotection against I/R injury by reperfusion therapy
with Rapamycin is different in normalmice than inmice with
diabetes.

5. Conclusion

The novel observation of this present study is that the reper-
fusion therapy with Rapamycin protects the heart against
I/R injury via the AKT and ERK signaling pathway, but not
through STAT3 signaling. Because sirolimus-eluting stents
are safely used in patients with coronary artery disease, the
infarct-reducing and antiapoptotic properties of the drug
make it an excellent candidate for therapeutic intervention
following an ischemic episode. Future preclinical studies of
Rapamycin in higher organisms, including canines and non-
human primates, would further enhance our understanding
of the beneficial effect of reperfusion therapywith Rapamycin
[74]. However, the broad-spectrum clinical use of mTOR
inhibition is still awaiting a targeted pharmaceutical approach
to specifically inhibit mTORC1 with concomitant activation
of mTORC2 and the RISK pathway.
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Refractory wound is a dreaded complication of diabetes and is highly correlated with EPC dysfunction caused by hyperglycemia.
Acarbose is a widely used oral glucose-lowering drug exclusively for T2DM. Previous studies have suggested the beneficial effect
of acarbose on improving endothelial dysfunction in patients with T2DM. However, no data have been reported on the beneficial
efficacy of acarbose in wound healing impairment caused by diabetes. We herein investigated whether acarbose could improve
wound healing in T2DM db/db mice and the possible mechanisms involved. Acarbose hastened wound healing and enhanced
angiogenesis, accompanied by increased circulating EPC number in db/db mice. In vitro, a reversed BM-EPC dysfunction was
observed after the administration of acarbose in db/db mice, as reflected by tube formation assay. In addition, a significantly
increasedNOproductionwas alsowitnessed in BM-EPCs from acarbose treated db/dbmice, with decreasedO

2
levels. Akt inhibitor

could abolish the beneficial effect of acarbose on high glucose induced EPC dysfunction in vitro, accompanied by reduced eNOS
activation. Acarbose displayed potential effect in promoting wound healing and improving angiogenesis in T2DMmice, which was
possibly related to the Akt/eNOS signaling pathway.

1. Introduction

Diabetes mellitus (DM), characterized by hyperglycemia,
can cause many sever health complications including car-
diovascular diseases, kidney failure, and lower-extremity
amputations [1]. Wound healing, in particular, is greatly
influenced by diabetes [2, 3] and has been extensively studied.
It has been demonstrated that individuals with diabetes
exhibit reduced capability in wound healing and are more
vulnerable to developing serious chronic foot ulcers, which
extremely affects the quality of patients’ life [4, 5]. Therefore,
it is imperative to explore effective therapies and elucidate
the underlying mechanisms for the conquering of diabetes-
induced impaired wound healing.

It is widely accepted that endothelial dysfunction is
vital in vascular diseases and is the primary factor of
impaired wound healing [6, 7]. Endothelial precursor cells
(EPCs), immature endothelial cells, have attracted enormous
attention due to their ability of differentiating into mature

endothelial cells [8, 9], which in turn contributes to endothe-
lial regeneration and neovascularization [10]. Clinical studies
have observed both reduction in the amount of circulating
EPCs and dysfunction of these cells in diabetic patients [11,
12]. Therefore, EPC dysfunction and the consequent abnor-
mality of endothelial regeneration may influence the sus-
ceptibility to developing impaired wounding healing under
diabetes.

Acarbose, an 𝛼-glucosidase inhibitor (AGI), is a com-
monly used oral glucose-lowering drug for the treatment of
type 2 diabetes mellitus (T2DM) [13, 14] and could inhibit
the conversion of carbohydrates into monosaccharides thus
suppressing the intestinal absorption so that the bioavailabil-
ity of carbohydrates is declined in the body and the blood
glucose levels are significantly lowered [15]. The postprandial
surge of plasma glucose could lead to severe endothelial
dysfunction in diabetic patients [16–18]. Clinical researches
have shown that the administration of acarbose improved
endothelial function and reduced the risk of cardiovascular
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events in patients with T2DM [19–21]. However, up to now,
there is limited information about the link between acarbose
and wound healing, and the direct effects of acarbose on high
glucose impaired EPC function.

On the basis of these findings, we hypothesize that
acarbose may accelerate diabetes-induced wound healing via
improving EPC function. To test this hypothesis, this study
sought to determine the effect of acarbose on wound healing
and EPCs in db/db diabetic mice.

2. Materials and Methods

2.1. Animals. Male C57BL/KsJ mice and BKS.Cg-m +/+
Leprdb/J db/db mice (db/db) with a C57BL/KsJ background
were purchased from the Sino-British SIPPR/BK Lab Animal
Ltd. (Shanghai, China). Mice were maintained in microiso-
lator cages on a 12 h light/dark cycle with controlled tem-
perature (23 ± 2∘C) and humidity (about 70%) and received
a standard laboratory pellet diet and water ad libitum. All
animals were cared for in accordance with institutional
animal care guidelines and the Guide for Care and Use of
Laboratory Animals published by the National Institutes of
Health. Detailed genotyping methods for identification of
the mouse leptin receptor mutation (C57BL/KsJ-db/db) are
described in the Data Supplement in SupplementaryMaterial
available online at https://doi.org/10.1155/2017/7809581.

2.2. Reagents and Antibodies. Acarbose was obtained from
Sigma-Aldrich. The Akt inhibitor MK-2206 2HCl was
obtained from Selleck (Shanghai, China). Rabbit anti-Akt
(Cat. No. 4691), anti-phosphorylated Akt (Ser473, Cat. No.
4060), anti-endothelial nitric oxide synthase (eNOS, Cat.
No. 9572), and anti-phosphorylated-eNOS (Ser1177, Cat.
No. 9571) monoclonal antibodies were purchased from Cell
Signaling Technology (MA, USA).Mouse anti-GAPDH (Cat.
No.AG019) monoclonal antibody was purchased from Bey-
otime (Shanghai, China). Secondary antibodies including
goat anti-rabbit antibody IgG-HRP and goat anti-mouse IgG-
HRP were purchased from EarthOx (USA).

2.3. Experimental Protocols. C57BL/6J mice were used as
controls. Blood glucose was monitored at the indicated time
using a blood glucose monitoring system (Maochang, Taipei,
China) with whole blood obtained from the tail veins of the
mice. On day 22, the mice with blood glucose levels greater
than 250mg/dL were defined as db/db diabetic mice and
subsequently treated with acarbose (50mg/kg/d, i.g.) treat-
ment or vehicle (0.5% CMC-Na) for consecutive 14 days. The
control mice received vehicle. On day 36, the mice were used
for wound healing experiments or anesthetized for harvest-
ing the bone marrow to isolate the BM-EPCs (Figure 1).

2.4. Analysis ofWoundHealing and Angiogenesis. After being
anesthetizedwith ketamine (100mg/kg, i.p.), mice were fixed,
dehaired on the dorsum, and swabbed with betadine and
75% ethanol three times [22]. A 6mm circular wound was
produced by punch biopsy, and the closure of the wounded
area wasmeasured every 2 days until day 14 using a clear, bio-
clusive transparent dressing (Johnson & Johnson, Arlington,

TX,USA).Thephotographedwound areawas calculatedwith
Image-Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA).

The assessment of angiogenesis and SDF-1𝛼 detection
were performed using CD31 and SDF-1𝛼 immunochemistry
and hematoxylin (VWR Scientific, Radnor, PA, USA) stain-
ing [23, 24]. Briefly, punch biopsy of the skin at the wounded
area was conducted on days 7 and 14. The fixed skin samples
were embedded in paraffin followed by deparaffinization and
rehydration. After being immersed in Tris-buffered saline
(pH 7.5) for 5min, the slides were subjected to blocking
of endogenous peroxidase. After blocking with serum for
30min (Vector Laboratories, Burlingame, CA, USA), the
slides were incubated with an anti-CD31 antibody (10𝜇g/ml,
1 : 50; BD Bioscience, San Jose, CA, USA) and SDF-1𝛼 (1 : 50;
Abcam, Cambridge, MA, USA) for 60min at room temper-
ature followed by additional incubation with a biotinylated
secondary antibody (anti-mouse IgG, Vectastain Elite ABC
kit, Vector Laboratories) for 30min, Vectastain Elite ABC
Reagent (Vector Laboratories, Burlingame, CA, USA) for
30min, andNova Red (Vector Laboratories, Burlingame, CA,
USA) for 15min. Then, the slides were counterstained with
hematoxylin for 10 sec before differentiation in 1% aqueous
glacial acetic acid and rinsing in running tap water. The
capillaries were depicted as CD31-positive tubular structures,
and capillary density in the wounded area was quantified.
One slide from eachmouse was examined, and for each slide,
two high-power fields (200x) were determined.The data were
summed and averaged as the capillaries per high-power field.

2.5. Circulating EPCs Measurement. Blood samples of
approximately 0.5ml were collected from the anesthetized
mice and then placed in heparin pretreated tubes [25]. After
being mixed with PBS (1 : 1), 1ml of gradient centrifugation
liquid 1083 (Sigma, St. Louis, MO, USA) was added to the
diluted blood samples followed by centrifugation (3,000 rpm)
for 25min at room temperature. The mononuclear cell frac-
tion was transferred to a new tube containing erythrocytes
lysis buffer solution for 5min. After centrifugation and
wash, cells were suspended in buffer solutions containing
FITC-Sca-1 (eBioscience, San Diego, CA, USA) and PE-Flk-1
(BD, San Jose, CA, USA) antibodies for an incubation of 1 h
at room temperature. The circulating EPCs of Sca+Flk-1+
cells were detected using flow cytometry analysis.

2.6. BM-EPC Extraction. Mouse bonemarrow-derived EPCs
(BM-EPCs) were extracted and cultured according to the
previous method [26].

Tube FormationAssay. Seven days after BM-EPC culture, cells
were trypsinized and collected. A total of 3 × 104 cells were
planted into 96-well plates precoated with growth factor-
induced Matrigel (BD Biosciences, Bedford, MA, USA)
followed by incubation for 6 h at 37∘C. At the end of time, the
tubes were observed under inverted phase-contrast micro-
scope (Leica Microsystems Inc., Wetzlar, Germany). Images
of the tubes were obtained from five randomly selected
microscopic fields (50x) per sample, and neovascularization
of BM-EPCs was determined.

https://doi.org/10.1155/2017/7809581


Oxidative Medicine and Cellular Longevity 3

1 2 6 7 8 9 13 14 15 16 20 21 22 23 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Blood glucose monitoring Acarbose treatment

Western blotting

Wound healing assessment

BM-EPC isolation

Wound induction

· · · · · ·· · ·· · ·

Figure 1: Experimental schedule.The blood glucose of db/db diabeticmicewasmonitored every 7 day until day 21; then acarbose (50mg/kg/d,
i.g.) treatment was conducted for consecutive 14 days. At last, wound healing models were created and BM-EPCs were collected.

Migration Assay. A total of 5 × 104 EPCs was plated in
the upper chambers of 24-well Transwell plates (Corning
Transwell, Lowell, MA) per well. Medium containing VEGF
(50 ng/ml) was placed in the lower chambers followed by
24 h of incubation at 37∘C. Then, cells were fixed with
2% paraformaldehyde and stained by Hoechst33258 (Sigma-
Aldrich, St. Louis, MO). The stained cells were observed
under the fluorescence microscope.

Adhesion Assay. The cells with a concentration of 5 × 105/ml
were plated in 96-well plates coated with mouse vitronectin
1 𝜇g/ml. After incubation for 2 h, nonadherent cells were
washed by PBS and adherent cells were fixed with 2%
paraformaldehyde. The cells stained by Hoechst33258 and
were counted in 5 random low-power (50x) microscopic
fields per sample.

2.7. Analysis of BM-EPC Function. Tube formation, migra-
tion, and adhesion assays of BM-EPCs were used for eval-
uation of BM-EPC angiogenic capacity [26, 27]. Briefly,
7 days after BM-EPC culture, cells were trypsinized and
collected. A total of 3 × 104 cells were planted into 96-well
plates precoated with growth factor-induced Matrigel (BD
Biosciences, Bedford, MA, USA) followed by incubation for
6 h at 37∘C. At the end of time, the tubes were observed under
inverted phase-contrast microscope (Leica Microsystems
Inc., Wetzlar, Germany). Images of the tubes were obtained
from five randomly selected microscopic fields (50x) per
sample, andneovascularization of BM-EPCswas determined.

2.8. Measurement of Intracellular NO and O2
−. Intracellular

NO level was detected as previously described [26]. Briefly,
after 7 days of cultivation, BM-EPCs were collected and incu-
bated with 10−6M DAF-FM diacetate (Invitrogen, Carlsbad,
CA, USA) for 30min at 37∘C and an additional staining of
30min at room temperature in dark. After incubation, the
DAF-FM fluorescence intensity was also determined by flow
cytometry analysis.

For intracellular O
2

− detection, cells were collected and
incubated with 0.5 × 10−6Mdihydroethidium (DHE, Invitro-
gen, Carlsbad, CA, USA) for 30min at room temperature in
dark. After incubation, the DHE fluorescence intensity was
determined by flow cytometry analysis [26].

2.9. Western Blot Analysis. Protein was extracted and deter-
mined in accordance with previously technique [28, 29]. In
brief, protein samples were obtained from BM-EPCs and
subjected to quantification using BCA assay (Thermo Scien-
tific, Rockford, IL, USA). A total of 30𝜇g samples were run

on 10% SDS-PAGE and electrotransferred to nitrocellulose
membranes. The membrane was then incubated in 5% BSA/
PBST for 1 h at 37∘C to block unspecific binding.After rinsing,
the membrane was incubated with primary antibodies for
Akt, p-Akt, eNOS, or p-eNOS (Cell Signaling Technology,
Beverly, MA, USA) followed by staining with IRDye 800CW-
conjugated goat anti-rabbit secondary antibody (1 : 5,000; Li-
Cor Bioscience, Lincoln, NE, USA). Infrared fluorescence
images of specific protein bands were observed using an
Odyssey infrared imaging system (Li-Cor Bioscience, Lin-
coln, NE, USA) and quantified with Quantity One software
(Bio-Rad, Hercules, CA, USA).

2.10. In Vitro Assay. BM-EPCswere obtained from db/db and
C57BL/6 mice and cultured in vitro. Seven days later, the
culture medium was changed with freshly prepared high glu-
cose (33mM) medium or high glucose medium containing
acarbose (1 𝜇M) for 24 h, acarbose (1 𝜇M) together with MK-
2206 (an Akt inhibitor; 1 𝜇M), or high glucose medium con-
taining both acarbose (1 𝜇M) and MK-2206 (1 𝜇M). Effects
of acarbose on high glucose-induced EPC dysfunction were
evaluated by functional analysis (tube formation) and by
detecting intracellular NO and O

2

− changes. Activation of
Akt and eNOS was determined by western blot analysis.

2.11. Statistical Analysis. All data are expressed as the means
± standard deviation. Statistical significance was analyzed
by one-way ANOVA followed by Newman-Keuls multiple
comparison tests usingGraphPad Prism Software version 5.𝑃
values less than 0.05 were considered statistically significant.

3. Results

3.1. Effect of Acarbose on Blood Glucose and Body Weight
in db/db Mice. Blood glucose was significantly increased in
db/db mice compared with the control (𝑃 < 0.05; Figure
2(a)). After administration of acarbose, compared to db/db
mice, blood glucose levels were slightly but significantly
reduced (342 ± 29 versus 401 ± 65mg/dL, 𝑃 < 0.05; Fig-
ure 2(b)). There was no significant difference in body weight
between db/db mice with and without acarbose treatment
(Figure 2(c)).

3.2. Acarbose Accelerated Wound Healing and Increased
Angiogenesis in db/dbMice. Thewound healing abilities were
significantly impaired in diabetic db/dbmice compared with
control (𝑃 < 0.05; Figure 3(a)). However, the process of
wound healing was significantly accelerated in the acarbose-
treated mice compared with db/db animals (𝑃 < 0.05;
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Figure 2: Blood glucose and body weight change in db/db mice. (a) Blood glucose was significantly increased in db/db mice compared to
control. ∗𝑃 < 0.05 versus control. In db/db mice, acarbose treatment (50mg/kg/d × 14 d, i.g.) significantly decreased blood glucose (b) but
did not modify body weight (c). ∗∗∗𝑃 < 0.001 versus Con; #𝑃 < 0.05 versus db/db. Values are expressed as the mean ± standard deviation
(𝑛 = 7 per group). Con, control; Aca, acarbose.

Figure 3(a)). Furthermore, angiogenesis around the wound
was assessed at days 7 and 14 after wound creation. It was
found that capillary density was significantly lower in the
diabetic db/db mice compared with control. On days 7 and
14 after acarbose treatment, compared with db/dbmice, cap-
illary density was significantly increased (𝑃 < 0.01; Figures
3(b) and 3(c)). In addition, SDF-1𝛼 immunohistochemistry
showed an increased staining in acarbose-treated wound site
compared to db/db mice (Figure 3(d)). These results suggest
that acarbose administration was able to improve wound
healing impairment and increase angiogenesis in diabetic
mice.

3.3. Acarbose Increased Circulating EPC Number and
Improved EPC Function in db/db Mice. The number of circu-
lating EPCs and the function of BM-EPCs were significantly
reduced in db/db mice when compared with the control.
Acarbose treatment increased the circulating EPC number
(3.21 ± 0.99 versus 2.01 ± 0.45%, 𝑃 < 0.01; Figure 4(a))
and improved the impaired EPC function (tube formation
capacity: 0.85±0.10 versus 0.46±0.07,𝑃 < 0.001; Figure 4(b))
in db/dbmice when compared with the untreated db/db ones.
In addition, the intracellular NO level was lower and the O

2

−

production was greater in db/db mice when compared to
the control. Acarbose treatment significantly rectified these
changes in db/db mice (NO: 0.89 ± 0.12 versus 0.71 ± 0.08,
𝑃 < 0.01, Figure 4(c); O

2

−: 1.20 ± 0.37 versus 1.73 ± 0.56,
𝑃 < 0.05, Figure 4(d)).

3.4. Acarbose Increased Both Phosphorylated-eNOS and
Phosphorylated-Akt Expression in EPCs from db/db Mice.
Western blot was conducted to determine the p-Akt, Akt,
p-eNOS, and eNOS expression in EPCs in diabetic mice.
Compared with control, it was found that both the ratio
of p-Akt/Akt and p-eNOS/eNOS were significantly reduced
in EPCs in db/db mice. Acarbose administration led to a

significant increase in Akt (0.85 ± 0.28 versus 0.54 ± 0.17,
𝑃 < 0.05; Figure 5(a)) and eNOS (0.74±0.21 versus 0.59±0.04,
𝑃 < 0.05; Figure 5(b)) activation in EPCs in db/dbmice when
compared with the untreated db/dbmice.

3.5. Acarbose Alleviated Dysfunction of BM-EPCs Induced
by High Glucose. To investigate whether high glucose was
a direct factor to induce EPC dysfunction in diabetic mice
and acarbose was able to prevent this change, high glucose
was used to induce EPC injury in vitro. It was found that
the capacity of tube formation of BM-EPCs was impaired by
high glucose. Acarbose (1 𝜇M) treatment obviously improved
the impaired EPC function (0.82 ± 0.12 versus 0.62 ± 0.04,
𝑃 < 0.01; Figure 6(a)). As shown in Figures 6(b) and 6(c) high
glucose caused decreased NO and increased O

2

− levels when
compared with the control, which was reversed by acarbose
treatment (NO: 0.88 ± 0.14 versus 0.70 ± 0.16, 𝑃 < 0.05,
Figure 6(b); O

2

−: 1.17 ± 0.14 versus 1.38 ± 0.28, 𝑃 < 0.05,
Figure 6(c)). In addition, high glucose reduced p-Akt/Akt and
p-eNOS/eNOS ratio, and acarbose treatment prevented these
changes (p-Akt/Akt: 0.93 ± 0.19 versus 0.74 ± 0.06, 𝑃 < 0.05,
Figure 6(d); p-eNOS/eNOS: 0.84 ± 0.12 versus 0.70 ± 0.09,
𝑃 < 0.05, Figure 6(e)).

3.6. MK-2206 Prevented the Role of Acarbose in EPCs In
Vitro. To get insight into the possiblemechanism of acarbose
mediated effects in EPCs under high glucose in vitro, MK-
2206, a p-Akt inhibitor [30], was used. It was found that
MK-2206 abolished the enhanced EPC function mediated by
acarbose (tube formation capacity: 0.46 ± 0.08 versus 0.69 ±
0.15, 𝑃 < 0.05, Figure 7(a); migration: 0.76 ± 0.12 versus
0.92 ± 0.14, 𝑃 < 0.05, Figure 7(b); adhesion: 0.72 ± 0.13
versus 0.88 ± 0.11, 𝑃 < 0.05, Figure 7(c)). Besides, MK-
2206 pretreatment prevented the changes of NO and O

2

−

produced by acarbose (NO: 0.65 ± 0.20 versus 0.89 ± 0.23,
𝑃 < 0.05, Figure 7(d); O

2

−: 1.52 ± 0.27 versus 1.21 ± 0.12,
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Figure 3: Acarbose therapy accelerated wound closure and enhanced angiogenesis in db/db mice. An approximate 6mm diameter circle
wound was made by punch biopsy on dorsal and wound healing was assessed every 2 days until day 14. (a) Acarbose treatment obviously
accelerated wound closure in db/db mice compared to untreated diabetic ones. (b) Acarbose treatment significantly increased wound
capillaries compared with the untreated db/dbmice on days 7 and 14. (c) Typical photographs of CD31 staining on days 7 and 14; red arrows
point to CD31-positive capillaries; boxed regions (100x; scale bar = 100 𝜇m) are shown at higher magnification (200x; scale bar = 50𝜇m) to
the right. ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, and ∗𝑃 < 0.05 versus Con; ##𝑃 < 0.01, #𝑃 < 0.05 versus db/db. (d) SDF-1𝛼 expression in wound site was
present predominantly in acarbose-treated group on day 7; red arrows show positive brown staining for SDF-1𝛼; scale bar = 50 𝜇m. Values
are expressed as the mean ± standard deviation (𝑛 = 5 per group). Con, control; Aca, acarbose.

𝑃 < 0.05, Figure 7(e)).These findings suggested that the ben-
eficial role of acarbose was possibly through Akt/eNOS sig-
naling pathway.

4. Discussion

The major findings we showed in the present study are
that (1) acarbose accelerated wound healing and stimulated

angiogenesis in T2DM, accompanied by improved BM-
EPC functions (including tube formation, migration, and
adhesion) and increased NO production and decreased O

2

−

production in BM-EPCs; (2) in vitro, acarbose improved
high glucose-mediated EPC dysfunction and enhanced intra-
cellular NO level and impeded increased O

2

−; and (3) the
beneficial effects of acarbose were mediated at least in part
through activation of Akt/eNOS signaling.
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Figure 4: Acarbose therapy improved BM-EPC function and decreased intracellular reactive oxygen species (ROS) levels in db/dbmice. (a)
Circulating EPC numbers were detected by flow cytometry and the percentage of Sca-1+/Flk-1+ cells was calculated. Acarbose significantly
increased circulating EPC number in db/db mice. (b) Typical images of tube formation assay of BM-EPCs. The number of tubes in each
sample was calculated from 5 low-power fields (50x; scale bar = 100𝜇m) at random. Acarbose enhanced the capacity of tube formation
of BM-EPCs. (c) Intracellular NO level was determined by flow cytometry and the percentage of DAF fluorescence intensity was calculated.
Acarbose obviously enhancedNO level in BM-EPCs. (d) DHE fluorescence intensity was determined by flow cytometry. Acarbose suppressed
intracellular O

2

− level in BM-EPCs. ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, and ∗𝑃 < 0.05 versus Con; ###𝑃 < 0.001, ##𝑃 < 0.01, and #
𝑃 < 0.05 versus

db/db. Values are expressed as the mean ± standard deviation (𝑛 = 7–9 per group). Con, control; Aca, acarbose.
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Figure 5: Acarbose stimulated the expression levels of activated Akt/eNOS in BM-EPCs from db/db mice. BM-EPCs were isolated and
cultured from anesthetized mice. Akt and eNOS in BM-EPCs were conducted by western blotting, and acarbose greatly enhanced activated
Akt and eNOS expression in BM-EPCs from db/dbmice. ∗∗𝑃 < 0.01, ∗𝑃 < 0.05 versus Con; #𝑃 < 0.05 versus db/db. Values are expressed as
the mean ± standard deviation (𝑛 = 4 per group). Con, control; Aca, acarbose.

Wound healing is a complex pathophysiologic process
responding to tissue injury, which involves a cascade of
interaction of various cell types, growth factors, cytokines,
and other molecules [31]. Individuals with DM usually have
delayed wound healing and vascular insufficiency in relation
to endocrine disorder [3]. Additionally, chronic diabetic
individuals are susceptible to developing refractory foot
ulcer, a significant public-health problem responsible for
lower-extremity amputation [32].Theprocess of angiogenesis
plays a critical role in restoration of tissue integrity, during
which the precursors of endothelial cells, especially EPCs, are
involved to form new blood vessels [25, 31]. However, mech-
anisms of the angiogenesis remain an important obstacle yet
to be elucidated.

Acarbose, as AGI, is one of the safest antidiabetic agents
available, which is commonly prescribed for treatment or pre-
vention of T2DM [33]. It is found that acarbose can serve as a
protector to reduce endothelial impairment caused by hyper-
glycemia and thus help to improve cardiovascular outcomes
[34]. Other hypoglycemic agents, such as biguanides, dipep-
tidyl peptidase 4 (DPP-4) inhibitors, and thiazolidinediones
(TZDs), have also been demonstrated to improve diabetes-
related endothelial dysfunction [17, 22, 35]. In this study,
we found that pharmacological administration of acarbose
contributed to significant improvement of diabetes-related
impaired wound healing and reduction of EPC impairment
in diabetic db/dbmice.

As aforementioned, EPCs, critical drivers of endothelial
homeostasis and regeneration, can home to ischemic tissue
and play an essential role in vasculogenesis and vascular
homeostasis [36–38]. Importantly, both local and systematic
administration of EPCs could significantly improve angio-
genesis and wound healing [25]. These evidences suggest
that improved EPC function and increased circulating EPC
number may play critical roles in individuals with diabetes-
related vascular complications during antidiabetic therapy
with certain hypoglycemic agents. We observed, in our work,

that acarbose treatment induced significant increment of cir-
culating EPCs and significant improvement of cell functions
(tube formation) in both db/db mice-derived EPCs and in
vitro high glucose stimulated EPCs. These results suggest
that the reduced EPC impairment and subsequent increment
of local angiogenesis in wounded area, as observed in this
study, may at least in part be attributed to the accelerated
wound healing in diabetic db/dbmice produced by acarbose
treatment.

It has been shown that eNOS critically regulates EPC
function, and reduction of intracellular NO and increased
intracellular O

2

−may represent a major mechanism underly-
ing EPCdysfunction [29, 39–41].Moreover, the loss of eNOS-
derived NO production is recognized as the main cause
of EPC impairment [38]. Previous studies have reported
that eNOS, the serine/threonine kinase Akt, is an upstream
effector of eNOS activation in endothelial cells [42–45].
Interestingly, it has been documented that diabetic rats fed
with acarbose showed improved Akt activation in adipocytes
provoked by insulin [46], and similar phenomenon was
also observed in cardiac tissue of acarbose-treated obese
rats [47]. Thus, it is tempting to speculate that Akt/eNOS
signaling pathway may be possibly involved in the pro-
tective effects of acarbose on EPCs. We observed, in the
present study, that acarbose treatment induced significant
increased activation of eNOS and intracellular NO levels and
consequent reduction in intracellular O

2

− levels. Moreover,
phosphorylated Akt was significantly inhibited in BM-EPCs
derived from db/db mice compared with the control group.
Correspondingly, a significant difference in the level of
p-eNOS was observed between the db/db group and the
control group. In vitro, high glucose induced significant
EPCs dysfunction accompanied by decreased intracellular
NO and increased O

2

− levels. However, acarbose treatment
prevented the above changes, and Akt inhibition by MK-
2206 diminished the protective role of acarbose in high
glucose-induced EPC impairment. These results suggested
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Figure 6: Acarbose alleviated EPC dysfunction, decreased ROS expression, and increased Akt/eNOS phosphorylated-to-total ratio in BM-
EPCs induced by high glucose. BM-EPCs were isolated from normal mice and cultured under high glucose (33mM) together with acarbose
(1 𝜇M) for 24 h. (a) Assessment of tube formation ability. (b) Intracellular NO level was determined by flow cytometry and the percentage of
DAF fluorescence intensity was calculated. (c) Intracellular DHE fluorescence intensity of EPCs was measured by flow cytometry. Western
blot analysis was subjected to detected expression levels of activation Akt (d) and eNOS (e) in EPCs induced by high glucose. ∗∗∗𝑃 < 0.001,
∗∗
𝑃 < 0.01, and ∗𝑃 < 0.05 versus Con; ##𝑃 < 0.01, #𝑃 < 0.05 versus HG. Values are expressed as the mean ± standard deviation ((a), (b), (c):
𝑛 = 7 per group; (d), (e): 𝑛 = 3-4 per group). Scale bar = 100𝜇m. Con, control; HG, high glucose; Aca, acarbose.
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Figure 7:Acarbose ameliorated EPC function and suppressed intracellular ROS levels via anAkt dependent pathway in vitro. Acarbose (1 𝜇M)
and p-Akt inhibitor and MK-2206 (1𝜇M) were added to the high glucose medium for 24 h. Measurement of tube formation (a), migration
(b), and adhesion (c) capacity of BM-EPCs. Determination of intracellular NO level (d) and O

2

− level (e). ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, and
∗
𝑃 < 0.05. Values are expressed as the mean ± standard deviation ((a), (b), (c): 𝑛 = 6 per group; (d), (e): 𝑛 = 7 per group). Scale bar = 100 𝜇m.
Con, control; HG, high glucose; Aca, acarbose; MK, MK-2206.
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that acarbose may protect diabetes-related EPC impairment
by activating the Akt/eNOS signaling pathway.

In summary, our results demonstrated that wound heal-
ing, angiogenesis, and EPC function were impaired in db/db
mice. Acarbose treatment could reverse the above pathologi-
cal changes, which was possibly related to Akt/eNOS path-
way. Further studies are required to better understand the
mechanisms of this beneficial effect produced by acarbose
administration.
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Diabetes mellitus (DM) displays a high morbidity. The diabetic heart is susceptible to myocardial ischemia/reperfusion (MI/R)
injury. Impaired activation of prosurvival pathways, endoplasmic reticulum (ER) stress, increased basal oxidative state, and
decreased antioxidant defense and autophagy may render diabetic hearts more vulnerable to MI/R injury. Oxidative stress and
mTOR signaling crucially regulate cardiometabolism, affecting MI/R injury under diabetes. Producing reactive oxygen species
(ROS) and reactive nitrogen species (RNS), uncoupling nitric oxide synthase (NOS), and disturbing the mitochondrial quality
control may be three major mechanisms of oxidative stress. mTOR signaling presents both cardioprotective and cardiotoxic effects
on the diabetic heart, which interplays with oxidative stress directly or indirectly. Antihyperglycemic agent metformin and newly
found free radicals scavengers, Sirt1 and CTRP9,may serve as promising pharmacological therapeutic targets. In this review, we will
focus on the role of oxidative stress and mTOR signaling in the pathophysiology of MI/R injury in diabetes and discuss potential
mechanisms and their interactions in an effort to provide some evidence for cardiometabolic targeted therapies for ischemic heart
disease (IHD).

1. Introduction

Diabetes mellitus (DM) is a major risk factor for ischemic
heart disease (IHD) [1].The alteration of glucose metabolism
leads to cardiac structural and functional perturbations,
including left ventricular (LV) dysfunction, cardiac hypertro-
phy, andmyocardial interstitial fibrosis. A number of diabetic
subjects suffer from the impairments of diastolic dysfunction
in an early stage without overt cardiovascular symptoms
[2–4]. Cardiac hypertrophy is originally a compensatory
response to pathological overload stress. However, the per-
sistent DM-induced hypertrophy ultimately becomes mal-
adaptive since it evolves into cardiac dysfunction, and finally
develops into heart failure [5–7]. Hyperglycemia directly
increases cardiac fibroblast and vascular smooth muscle cell
proliferation and is associated with endothelial dysfunction,
resulting in microvascular injury and hemodynamic alter-
ation, which contribute to the vulnerability of tissue ischemia
injury [8, 9]. Myocardial salvage after reperfusion may be
limited by deleterious changes in the microcirculation of

ischemic tissue [10]. All these pathophysiologic changes in the
diabetic heart lead to a susceptibility to ischemia/reperfusion
(I/R) injury [9, 11]. Consequences of increased cellular apop-
tosis and inflammation are present in the diabetic heart
subjected to I/R injury [12–14]. It is truly different from
the normotensivemechanisms sincemetabolic abnormalities
and alteration of oxidative stress and autophagy. Among all
these factors, oxidative stress and the mammalian target of
rapamycin (mTOR) signaling are two critical ones [15, 16].

Oxidative stress is defined as an imbalance between free
radicals production and destruction, which leads to multiple
negative effects on cellular metabolism. mTOR kinase is
also necessary for normal regulation of cardiac structure
and cardiometabolic homeostasis. It promotesmitochondrial
function in response to insulin resistance and affects cardiac
energy deprivation and ischemia [17, 18]. Both of them
participate in the pathogenesis and progression ofmyocardial
ischemia/reperfusion (MI/R) injury under diabetes, acting
as key regulators of cardiometabolism and cardiac func-
tion. However, the relationship between oxidative stress
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and mTOR signaling is complicated, since mTOR not only
modulates oxidative stress but is also affected by reactive
oxygen species (ROS) activation. In this review, we will
focus on the role of oxidative stress and mTOR signaling in
the pathophysiology of I/R injury in the diabetic heart and
highlight their current interactions in an effort to provide
some evidence for the potential cardiometabolic targeted
therapies for IHD.

2. The Vulnerability of Diabetic Heart
Subjected to MI/R Injury

DM severely damages cardiac energy homeostasis, leading
to the cardiac dysfunction. It is well recognized that popu-
lations associated with DM were more likely to develop IHD
and their long-term outcome is worsened [19]. Importantly,
physical or pharmacologic ischemic preconditioning (IPC)
and ischemic postconditioning (I-post) actions are ineffective
under diabetic conditions [20–22], suggesting that the dia-
betic heart may be resistant to common cardioprotections.

2.1. Impaired Activation of Prosurvival Pathways. In the dia-
betic heart, the alteration of reperfusion injury salvage kin-
ase (RISK) signaling significantly suppressed the cardiopro-
tective effects of IPC [23, 24]. Studies demonstrated that
glycogen synthase kinase-3𝛽 (GSK-3𝛽) was activated by
insulin resistance, thus inhibiting the prosurvival pathway
of the phosphoinositide-3 kinase- (PI3k-) Akt signaling and
the Janus-activated kinase- (JAK-) transcription 3 (STAT3)
signaling, finally blunting the cardioprotective effects of I-
post [25, 26]. Moreover, our previous study proved that
adiponectin (APN) resistance existed in the diabetic car-
diomyocytes and impaired APN’s cardioprotection against
MI/R injury [27]. APN resistance led to the dysfunc-
tional APN-AMP-activated protein kinase (AMPK) axis and
blocked the AMPK-independent antiperoxide/antinitration
pathway, increasing the vulnerability of diabetic cardiomy-
ocytes to I/R injury [27, 28].

2.2. Endoplasmic Reticulum (ER) Stress. Disturbed cardio-
metabolic homeostasis facilitates ER stress.Theunfolded pro-
tein response (UPR) was proved to be involved in the patho-
genesis of DM [29, 30]. Miki et al. demonstrated that DM-
induced ER stress augmentation enhanced themitochondrial
permeability transition pore (mPTP) opening and increased
mitochondrial calcium overload via inhibition of extracellu-
lar regulated MAP kinase (ERK) 1/2- GSK-3𝛽 pathway [31].
In contrast, suppression of ER stress could reducemyocardial
infarction (MI) size in high fat diet- (HFD-) induced type
2 diabetes mellitus (T2DM) [32]. Our recent study found
that preconditioning of C1q/TNF-related protein (CTRP)
9, a newly identified homologous of APN, protected the
diabetic heart against I/R injury by reducing ER stress and
inflammatory response [33].

2.3. Increased Basal Oxidative State and Impaired Antioxidant
Signaling. Hyperglycemia enhances oxidative stress, pro-
motes profibrogenic genes expression, and aggravates MI/R

injury [34, 35]. ROS accumulation not only results from over-
production of free radicals, but also may be a consequence of
decreased free radicals scavenger systems, including superox-
ide dismutase (Cu/Zn-SOD and Mn-SOD), catalase (CAT),
and glutathione peroxidase (GPx) [36]. Cardiac expression
of GPx levels is reduced in the diabetic apolipoprotein E-
deficient mice [37]. Meanwhile, attempts to attenuate I/R
injury using enzymatic and nonenzymatic antioxidants have
not been universally successful in DM [38, 39].

2.4. Autophagy and mTOR Signaling. Autophagy is a cellu-
lar degradation pathway that crucially mediates cardio-
metabolism. It has been demonstrated that autophagy was
required for IPC via mTOR signaling and Parkin-dependent
pathway [40, 41]. However, mitochondrial biogenesis is
impaired in the diabetic heart, following the alteration of
autophagic activity. Hyperglycemia largely inhibited cardiac
autophagosome and autolysosome formation by modulating
mTOR-ULK1 signaling [42]. It deteriorated the cardioprotec-
tion of remote IPC (rIPC) because of the increase in nitrative
stress and inhibition of autophagy via activation of mTOR
signaling [43, 44].

3. The Role of Oxidative Stress in MI/R
Injury under Diabetes

Oxidative stress is regarded as an imbalance between the
generation and elimination of free radicals due to increased
ROS and/or inadequate antioxidant defenses [45]. It develops
directly or indirectly from hyperglycemia, hyperlipidemia,
and insulin resistance underDM [15, 46] and in turn, disturbs
metabolic hemostasis and impairs cardiac function. When
available in appropriate amounts, free radicals act as signal
transduction molecules while in large excess, they lead to
DNA degeneration, lipid oxidation and membrane protein
degeneration. However, in the diabetic heart, insulin resis-
tance increases cardiomyocytes fatty acid oxidation together
with a reduction of prostacyclin synthesis and endothelial
nitric oxide (eNOS) synthase activity [47].These changes lead
to generation of ROS and reactive nitrogen species (RNS),
endothelium dysfunction, formation of advanced glaciation
end products, and alteration of the mitochondrial quality
control, all of which contribute to the deleterious MI/R
injury under diabetes [48]. Thus, DM-induced oxidative
stress can be a primary component that initiates the onset and
progression of cardiac dysfunction in MI/R injury (Figure 1).

3.1. ROS and RNS Production. ROS are a group of short-
lived, low-molecular-weight compounds derived from vari-
ety of reactions oxygen undergoes, including superoxide
(∙O
2

−), hydroxyl (∙OH), hydrogen peroxide (H
2
O
2
), and

hypochlorous acid (HOCl). The generation of ROS in the
heart is few under physiologic conditions. ∙O

2

− leakages from
mitochondrial electron transport chains (ETC) and soon be
catalyzed into less cytotoxic H

2
O
2
by SOD catalyzes, then

finally be converted into water and molecular oxygen by
either CAT or GPx system [45]. However, the homeostasis
of cardiac oxidative state would be broken under DM since
the generation of ∙O

2

− increased markedly. The accumulated
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Figure 1: DM-induced higher basal oxidative state plays a master
role in the progression of cardiometabolic disorders and negatively
affects the MI/R injury. In this state, ROS and RNS accumulate
dramatically. They initiate the reaction of ∙OH in parallel with
the ONOO−/ONOOH generation, which becomes strong cytotoxic
oxidant and causes oxidative damage and nitration. These then
lead to endothelium dysfunction, formation of advanced glycation
end products, and alteration of the mitochondrial quality control,
all contributing to the deleterious MI/R injury in diabetic hearts.
Free fatty acid (FFA); protein kinase C-𝜃 (PKC-𝜃); nuclear factor of
kappa light polypeptide gene (NF-𝜅B); superoxide (∙O

2

−); hydrogen
peroxide (H

2
O
2
); glutathione peroxidase (GPx); catalase (CAT);

hydroxyl (∙OH); tetrahydrobiopterin (BH4); nitric oxide synthase
(NOS); inducible NOS (iNOS); nitric oxide (∙NO); peroxynitrite
(ONOO−); peroxynitrous acid (ONOOH); nitrogen dioxide (NO

2
);

mitochondrial permeability transition pore (mPTP).

∙O
2

− is highly diffusible and damages cardiomyocytes [49].
H
2
O
2
is more likely converted to ∙OH other than scavenged

by CAT or GPx [50]. Moreover, hyperglycemia increases
cardiac free fatty acid (FFA) levels, which extensively leads
to a great rise of ROS formation and a reduction of GPx by
activating nuclear factor of kappa light polypeptide gene (NF-
𝜅B) [51, 52] and its upstream mediator protein kinase C-𝜃
(PKC-𝜃) [53]. ROS enhances mPTP opening, contributing
to myocardial contractile dysfunction and tissue damage in
ischemia-reperfused rat hearts [54].

Diabetic myocardial RNS production is also greatly
increased, including radicals nitric oxide (∙NO) and nitrogen
dioxide (∙NO

2

−). The rapid reaction of superoxide with
nitric oxide (NO) forms a highly reactive intermediate,
peroxynitrite (ONOO−), under MI/R injury. With increased
intracellular acidification, ONOO− becomes more proto-
nated to form peroxynitrous acid (ONOOH), which then
rapidly turns into nitrogen dioxide (NO

2
) and ∙OH. The

ONOO−/ONOOH becomes strong cytotoxic oxidant and
causes oxidative damage and nitration, which contributes in
parallel with the reaction of ∙OH generation during MI/R
[45].

3.2. Uncoupled NOS. Diabetic mice exhibited increased risk
of aggravated MI/R injury primarily because of impaired

NO bioavailability. ONOO− may uncouple eNOS via oxi-
dation of tetrahydrobiopterin (BH4), thus leads to further
superoxide generation and an enhanced NO depletion [55].
However, reduced availability of BH4 was identified in dia-
betic rat vessels and endothelial cells. DM-induce NADPH
increase further predisposes the heart to NOS uncoupling
and ONOO− generation [56]. Maalouf et al. demonstrated
that S-glutathionylation uncoupled eNOS and subsequently
impaired endothelium-dependent vasodilation under oxida-
tive stress [57]. Moreover, inducible NOS (iNOS) is acti-
vated in DM by inflammatory mediators, which makes
iNOS uncoupling a predominant contributor for oxida-
tive/nitrosative stress in diabetic myocardium [58].

3.3. Disturbing theMitochondrialQuality Control. Mitochon-
dria are the major sites of ROS production (0.2% to 2% of
total oxygen taken by cells). These ROS can be scavenged by
mitochondrial quality control to keep themitochondria func-
tional [59]. However, in the diabetic heart, mitochondrial
quality control is damaged together with impairedmitochon-
drial respiratory capacity, leading to a dramatic accumulation
of ROS [15]. Importantly, increased mitochondrial H

2
O
2

emission then damages DNA, proteins, and lipid in mem-
brane components and finally results in mitochondrial dys-
function [60]. The myocardium of db/db mice exhibited inc-
reased mitochondrial H

2
O
2
generation, and overproduction

of mitochondrial ROS occurring in conjunction with aug-
mented electron delivery from increased fatty acid oxidation
[51]. Taken together, these studies suggest that mitochondrial
quality control regulates cellular oxidative stress, while, if
damaged, oxidative stress in turn might affect mitochondrial
dysfunction under DM.

4. The Dual Role of mTOR Signaling in MI/R
Injury under Diabetes

mTOR is a 289 kDa serine/threonine kinase that crucially
mediates energy metabolism [61]. It has two distinct multi-
protein complexes, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) [62–64]. mTORC1 regulates cellu-
lar homeostasis, stress responses, energy metabolism and
autophagy by relying on the regulatory associated protein
of mTOR (Raptor). In contrast, mTORC2 treats rapamycin-
insensitive companion of mTOR (Rictor) as the compo-
nent rather than Raptor and controls cell growth, survival,
migration, and cell cycle progression [65]. mTOR kinase
is necessary for normal regulation of cardiac structure and
cardiometabolism. It also takes part in the maintenance
of normal microvascular barrier function and endothelial
permeability. However, the role of mTOR signaling in MI/R
injury is still controversial. Researchers have found both
cardioprotective and cardiotoxic effects of mTOR signaling
when using its inhibitor-rapamycin or transgenic animals
[66]. Besides, there is a complicated interplay betweenmTOR
signaling and oxidative stress (Table 1).

4.1. Cardiotoxic Effects of mTOR Signaling. Chronic increase
of mTORC1 activity in T2DM causes insulin resistance,
which contributes to hyperinsulinemia and hyperglycemia
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[79–81]. Evidences showed that mTORC1 was activated in
the hearts of obese and diabetic animals during reperfu-
sion, increasing the vulnerability of MI/R injury. In HFD-
induced obesity mice, cardiac autophagosome formation was
decreased, accompanied by cardiac dysfunction, which could
be reversed by rapamycin (2mg/kg, intraperitoneal injection,
i.p.) and worsened by genetic APN disruption [82]. mTOR
phosphorylates the mammalian homologue of autophagy
related gene 13 (Atg13) and the mammalian Atg1 homologues
UNC-51-like kinase 1 (ULK1) and ULK2 to prevent the pro-
gression of autophagy. Sciarretta et al. confirmed that rapa-
mycin administration (1mg/kg, i.p.) or partial mTOR dele-
tion significantly reduced infarct size after ischemia through
the restoration of autophagy [83]. Our previous studies also
found that hypertension-induced mTOR activation altered
cardiac morphology, function, and autophagy, which could
be rescued by cardiac-specific overexpression of metalloth-
ionein [84, 85].

Importantly, activation of mTORC1 other than mTOR2
signaling affects cardiac metabolism and the susceptibility to
ischemia injury [67]. A patient-level meta-analysis of ran-
domized trials showed that selective activation of mTORC2
with concurrent inhibition of mTORC1 decreased cardiomy-
ocytes apoptosis and tissue damage after MI [86]. It seems
that different complex of mTOR performs different car-
diac functions. Another cardiotoxic mTOR effect is altering
STAT3 signaling pathway in the diabetic heart. Das et al.
found that inhibition of mTOR by rapamycin (0.25mg/kg,
i.p.) before ischemia reduced I/R-induced MI in CD-1 mice
via activating the JAK2-STAT3 signaling [87]. This was
further proved in cardiac-specific STAT3-deficient mice [88].

4.2. Cardioprotections of mTOR Signaling. There are four
major mTOR-related cardioprotective pathways: (1) insulin-
mediated PI3K/Akt/mTOR signaling pathway; (2) GSK-3𝛽
inhibition signaling pathway; (3) mTOR-dependent angio-
genesis signaling pathway; (4) mTORC2 activation signaling
pathway. Cardiac PI3K/Akt causes insulin-stimulated glucose
uptake and induces acute mTOR activation, thus improving
cardiomyocytes survival and function [73]. Studies found that
the PI3K/Akt/mTOR signaling pathway provided efficient
cardioprotection against I/R injury induced by insulin [74].
Aoyagi et al. further observed that cardiac-specific transgenic
mice overexpressing mTOR suppressed I/R-induced inflam-
mation and necrosis, inhibited cardiac fibrosis in adverse
LV remodeling in diet-induced obesity mice [89]. They
demonstrated that Akt phosphorylation was higher inmTOR
overexpressed mice than WT mice under HFD conditions
and it was unlikely that mTOR’s cardioprotective effects were
mediated through autophagic activity. Zhang et al. also demo-
nstrated that Lin28a overexpression protected against MI/R
injury in diabetic mice through the insulin-PI3K-mTOR
pathway [90].

mTOR’s cardioprotection required the inhibition of GSK-
3𝛽 to reduce the reperfusion injury through mTORC1 hyper-
activation [85]. During periods of I-post, mTOR prevents
cardiomyocytes apoptosis via mTOR-dependent GSK-3𝛽
inhibition mechanisms. mTORC1 regulates mPTP opening
and promotes mitochondrial biogenesis, which may favor

cardiac recovery after MI/R and promote the upregulation of
antioxidant genes via the activation of proliferator-activated
receptor 𝛾 coactivator-1𝛼 (PGC-1𝛼) [85, 91, 92].

The altered lipid metabolism induced by insulin resis-
tance results in a propensity for microvascular barrier dys-
function, accelerated atherosclerosis, increased vessel wall re-
activity, and plaque complications. Angiogenesis is an impor-
tant component of cardioprotection against I/R injury, which
has been proved to be mechanically via mTOR-dependent
pathway. Inhibition of mTOR signaling by rapamycin (2𝜇M)
for 1 h leads to subsequent impaired angiogenesis in aortic
endothelial cells [75]. Loss of mTOR activity by rapamycin
(5–10 ng/mL) also blocks endothelial proliferation and angio-
genesis [93] aswell as the proliferation of endothelial progeni-
tor cells ex vivo [94]. Hypoxia activates themTOR pathway to
promote angiogenesis and cell proliferation [93, 95]. mTOR
activation enhances the activity of HIF1𝛼 by inhibiting pro-
teolytic degradation, resulting in elevated VEGF expression.
This effect is reversible by rapamycin (25 nM for human
umbilical vein endothelial cells and 50 nM for HEK293 cells)
[68, 69].

Study found that the cardioprotective effects mediated by
mTOR overexpression were partly dependent on mTORC2
activation, which was beneficial to cardiomyocytes survival
against I/R injury as well as chronic ischemic remodeling
[96]. Considering that mTORC2 is rapamycin-insensitive,
it is reasonable that using rapamycin to inhibit mTORC1
activity also presents cardioprotective actions against MI/R
injury [97]. However, there was still little understanding
of the complexity of mTORC2’s regulation and its roles in
cardiac functions.

4.3. Interactions between Oxidative Stress and mTOR Signal-
ing. Cardiac mTOR is considered as an important regulator
of oxidative stress by promoting mitochondrial biogenesis
and oxidativemetabolism through Ying-Yang 1- (YY1-) PGC-
1𝛼 pathway [92]. Meanwhile, mTOR modulates autophagy,
increases mitochondrial clearance and protects cardiomy-
ocytes fromoxidative stress-induced toxicity [72, 98] through
the activation of protein kinase B (PKB) [99]. In contrast,
other studies found that in cardiac mTOR disrupted mice,
fatty acid oxidation is significantly decreased, whereas glu-
cose oxidation is increased [100]. mTOR regulates oxida-
tive stress-induced endothelium dysfunction. Inhibition of
mTORC1 either with rapamycin or by S6K1 silencing recou-
ples eNOS function, improves NO production, and inhibits
O
2

− generation in the rat aortas [71]. mTOR also modulates
cardiac fibrosis in the models of post-MI remodeling and
cardiac hypertrophy [70, 101, 102] while treatment with
rapamycin reduced ROS production in the myofibroblasts.

On the other hand, oxidative stress regulates mTORC1
ordinarily. ROS production contributes to the inhibition
of GSK-3𝛽 and mTOR signaling [85]. Alternative origins
of ROS, such as NADPH oxidase, may as well provoke
mTOR activation and subsequent impair autophagy [76]. An
intriguing link between peroxisomes, oxidative stress and
autophagy has been recently described. Peroxisomal ROS has
been shown to suppress mTORC1 activity, in models of the
tuberous sclerosis complex signaling node TSC1 and TSC2
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proteins [77, 103]. In contrast, Vigneron et al. found that,
in the isolated-perfused mouse heart, IPC protected against
I/R injury via inhibition of GSK-3𝛽 and a constant opening
of mitoKATP with ROS generation to activate the mTOR
pathway and induce cardioprotection [104].

5. Potential Cardiometabolic Target
against Diabetic MI/R Injury

Although animal studies have found potential regulator aim-
ing at oxidative stress ormTOR signaling under experimental
diabetic conditions, clinical studies are still disappointing.
Thus, new therapeutic targets as well as efficient cardioprotec-
tions against DM-induced MI/R injury are urgently needed.

5.1. Metformin. It is well recognized that metformin could
reduce cardiovascular end points of T2DM independently
from its glucose-lowering effects. Administration of met-
formin significantly attenuates I/R injury via relieving ER
stress [105] and activating of AMPK-eNOS prosurvival path-
way in both nondiabetic and diabetic mice [105, 106]. How-
ever, further research demonstrated that metformin effec-
tively attenuated LV hypertrophy and dysfunction by acti-
vating mTOR, p70S6K (Thr389), and S6 phosphorylation
in both wild-type and AMPK𝛼2 KO mice, suggesting that
metformin attenuated myocardial mTOR signaling indepen-
dently of AMPK𝛼2 activation [107]. Metformin reduces ROS
generation and ameliorates oxidative stress-induced apop-
tosis and inflammation in cardiomyocytes [108] and endothe-
lial cells [109]. It also protects against I/R-inducedmyocardial
fibrosis by inhibiting fibrotic factors, includingTGF-𝛽1, TNF-
𝛼 and basic fibroblast growth factor (bFGF) in the circulation
and the myocardium [110, 111]. As a routine oral agent for
T2DM, metformin might be a potential pharmacological
therapeutic target to protect against MI/R injury under
diabetes on the regulation of cardiac oxidative stress and
mTOR signaling.

5.2. Sirtuin 1 (Sirt1). Sirt1 is a member of Sirtuins family [77].
It controls cellular processes and maintains metabolic home-
ostasis by reducing apoptosis, attenuating inflammation, and
modulating oxidative stress [112, 113]. It is a critical regu-
lator in DM-induced MI/R injury. Sirt1-mediated PGC-1𝛼
activation could directly respond to H

2
O
2
-induced oxidative

stress on the regulation of glutathione GPx1, CAT, and Mn-
SOD [114]. Overexpression of Sirt1 inhibited oxidative stress
and reduced MI/R injury via modulating eNOS activity
under diabetic condition [113]. There is a crosstalk between
AMPK, Sirt1 and mTOR signaling in the regulation of
oxidative stress and cardiomyocytes autophagy [115–117].
Sirt1 deacetylates FoxO3a while mTORC1 can inhibit FoxO-
mediated transcription of antioxidant gene targets, including
the antioxidants Mn-SOD and catalase [116]. Meanwhile,
Sirt1 positively regulates transcription of Rictor, activating the
mTORC2 signaling by triggering a cascade of Akt and FoxO
phosphorylation. Sirt1 deficiency mice performed increased
ROS production and impaired mTORC2 signaling, leading
to insulin resistance that could be largely reversed with
antioxidant treatment [78]. Considering its specific functions

in modulating oxidative stress, mTOR signaling, and mito-
chondrial dysfunction perturbed in the diabetic heart, Sirt1
may be a promising novel therapeutic target for MI/R injury
under DM.

5.3. CTRP9. CTRP9 is a newly found APN paralog. It pro-
tects against obesity and T2DM through anti-inflammation
and antiapoptotic actions. Increasing the circulating CTRP9
level is a beneficial action against HFD-induced obesity and
glucose intolerance [118], whereas CTRP9-deficiency mice
performed exacerbated insulin resistance [119]. Importantly,
CTRP9 performs cardioprotective effects via inhibition of
oxidative stress. Kambara et al. demonstrated that admin-
istration of exogenous CTRP9 inhibited oxidative stress,
attenuated cardiomyocytes apoptosis, and suppressed inflam-
matory reactions in the ischemic heart [120, 121]. Su et al.
observed the same results in the HFD-induced T2DM mice,
implicating that differing fromAPN, there is no CTRP9 resis-
tance in DM [122]. Our recent finding proved that CTRP9
protected the diabetic heart against I/R injury by reducing
ER stress and inflammatory response [33]. Interestingly, com-
pared to general pharmacologic antioxidants, the amount of
cardiac endogenous CTRP9 is abundant, much higher than
its expression in adipocytes and circulation, suggesting that
CTRP9 may be a novel cardiokine. These findings indicate
that CTRP9 may also be a potential therapeutic target for
diabetic cardiac complications.

6. Conclusions

It is well established that DM aggravates MI/R injury and
diabetic IHD patients experience worse clinical outcomes.
Oxidative stress and mTOR signaling are master mediators
of cardiometabolism and MI/R injury. ROS and RNS accu-
mulation induces cardiomyocytes damage by direct oxidation
of proteins, reactive lipid peroxidation products, and interac-
tion with DNA. Uncoupling NOS tigers oxidation/nitration
reaction and disturbing the mitochondrial quality control
causes mitochondrial dysfunction. These may be mecha-
nisms of oxidative stress impairing the diabetic heart.

When turning to mTOR signaling, it is still controversial
to clearly understand the role of mTOR signaling in MI/R
injury under DM since both cardioprotective and cardiotoxic
effects were observed in vivo and in vitro. The conflicted
outcomes could be explained by the following. (1) There
is different duration of rapamycin treatment [123]. Study
demonstrated that inhibition of mTORC1 before ischemia
reduced the size of MI while rapamycin was not cardio-
protective if administered before the reperfusion phase [87].
Moreover, different duration of rapamycin treatment con-
tributes to the alteration of metabolic homeostasis. Houde
et al. found that administration of rapamycin for two
weeks could enhance the insulin level, leading to a glucose
intolerance and insulin resistance in mice. However, more
than six weeks treatment could improve insulin sensitivity
[124]. (2) There is different phosphorylation site of mTORC1.
mTORC1 predominately phosphorylated the specific site
encompassing 4E-BP1 (T37) and (T46) that are rapamycin
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Figure 2: The diabetic heart is susceptible to MI/R injury. Impaired activation of prosurvival pathways, endoplasmic reticulum (ER) stress,
increased basal oxidative state, and decreased antioxidant defense and autophagy may render diabetic hearts to be more vulnerable to MI/R
injury and be resistant to ischemic preconditioning (IPC) or ischemic postconditioning (I-post). Oxidative stress and mTOR signaling
crucially regulate cardiometabolism, affecting MI/R injury under diabetes. Reperfusion injury salvage kinase (RISK); phosphoinositide-3
kinase (PI3k); glycogen synthase kinase-3𝛽 (GSK-3𝛽); signal transducer and activator of transcription (STAT); autophagy related gene 13
(Atg13); mammalian Atg1 homologues UNC-51-like kinase (ULK); Janus kinase 2 (JAK2); extracellular regulated MAP kinase (ERK).

resistant. However, mTORC1 could phosphorylated S6K1
(T389), which is rapamycin sensitive under conditions. (3)
There are degrees of mTOR activation in the regulation of
autophagy. Yu et al. demonstrated that mTOR signaling was
inhibited during autophagy initially, but reactivatedwith pro-
longed autophagy. The progress was autophagy-dependent
and required the degradation of autolysosomal products.The
enhancedmTOR activity in verse attenuated autophagy [125].
(4) There are different cardiac functions of mTORC1 and
mTORC2. mTORC1 presents both beneficial and detrimental
effects on MI/R injury while mTORC2 show mostly cardio-
protective actions as its cellular survival functions [96, 97].
(5) There are inescapable defects of loss-of-function animal
models. Conventional ablation of mTOR in mice results
in embryonic death [126–128] while cardiac-specific mTOR

knockout mouse also shows fatal, dilated cardiomyopa-
thy [64]. Other deletions of mTOR downstream molecules
including Raptor and S6K1 may partially inhibit mTOR sig-
naling and also be detrimental since not only themaladaptive
but also the physiological functions of the kinase are ablated.

The interplay between oxidative stress and mTOR signal-
ing is complicated, sincemTOR not onlymodulates oxidative
stress but also is affected by oxidative stress activation [129].
However, it is unlikely that these fully explain what occurs in
the diabetic heart, considering its complicated pathophysio-
logical conditions. Further studies using appropriate in vivo
models of DM are needed (Figure 2).

No therapeutic strategy has yet been demonstrated clin-
ically effective against cardiac injury in diabetic population.
Antihyperglycemic agent metformin and newly found free



8 Oxidative Medicine and Cellular Longevity

radicals scavengers, Sirt1 and CTRP9, may serve as promising
pharmacological cardiometabolic targeted therapeutic genes.
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The treatment of advanced gynecologic cancers remains palliative in most of cases. Although systemic treatment has entered into
the era of targeted drugs the antitumor efficacies of current therapies are still limited. In this context there is a great need for
more active treatment and rationally designed targeted therapies. The PI3K/AKT/mTOR is a signaling pathway in mammal cells
that coordinates important cell activities. It has a critical function in the survival, growth, and proliferation of malignant cells and
was object of important research in the last two decades. The mTOR pathway emerges as an attractive therapeutic target in cancer
because it serves as a convergence point formany growth stimuli and, through its downstream substrates, controls cellular processes
that contribute to the initiation andmaintenance of cancer. Aberrant PI3K-dependent signaling occurs frequently in a wide range of
tumor types, including endometrial, cervical, and ovarian cancers.The present study reviewed the available evidence regarding the
potential impact of somemTORpathway inhibitors in the treatment of gynecological cancer. Few advances inmedicalmanagement
have occurred in recent years in the treatment of advanced or recurrent gynecological malignancies, and a poor prognosis remains.
Rationally designed molecularly targeted therapy is an emerging and important option in this setting; then more investigation in
PI3K/AKT/mTOR pathway-targeted therapies is warranted.

1. Introduction

The treatment of advanced gynecologic cancers remains
palliative inmost of cases and the vastmajority of the patients
will eventually die. Although systemic treatment has entered
into the era of targeted drugs the antitumor efficacies of
current therapies are still limited, most likely because of the
high degree of cancer clonal heterogeneity and cell signal
complexity [1]. In this context there is a great need for more
active treatment and rationally designed targeted therapies
[2].

The PI3K/AKT/mTOR is a signaling pathway inmammal
cells that coordinates important cell activities [2]. It has a
critical function in the survival, growth, and proliferation
of malignant cells and was object of important research
in the last two decades [3–5]. The deregulation of the
mammalian target of rapamycin (mTOR) and other proteins
of this pathway occurs in many solid tumors and tumor
cells have more sensitivity to mTOR inhibitors than normal
cells [6]. Mechanisms for pathway activation include loss of
tumor suppressor PTEN (phosphatase and tensin homolog)

function, amplification or mutation of PI3K (phosphoinosi-
tide 3-kinase), amplification or mutation of AKT (protein
kinase B), activation of growth factor receptors, and exposure
to carcinogens [7, 8].

The mTOR pathway emerges as an attractive therapeutic
target in cancer because it serves as a convergence point for
many growth stimuli and, through its downstream substrates,
controls cellular processes that contribute to the initiation
and maintenance of cancer [8]. Aberrant PI3K-dependent
signaling occurs frequently in a wide range of tumor types,
including endometrial, cervical, and ovarian cancers [2, 9].

2. Endometrial Cancer

Endometrial cancer (EC) is themost common and the second
cause of death among gynecologic cancers in United States,
with more than 60.000 new cases and 10.000 deaths expected
in 2016 [10]. Unfortunately, data from 2013 [11] shows that
EC research received far less funding than ovarian cancer
($17.8 versus $100.8 million, resp.) and this uneven funding

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 4809751, 8 pages
https://doi.org/10.1155/2017/4809751

https://doi.org/10.1155/2017/4809751


2 Oxidative Medicine and Cellular Longevity

translates in almost four times less research projects for EC
compared to ovarian cancer (488 versus 1785, resp.) [12].

Initial approach to EC is surgical staging with hysterec-
tomy plus salpingoforectomy, with or without lymph node
assessment. Adjuvant treatment is based on risk factors
(FIGO stage, histology, grade, etc.) and nowadays patients
are receiving more systemic treatment upfront, even in early
stage disease [13, 14]. For those with advanced and recurrent
disease, treatment options are much more limited, with a
doublet of platinum salt and taxane for first-line treatment
and no standard approach for future lines of therapy.

Historically, EC was divided into type I (mainly
endometrioid histology) and type II (nonendometrioid)
carcinomas but this classification does not take into account
the molecular profiles of tumors [15]. In the last decade
more attention has been given to molecular pathways and
like many other types of cancers target therapy emerged
as an excellent option of treatment. In TCGA project for
EC [16] (mainly endometrioid and serous histology) four
molecular subgroups of EC were seen: POLE-ultramutated,
MSI-hypermutated, copy number high (serous-like), and
copy number low, with each subgroup showing different
altered molecular pathways.

PI3K/AKT/mTOR is the most important altered pathway
in EC and it seems to harbor the highest alterations among
all solid tumors. Oza et al. [17] reported that this pathway
could be target with mTOR inhibitor (temsirolimus) and it
became one of the milestones in EC. Since that many trials
were published targeting PI3K/AKT/mTOR pathway with
promising results.

2.1. PI3K/AKT/mTOR Pathway and Endometrial Cancer. The
TCGA reported in 2013 the molecular profile of EC [16].
It collected data from 373 patients with endometrioid and
serous adenocarcinoma (clear cell was not represented). A
genomic, transcriptomic, and proteomic analysis was done
using array and sequencing-based technologies and four
major molecular profiles were found: POLE (ultramutated),
MSI (hypermutated), copy number low (CNL, endometri-
oid), and copy number high (CNH, serous-like), with distinct
outcomes in progression-free survival (PFS) (POLE and
CNH subgroups have the highest and poorest outcome,
resp., [𝑝 = 0.02]). In general, EC has alterations on
PI3KCA, PIK3R1, AKT1, and PTEN in about 59.7%, 33%,
3.2%, and 66% of cases, respectively. When subgroups are
analyzed separated, POLE has the highest rate of PTEN,
PI3KCA, and PIK3R1 alterations: 94%, 71%, and 65%, respec-
tively. On the other side, CNH has different type of muta-
tions/amplifications, with P53 being the most altered in 92%
of the EC (PI3K 47% and PTEN 11%). Also, CNH showed
HER2 amplifications in 25% of EC.

2.2. Therapeutics with PI3K/AKT/mTOR Inhibitors. There
are many drugs being tested in each part of the path-
way: inhibiting PI3K, mTOR, AKT, and dual inhibitors on
PI3K/mTOR and PI3K/AKT. Until now the most tested
drugs are those blocking mTOR activity. Oza et al. [17]
showed promising results with temsirolimus in 54 recurrent
or metastatic EC patients with no (𝑛 = 29) or prior (𝑛 =

25) lines of therapy. Chemotherapy-näıve patients had 14%
of response rate (RR), comparing to 4% on chemotherapy-
treated group. A recent randomized phase 2 study compared
single-agent ridaforolimus to progestins or investigator’s
choice chemotherapy in 130 patients with advanced EC and
prior systemic treatments [18]. Patients in ridaforolimus arm
had higher PFS (3.6 × 1.9 months, 𝑝 = 0.008) andmore stable
disease (SD) (35% versus 27%, 𝑝 = 0.021), but also more
grade 3/4 adverse events like diarrhea (11.1% versus 1.5%),
hyperglycemia (19% versus 0%), and anemia (12.7% versus
4.6%). Many other trials have been testing mTOR inhibitors
to date and taking together these trials showed moderate
activity with overall response rate (ORR) varying from 4 to
24% (with higher responses for those chemotherapy-näıve)
and prolonged SD [19–23]. Toxicity profile was manageable
with the most reported events being hematological, metabol-
ically, constitutional, and gastrointestinal. PI3K and AKT
inhibitors are also being studied. Pilaralisib [24], an PI3K
inhibitor, showed minimal efficacy in recurrent EC patients
who received prior systemic therapy, with RR of 6% and SDof
37.3%, and the AKT inhibitorMK-2206 [25] showedminimal
activity with 5.5% RR and 33% SD in 36 patients with prior
systemic therapies for recurrent EC with high rate of grade
3/4 adverse events (58%).

Emerging strategies are trying to combine drugs that
have different ways of action in order to overcome resistance
and some studies have shown the feasibility of this strategy.
On a phase 2 trial [26], patients were randomized between
temsirolimus with or without megestrol acetate alternating
with tamoxifen.This study reported no improvement on effi-
cacy and unfortunately closed early due to excess of venous
thrombosis. Promising clinical activity was seen combining
everolimus plus anastrozole. Slomovitz et al. [27] showed an
ORR of 32% in patients with prior systemic therapies who
were treated with this combination, and the responses were
even higher in those women who were taking metformin for
diabetes (ORR of 55%). Based on these astonishing results
with the triplet regimen, the authors planned another phase
II trial and presented the results at ASCO 2016 [28]. Patients
treated with the combination of everolimus, anastrozole, and
metformin had an ORR of 29%, with 60% having clinical
benefit rate [complete response (CR) + partial response (PR)
+ SD]. Antiangiogenic agents also showed to be active on
EC (mainly bevacizumab) and studies combining these drugs
withmTOR inhibitors were designed and tested. Alvarez et al.
[29] reported that in pretreated EC this combination demon-
strated an ORR of 25%, but with high rate of toxicities (39%
of patients discontinued treatment for toxicity). Einstein et
al. [30] reported the results of this combination on pretreated
EC and unfortunately this study did notmeet the prespecified
efficacy criteria.They reported PR and SD in 20% and 48% of
patients at 6 months, respectively.

Recently, Aghajanian et al. [31] presented a randomized
phase II trial, comparing carboplatin and paclitaxel with
either temsirolimus or bevacizumab or carboplatin plus
ixabepilone and bevacizumab to the historical control arm
of GOG 209 (carboplatin and paclitaxel arm). This study
showed improved overall survival (OS) for the antiangiogenic
therapy when added to carboplatin and paclitaxel backbone,
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but unfortunately temsirolimus did not improve outcomes
compared to historical control arm.

Based on some studies suggesting that blocking the
PI3K/AKT/mTOR pathway could interfere with and cause
defects in the DNA repair mechanism [32], like homolo-
gous recombination, much interest has emerged combin-
ing these pathway inhibitors with PARP inhibitors [33].
On cells with DNA double-strand breaks, PTEN loss may
dysfunct the homologous recombination repair, “mimick-
ing” BRCA1/2 mutation. Combining PI3K/AKT/mTOR and
PARP inhibitors could recapitulate the synthetic lethality
observed in ovarian cancer patients with BRCA germ line
mutation treated with olaparib. Gathering the high rate of
PI3K alterations and PTEN loss in EC, it seems this is a
promising strategy in this neoplasia. One recent case [34]
showed the activity of olaparib in a patient with metastatic
endometrial cancer, BRCA negative and heavily pretreated
with multiple lines of platinum compound, taxane and
doxorubicin.This patient showed PR in liver, lung, and brain
lesions.

Recent progress on immune mediators in oncology
brought a lot of hope of better and more efficient drugs to
treat cancer. And this fact is not different for gynecologic
cancers. Some evidences emerged showing the importance
of mTOR in optimizing the immune response. It has a
role in antigen presentation by dendritic cells as well as
promoting expression of CD86 (stimulatory molecules) and
decreasing PDL1 on T cells (inhibitory molecules). Based on
this fact, some phase I studies are evaluating the role ofmTOR
inhibitors with therapeutic vaccines (NCT01522820).

3. Cervical Cancer

Cervical cancer (CC) is a public health problem, representing
the fourthmost commonly diagnosed cancer and the seventh
overall, with an estimated 528,000 new cases in 2012 across
the world [35]. There were an estimated 266,000 deaths from
CC worldwide in 2012, accounting for 7.5% of all female
cancer deaths and this number is expected to increase up
to 410,000 by 2030 [36]. Each year, approximately 200,000
women die of this disease. Developing countries account for
approximately 76 to 85% of CC cases [36].

Virtually all CCs (more than 99%) are caused by high-risk
human papillomavirus (HPV) [37].TheHPV E7 oncoprotein
is essential for CC carcinogenesis. The AKT phosphorylation
demonstrated in samples of CC suggests a constitutive acti-
vation of the PI3K/AKT pathway in patients [38]. Moreover,
mTOR inhibitors block the 4E-BP1-protein phosphorylation
and significantly reduce the level of E7 protein on in vitro
models, leading to an accumulation of cells on G1 phase and
thereby inducing apoptosis [39]. In addition, it is established
that radiation activates the PI3K/AKT pathway and mTOR
inhibitors sensitize tumor and endothelial cells to cisplatin
and radiotherapy effects [40].

Evaluating locally advanced CC, de Melo et al. [41]
recently published the results of a phase I trial combining
everolimus to the standard treatment. In a 3 + 3 design
the trial aimed to treat 3 dose levels of at least 3 patients
with orally daily doses of everolimus (2.5, 5, and 10mg/day),

cisplatin, and radiotherapy delivered in a 9-week interval
in CC patients, stages IIB, IIIA, or IIIB. Patients received
everolimus from day 7 up to the last day of brachytherapy.
Primary objective was to evaluate safety, toxicity, and the
maximum tolerated dose (MTD) of everolimus in associa-
tion with cisplatin and radiotherapy. Pharmacokinetic (PK)
parameters and response rates were analyzed as secondary
objectives. Thirteen patients were enrolled, 6 at 2.5mg, 3 at
5mg, and 4 at 10mg of everolimus. Four patients did not
complete the planned schedule, 1 at 2.5mg presented grade
4 acute renal failure interpreted as dose limiting toxicity
(DLT) and 3 at 10mg: 1 with disease progression and 2 with
DLTs, 1 grade 3 rash and 1 grade 4 neutropenia. PK results
were characterized by dose-dependent increases in AUC and
Cmax. Response assessment was done 12 weeks after the end
of treatment and 12 patients were evaluable for response.
Eleven out of 12 evaluable patients (91.6%) experienced CR
and 1 (8.4%) experienced PR, with ORR of 100% at the end
of treatment according to RECIST 1.1. Using the metabolic
response assessment (PET/CT), 9 (75%) patients had CR and
3 (25%) had PR.

In a different scenario of patients with metastatic, per-
sistent, or recurrent disease, a nonrandomized phase 1
clinical trial [42] evaluated 74 patients with gynecologic
and breast malignancies treated with liposomal doxorubicin,
bevacizumab, and temsirolimus. Thirteen CC patients were
included and 10 had squamous cell carcinoma. Primary end-
points were to establish theMTD and characterize DLTs with
a preliminary assessment of antitumor efficacy as secondary
endpoint. All 74 patients included were heavily pretreated
with a median of 4 previous chemotherapy lines. Two PR
in the group of CC patients with squamous cell carcinoma
(treated with dose level 6: bevacizumab 15mg/kg IV day 1,
liposomal doxorubicin 30mg/m2 IV day 1, and temsirolimus
25mg IV days 1, 8, and 15) were detected. The MTD for the
studywas reached at level 6.The recommended dose (RD) for
phase 2 trial was bevacizumab of 15mg/kg at day 1, liposomal
doxorubicin of 20–30mg/m2 at day 1, and temsirolimus of
25mg IV at days 1, 8, and 15. The ORR in this heavily
pretreated population was 20.3%. All 74 (100%) patients
experienced at least 1 adverse event, mostly reversible grade 1
or grade 2, possibly drug related. Treatment combination was
relatively safe and well tolerated. Among the 15 responders
(CR + PR), PIK3CA and PTEN status were known in 9 (60%)
and 5 (33.3%), respectively. Four (44.4%) of the 9 responders
forwhomPI3KCAmutational statuswas knownwere positive
and 3 (60%) of the 5 responders for whom PTEN status was
known were found to have PTEN loss.

Piha-Paul et al. [43] evaluated in a phase 1 trial 41 pa-
tients with advanced gynecologic malignancies treated with
bevacizumab and temsirolimus. Six patients with CC were
included and 4 had squamous cell carcinoma. Primary
endpoints were to establish the MTD and characterize DLTs;
a preliminary assessment of antitumor efficacy was the
secondary endpoint. All 41 patients were heavily pretreated
with a median number of 4 previous lines of chemotherapy.
Among all patients included, 20% had SD lasting more than
6 months. Analysis of mutational status of PTEN, PI3K, RAS,

https://clinicaltrials.gov/ct2/show/NCT01522820
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and RAF was not performed in all included patients. In 2
patients who have PRs, the mutational status was not done
in one and the other patient has negative status mutations for
PI3K, RAS, and RAF. The five responders for whom PTEN
status was known were found to have PTEN loss.The highest
dose escalation was obtained (dose level 13: bevacizumab of
15mg/kg IV at day 1 and temsirolimus of 25mg/kg IV at
days 1, 8, and 15) and MTD was not reached. All 41 patients
experienced at least one adverse event that was possibly drug
related. These events were mostly grade 1 or grade 2 and
reversible; 71% of the patients experienced no treatment-
related toxicity greater than grade 2.

In a nonrandomized phase 2 clinical trial Tinker et al.
[44] evaluated 38 patients withCC. Primary endpoint was the
objective RR as determined by RECIST version 1.1. Up to one
prior line chemotherapy for metastatic or recurrent disease
was allowed. Patients were treatedwith temsirolimus of 25mg
IV weekly in 4-week cycles. Only one patient with cervical
adenocarcinoma had a PR. The median duration of SD was
6.5 months (range 2.4–12.0), 28% lasting 6 months or more
(95%CI: 14–43%).Themedian PFSwas 3.52months (95%CI:
1.81–4.7). Eleven serious adverse events among 7 patients that
were possibly related to the protocol therapy were observed.
No significant association was found with any of the markers
tested and response or progression on temsirolimus therapy

Due to the results of these 3 studies in a heavily pretreated
population the effectiveness of therapy is not clear, and there
is a tendency of activity using mTOR inhibitor treatment, but
more clinical trials are needed.

4. Ovarian Cancer

Ovarian cancer (OC) is the most important cause of death
among gynecologic cancers and, in women, it is the sixth
most common cancer worldwide [45–47]. Only in the United
States, 22,280 new cases of OC and 14,240 deaths were
estimated for 2016 [48]. In Europe, 65,538 new cases of OC
were expected for 2014 and 42,716 women were estimated
to die due to this disease [49, 50]. Unfortunately, more than
60% of women with OC are diagnosed in advanced stages.
The first-line treatment for patients diagnosed with OC is
optimal cytoreductive surgery followed by a combination of
chemotherapy with platinum and paclitaxel: this is the basis
and the first choice for OC treatment [51]. The response
to platinum-based chemotherapy is excellent upfront, even
in high-grade serous ovarian cancer (HGSOC) [52–54], but
approximately 25% of these patients acquire de novo resis-
tance during primary treatment or relapsing within 6months
(more than 50% of the responders will have recurrence of
disease) [52, 53, 55].

Patientswhohave PDduring platinum-based chemother-
apy (platinum-refractory) or with a progression within 6
months after completion of platinum-based chemotherapy
(platinum-resistant) have a poor prognosis even with stan-
dard second-line therapies [49, 56–58]. Although the inclu-
sion of bevacizumab to the chemotherapy could improve PFS
for patients with platinum-resistant OC [59] there is still an
urgent need to develop novel treatments based on the distinct
biological background of this disease [49, 53].

Nowadays, due to a wide range of molecular profiling
studies, that is, the genomic analyses conducted by the
Cancer Genome Atlas (TCGA) network, the knowledge and
comprehension of the molecular pathogenesis of OC have
improved [51, 53, 60]. It is unquestionable that OC is an
extremely heterogeneous disease with important differences
not only in molecular profile and histology but also in
prognosis and chemosensitivity, depending on the subtype
[51, 61]. HGSOC, the most common subtype of OC, has
as important characteristic, genomic instability, as well as
sensitivity to platinum-based chemotherapy. Apart from P53
mutations, which are present in 98% of cases, gene mutations
that are frequently identified in other solid tumors (i.e.,
PIK3CA) are not usually found in HGSOC [51, 62].

Clear cell, endometrioid, low-grade serous, transitional,
andmucinous subtypes are examples of uncommon subtypes
of epithelial OC. Different fromHGSOC, these rare subtypes
show, very frequently, oncogenic mutations (which could be
target of novel therapies), besides genomic stability.Theyhave
better prognosis when compared to HGSOC due to the fact
that their diagnosis is often done in initial stages, but at the
same time, chemoresistance is a recognized characteristic of
the advanced and recurrent disease [51, 63].

Oftentimes, the PI3K/AKT/mTOR pathway is deregu-
lated in OC and PIK3CA mutations have been reported in
approximately 12% of OCs [64–66]. The mTOR pathway
is activated in approximately 70% (activated in about 50%
of the HGSOC patients) [66, 67]. It is interesting that the
type of PI3K alteration seems to be related to the histology.
PTEN loss has been identified in 5% of cases of HGSOC and
amplifications in PIK3CA in 20% and in one of the AKT
isoforms (AKT1, AKT2, and AKT3) in 10%–15% of cases
[51, 67].

The levels of expression of phosphorylated AKT (pAKT)
and PIK3CA were found to be related to a lower survival
rate and the activation of the pathway was found to be an
independent negative prognosticmarker inOC (measured by
AKT or mTOR phosphorylation levels) [51, 68]. Preclinical
experimental studies also suggested that concomitant muta-
tions in the MAPK pathway (KRAS, NRAS, and BRAF) can
mediate resistance to therapy and PIK3CA mutations can
predict response to PI3K and/ormTOR inhibitors [65, 69, 70].

A recent paper presented in ASCO Meeting 2016 evalu-
ated 379 patients with ovarian or fallopian tube cancer. The
frequency of alterations in 10 genes (AKT1, AKT2, AKT3,
mTOR, PIK3CA, PIK3C2B, PIK3R1, PTEN, TSC1, and TSC2)
in the PTEN/PI3K/AKT/mTOR pathway was evaluated and
determined. It was demonstrated that 33% of the OC patients
have aberrations in at least one of the ten selected genes
and the most common alterations were PIK3CA in 12%
of the patients, followed by PTEN alterations in 10% and
AKT2 amplifications in 2%. Missense mutations in mTOR,
TSC1, TSC2, and PIK3C2B were also identified and TP53
missense/nonsense mutations were found in 70% of the cases
[70].

Some tumor types have shown response when treated
with mTOR inhibitors (temsirolimus, everolimus, and
ridaforolimus) and this class of drugs has also been assessed
in OC.
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4.1. mTOR Inhibitors: Monotherapy. GOG 1701 is a phase II
clinical trial that evaluated the use of temsirolimus in OC
patients. Fifty-four patients were enrolled and five of them
(5.3%) presented PR tomonotherapy for refractory, recurrent
OC, or primary peritoneal cancers [71].

In another phase II trial published in 2016, OC patients
were treated with weekly temsirolimus at a flat dose of 25mg.
Objective responses were observed in 9.3% of patients and the
6-month PFS rate was 24%; hence, the study failed to meet
its efficacy endpoint. However, a few patients in this study
had long lasting remissions or disease stabilization under
mTOR-inhibition treatment [49].The authors concluded that
the observed activity was insufficient to justify a phase III
trial of temsirolimus in unselected OC patients. The trial
included mainly serous tumors and only a few endometrioid
(4 of 54, 7%) or clear cell ovarian tumors (3 of 54, 6%), the
two subtypes most likely to demonstrate PIK3CAmutations.
Interestingly, 1 of the 3 clear cell OCs had an objective PR to
temsirolimus. More recently, one objective response lasting
for 14 months and 1 SD was reported for 5 patients with clear
cell OC treated with temsirolimus [72].

4.2. mTOR Inhibitors: Combination Therapy. Considering
the limited activity of mTOR inhibitors as monotherapy
and the evidence from preclinical studies indicating an
additional benefit of mTOR inhibitors when associated with
chemotherapy, some trials have investigated the effects of
the combination of mTOR and cytotoxic drugs [51]. Phase
I studies evaluating patients with gynecological tumors and
treated with temsirolimus combined with weekly topote-
can or pegylated liposomal doxorubicin (PLD) have been
performed. However, those studies showed no expressive
results as they were small and the activity was limited [19,
51, 73]. Another phase I clinical trial evaluating the use of
temsirolimus plus carboplatin/paclitaxel [51, 74] showed PR
in 3 of 6 patients with OC. Other two phase I studies have
been reported, one combining ridaforolimus plus carboplatin
and paclitaxel [51, 75] and another one associating everolimus
with weekly paclitaxel [51, 76].

A phase II study evaluated a total of 140 patients with
advanced breast, CC, EC, and OC when treated with mTOR
inhibitors. Sixty patients (43%) had OC and PIK3CA muta-
tions were detected in 12% of them. There was no significant
association of PIK3CA mutation status with age, disease
type, or ethnicity. Responses were observed only in the
combination schedules, but not with monotherapy (44%
versus 0%, resp., 𝑝 = 0.06) [65].

Another phase II trial, now assessing the efficacy of
temsirolimus and trabectedin in patients with recurrent clear
cell carcinoma, was performed. In this study, 17 patients were
enrolled and theORRwas 18% [CR= 1 patient; SD> 3months
= 5 patients (29%)] [51, 77]. Considering all the information
above, it is difficult to establish final conclusions regarding
the importance of the association of mTOR inhibitors and
cytotoxic drugs [51]. Currently, there are ongoing trials
recruiting patients evaluating the use of mTOR inhibitors
(i.e., mTORC1/2 inhibitor AZD2014 or the oral AKT inhibitor
AZD5363 for recurrent endometrial, NCT02208375; ovarian
cancer and a phase I trial of the combination of AZD2014 and

weekly paclitaxel,NCT02193633) and in viewof this newdata,
this question might be clarified.

As previously stated, phases I and II trials in recur-
rence or refractory OC have shown a modest response,
but the presence of confounding factors suggests that fur-
ther investigation is needed [45]. Intensive research on the
PI3K/AKT/mTOR pathway and its interactions with other
cellular signaling mechanisms is necessary and simple solu-
tions are not likely to be expected [49, 78].

The combination of endocrine therapy with PI3K inhibi-
tion in low-grade serous and endometrioid ovarian tumors
would also be of considerable relevance as these subtypes fre-
quently express hormone receptors [23, 45]. The association
ofMEK and PI3K inhibitors could also be appropriate in low-
grade serous OC based on the rational that this subgroup
presents frequent alterations in the RAS and PI3K pathways
[51]. When proposing new therapies, it is also important
to consider target specificity of the drug, that is, sirolimus,
whose target is limited to the mTORC1 [51, 67].

In summary, advances in genomic characterization of
OC have been seen without corresponding successful tar-
geted therapies [51, 65]. The role of mTOR inhibitors is
not completely clear or defined, especially in the context
of combination therapy, which may be antagonistic or a
chemoresistant promoter [51]. Histology-specific trials are
important, helpful, and necessary. Further development
of PI3K/AKT/mTOR inhibitors should also consider that
single-agent PI3K/AKT/mTOR pathway inhibition may not
always be sufficient to promote response as PIK3CA muta-
tions often coexist with other concurrent molecular alter-
ations. Moreover, predictive biomarkers in order to identify
the group of patients with the highest probability to have
benefit from this target therapy are still necessary [51].

5. Conclusion

The present study reviewed the available evidence regarding
the potential impact of somemTORpathway inhibitors in the
treatment of gynecological cancer. Few advances in medical
management have occurred in recent years in the treatment
of advanced or recurrent gynecological malignancies, and
a poor prognosis remains. Rationally designed molecularly
targeted therapy is an emerging and important option in
this setting; then more investigation in PI3K/AKT/mTOR
pathway-targeted therapies is warranted.
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TargetingmTORC1 has been thoroughly explored in cancer therapy. Following encouraging preclinical studies, mTORC1 inhibitors
however failed to provide substantial benefits in cancer patients. Several resistance mechanisms have been identified including
mutations of mTOR and activation of alternate proliferation pathways. Moreover, emerging evidence discloses intratumoral
heterogeneity of mTORC1 activity that further contributes to a reduced anticancer efficacy of mTORC1 inhibitors. Genetic
heterogeneity as well as heterogeneous conditions of the tumor environment such as hypoxia profoundlymodifiesmTORC1 activity
in tumors and hence influences the response of tumors to mTORC1 inhibitors. Intriguingly, the heterogeneity of mTORC1 activity
also occurs towards its substrates at the single cell level, asmutually exclusive pattern of activation ofmTORC1 downstream effectors
has been reported in tumors. After briefly describingmTORC1 biology and the use ofmTORC1 inhibitors in patients, this reviewwill
give an overview on concepts of resistance to mTORC1 inhibition in cancer with a particular focus on intratumoral heterogeneity
of mTORC1 activity.

1. Introduction

Cancer is usually driven by an accumulation of genetic
and epigenetic alterations which promote cell growth and
immune escape. Hence, blocking these alterations represents
a major treatment approach in cancer [1]. The initial success
of imatinib in chronic myeloid leukemia demonstrated the
feasibility of such an approach which was further extensively
developed in cancer therapy [2]. Patient stratification, based
on cancer genotyping, aimed at identifying the driving forces
in a tumor, should help chose the appropriate treatment.
However, over years, several drawbacks were identified that
limit the efficacy of this approach. In particular, tumor het-
erogeneity emphasizes the complexity of cancer cells, where
frequentlymore than one driving force for tumor progression
coexists heterogeneously in cancer [3]. Furthermore, not
only a random accumulation of mutations induces tumor
heterogeneity, but also in fact variable tumor environmental
traits add another level of complexity to this process [4].
In addition to tumor heterogeneity, development of cellular
resistance to a specific treatment represents a major hurdle to

targeted therapies in cancer. Several resistance mechanisms
have been identified, including secondary alterations in the
target and activation of bypass mechanisms [5]. Hence,
despite promising preclinical studies, most targeted therapies
have failed to provide prolonged benefits in cancer patients.

In the context of personalized therapies in cancer, the
mammalian target of rapamycin complex-1 (mTORC1) rep-
resents a fascinating topic that has been extensively explored.
mTORC1 perfectly reflects the problem of targeted therapies,
being conceptually and preclinically a promising target but
displaying only limited efficacy if targeted by mTORC1
inhibitors in clinical trials. Several causal factors for a limited
efficiency ofmTORC1 inhibitors have been identified andwill
be described in this review with a particular focus on the
intratumoral heterogeneity of mTORC1 activity.

2. mTORC1 and Cancer

mTORC1 is an ubiquitously expressed protein complex that
controls cell growth by inducing protein and nucleotide syn-
thesis, ribosome biogenesis, and lipogenesis and by blocking
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Figure 1: mTORC1 regulates cellular anabolic processes. mTORC1 is activated by growth promoting conditions including energy, nutrients,
and growth factors. In contrast, unfavorable conditions such as hypoxia or acidity inhibit mTORC1. Once activated, mTORC1 promotes key
anabolic processes that lead to cell growth. In addition,mTORC1 inhibits autophagy. A nonexhaustive list of downstream effectors ofmTORC1
is displayed.

autophagy (Figure 1) [6, 7]. mTORC1 is able to sense envi-
ronmental signals including growth factors and nutrients and
initiates cell growth in favorable environmental conditions. In
contrast, unfavorable conditions such as acidity and hypoxia,
which are frequently encountered in the tumor microenvi-
ronment, inhibitmTORC1 activity [8, 9]. Among the different
signaling pathways that transmit extracellular signals to
mTORC1, oncogenic PI3K/AKT andRAS/RAF/MEK/MAPK
pathways have been well characterized. Activation of these
pathways leads to the phosphorylation and inhibition of
TSC2 which, in association with TSC1, forms a protein com-
plex that inhibits mTORC1 [10–12]. Of note, mutations in the
TSC1 or TSC2 gene are responsible for the tuberous sclerosis
complex (TSC), a disease characterized by a variety of benign
tumors found inmultiple organs including the brain, kidneys,
liver, heart, and lungs [13]. Following activation, mTORC1
phosphorylates a variety of substrates such as S6K1 and 4E-
BP1, leading overall to an anabolic cellular response and
resulting in cell growth and proliferation [6, 14, 15].

Since mTORC1 controls cell growth, it represents a
potential target in cancer therapy. mTORC1 hyperactivation
is furthermore frequently observed in sporadic cancers,
either through activating mutations of upstream effectors of
mTORC1 or through activating mutations of mTOR itself
[16–18]. Additionally, enhanced activation of mTORC1 is
observed in hamartoma syndromes including Peutz-Jeghers
syndrome, Cowden disease, and TSC that are characterized
by the development of benign tumors and mutations in

tumor-suppressor genes that negatively regulate mTORC1
activity [19].

Besides mTORC1, another protein complex called
mTORC2 exists [20]. In contrast to mTORC1, less is known
about the functions of mTORC2. It is mainly activated by
growth factors and it preferentially phosphorylates and
activates proteins belonging to the AGC protein kinases
family including AKT (Ser 473) and SGK1 (Ser 422). As such,
mTORC2 also promotes tumor growth, and blocking its acti-
vity displays antitumoral effects in various preclinical models
[21–25]. Nevertheless, for the purpose of this review, we
will primarily focus on the effects of mTORC1 inhibition in
cancer.

Different options exist to target mTORC1. By now, three
generations of mTORC1 inhibitors have been developed [26].
Rapamycin and its derivatives termed rapalogs are the first
generation of mTORC1 inhibitors. They inhibit mTORC1
by binding together with FKBP12 to the FRB domain, a
domain adjacent to the kinase domain of mTOR, limiting
the access of substrates to the active kinase site [27, 28].
Of note, rapalogs only incompletely block mTORC1, as, for
example, mTORC1 phosphorylates the Thr-37 and Thr-46
sites of 4E-BP1 that are rapamycin insensitive [29]. Besides
rapalogs, a second generation of mTOR inhibitors, termed
ATP-competitive inhibitors of mTOR, has been generated.
They inhibit the kinase domain of mTOR and therefore
block both mTORC1 and mTORC2 [30, 31]. Also, compared
to rapalogs, they exhibit a more profound inhibition of
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mTORC1. Due to kinase similarities between mTOR and
other kinases such as PI3K, some of these kinase inhibitors of
mTOR also block PI3K in addition tomTORC1 andmTORC2
[30]. Finally, recently, mTOR resistance mutations to both
rapalogs and kinase inhibitors of mTOR have been identified
[32]. To overcome this resistance, a third generation of
mTOR inhibitor was developed, called Rapalink, containing
rapamycin crosslinkedwith a kinase inhibitor ofmTOR in the
same molecule [32].

3. Lessons Learned from the Use of mTORC1
Inhibitors in Clinic

Rapalogs have been routinely used in clinic, in particular
as immunosuppressive agents. In contrast, ATP-competitive
inhibitors ofmTORhave not yet been approved and are tested
in clinical trials. Rapalink is only in its experimental devel-
opment. Hence, information regarding mTORC1 inhibition
in patients has mostly been gathered from rapalogs. Overall,
rapalogs exhibit antiproliferative effects in untransformed
cells. Indeed, they effectively block T-cell proliferation in
transplanted patients [33, 34]. Similarly, significant antitumor
responses to rapalogs were observed in benign tumors of
TSC [35, 36]. For instance, 75% of patients presenting a sub-
ependymal giant cell astrocytoma had more than 30%
volume reduction of their lesions at 6 months of treat-
ment [37]. Similar effects were noted in TSC patients with
other types of benign tumors, including renal angiomy-
olipoma, fascial angiofibroma, lymphangiomyomatosis, car-
diac rhabdomyoma, and retinal astrocytic hamartoma [35].
Tumors however regrew with cessation of therapy, demon-
strating that rapalogs are rather cytostatic than cytotox-
ic.

The antitumor efficacy of rapalogs was more disappoint-
ing in sporadic cancers [21, 38]. Overall, rapalogs did not
provide any long lasting benefits, increasing median overall
survival by only a few months. Nevertheless, rapalogs are
currently approved for the treatment of renal cell carci-
noma [39, 40], advanced pancreatic neuroendocrine tumors
[41], postmenopausal hormone receptor-positive advanced
breast cancer in combination with exemestane [42], and
advanced nonfunctional neuroendocrine tumors of the lung
or gastrointestinal tract [43]. In Europe, they are further
approved for the treatment of relapsed or refractory mantle
cell lymphoma [44]. Most of the time rapalogs cause disease
stabilization and fail to induce tumor regression, further
highlighting that rapalogs are cytostatic. Hence, although
several clinical trials are still investigating the anticancer
efficacy of rapalogs, it is very unlikely that rapalogs will cure
cancer.

Clinical trials with rapalogs revealed that blocking
mTORC1 is associated with nonnegligible side effects [45,
46]. Since mTORC1 is ubiquitously expressed, blocking its
activity in cancer therapy lacks specificity. The side effects
include a variety of dermatological, metabolic, renal, hema-
tological, and respiratory toxicities that often require dose
reduction. These side effects are mostly moderate but can
also be life-threatening in the case of pneumonitis. By gen-
erating discomfort, mTORC1 inhibitors are also responsible

for an important prevalence of drug discontinuation [45].
Toxicities of mTORC1 inhibitors should hence be kept in
mind, particularly when combined therapies are consid-
ered.

4. Limitations of mTORC1 Inhibitors in
Cancer Therapy

Despite a significant efficacy in preclinicalmodels, the clinical
tumor response to rapalogs is modest. Several factors might
explain this limited impact in clinical applications [47]. As
mentioned above, rapalogs provide only an incomplete inhi-
bition of mTORC1 [48]. To overcome this limitation, ATP-
competitive inhibitors of mTORC1 were generated that
completely block mTORC1. These inhibitors further block
mTORC2, which represents an additional advantage over
rapalogs. In vitro and in vivo experiments demonstrated a
stronger anticancer efficacy of these second generation inhib-
itors compared to rapalogs [49, 50]. ATP-competitive inhib-
itors of mTOR are currently being tested in clinical trials,
but so far, an ample antitumor response has not been
reported [51]. In addition, several other limitations of target-
ing mTORC1 in cancer therapy have been described, includ-
ing treatment resistant mutations of mTOR, activation of
alternate proliferative signaling pathways, and intratumoral
heterogeneity of mTOR activity (Figure 2). These will be
further discussed here.

5. Treatment Resistant Mutations of mTOR

Secondary genetic alterations of the targeted kinase represent
a classic drug resistance mechanism and have been identi-
fied in a variety of tumors of patients treated with kinase
inhibitors [5, 52–54]. Similarly, acquired resistancemutations
of cancer cells exposed to mTORC1 inhibitors have been
reported [32]. Treatment of MCF-7 breast cancer cell line
with rapamycin or an ATP-competitive inhibitor of mTOR
for three months led to the emergence of resistant colonies.
Genomic sequencing revealed that rapamycin resistant clones
harboredmutations in the FRBdomain ofmTOR. In contrast,
the ATP-competitive inhibitor resistant clone contained an
mTOR mutation located in the kinase domain. Both types
of mutations were responsible for drug resistance [32]. FRB
domain mutation disrupted the interaction between mTOR
and FKBP12-rapamycin, consistent with data generated in
yeast (Figure 2) [55, 56]. Mutations that conferred resistance
to ATP-competitive inhibitors of mTOR did not alter binding
of the drug to mTOR but generated a hyperactive state
of the kinase. Interestingly, this type of mutation induces
a hyperactive state of both mTORC1 and mTORC2, high-
lighting that resistance to ATP-competitive inhibitors of
mTOR can occur from both mTORC1 and mTORC2. More
importantly, both types of mutations have been detected in
untreated patients, suggesting that certain types of cancer are
intrinsically resistant tomTORC1 inhibitors [32]. A resistance
mutation of the FRB domain has also been shown to be
acquired under treatment with rapalogs in human. Indeed,
resistance developed in a patient treated with the rapalog
RAD001 for metastatic anaplastic thyroid carcinoma after an
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Figure 2: Factors impeding the anticancer efficacy of rapalogs. Treatment resistant mutations of mTOR: mutations of the FRB domain of
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mTORC1 overactivation coexist with cancer cells displaying low mTORC1 activity. The latter exhibit an mTORC1-independent growth and
are therefore resistant to mTORC1 inhibition. Hypoxia: hypoxia inhibits mTORC1; hence mTORC1 activity is reduced in hypoxic tumor
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in mTORC1-independent cancer cell growth. Functional heterogeneity: mTORC1 activity towards its downstream effectors is heterogeneous,
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not completely block mTORC1 activity with mTORC1-mediated 4E-BP1 phosphorylation being in part resistant to rapalogs. Beige squares
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activity. Functionally active components of intracellular signaling pathways are displayed in black writing; functionally inactive components
of intracellular signaling pathways are displayed in grey writing.

initial 18-month response [57]. Whole genome sequencing
revealed that this tumor contained an FRB domain mutation
after treatment that was not present initially. Of note, it
also identified a nonsense mutation of TSC2 which could
explain the initial high sensitivity of this tumor to RAD001
[57].

On the contrary, some of the identified hyperactivating
mutations of mTOR are associated with increased sensi-
tivity to rapamycin, suggesting that cancer cells harboring
such mutations have an mTOR dependent proliferation
pattern [18]. In these patients, such mutations could serve as
biomarker in predicting cancer response to mTORC1 inhib-
itors. Consistent with this observation, a patient with meta-
static urothelial carcinoma containing an mTOR hyperacti-
vating mutation experienced a complete radiological res-
ponse that lasted for 14 months after initiation of a treat-
ment with RAD001 in combination with the tyrosine kinase
inhibitor pazopanib [17].

6. Activation of Alternate
Proliferative Signaling Pathways following
mTORC1 Inhibition

mTORC1 belongs to a complex network of regulatory feed-
back loops responsible for limiting the proliferative signals
transmitted by upstream effectors once mTORC1 gets acti-
vated (Figure 2) [47, 58, 59]. For instance, mTORC1/S6K1
mediated insulin receptor substrate-1 (IRS-1) phosphoryla-
tion enhances its degradation with subsequent disruption of
PI3K/AKT signaling [60–62]. Similarly, mTORC1 activation
leads to platelet derived growth factor receptors 𝛼 and 𝛽 deg-
radation and attenuation of PI3K/AKT activity [60]. Like-
wise, mTORC1 stabilizes Grb10, leading to the inhibition of
PI3K/AKT and MEK/MAPK pathways [63, 64]. mTORC1
activation also leads to a direct reduction ofmTORC2 activity.
For instance S6K1 phosphorylates Sin1, a component of
mTORC2, atThr 86 andThr 398, resulting in the dissociation
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of Sin1 from mTORC2 and suppression of mTORC2-med-
iated activation of AKT [65, 66]. The observation that
S6K1 phosphorylates rictor (Thr 1135), another component
of mTORC2, suggests that additional feedback mechanisms
exist betweenmTORC1/S6K1 andmTORC2/AKT; their func-
tional relevance needs however to be further characterized
[67, 68]. As a consequence, blocking mTORC1 results in
the activation of proliferative pathways that will counteract
the anticancer efficacy of mTORC1 inhibitors [69, 70]. For
example, increased phosphorylation of AKT (Ser 473) was
noticed in tumor metastasis of patients treated with rapalogs
[71, 72]. Similar findings were reported in glioblastoma
patients treated with rapamycin; an increased AKT phos-
phorylation (Ser 473) was further associated with a shorter
time to progression [73]. Activation of upstream proliferative
pathways by rapalogs is not limited to AKT, as rapalogs
were also shown to increase MAPK activity. Indeed, tumor
biopsies before and after RAD001 treatment demonstrated
thatMAPKphosphorylation (Thr 202/Tyr 204)was increased
after treatment [74]. In experimental settings, blocking AKT
or MAPK potentiated the anticancer efficacy of rapalogs,
underlining that rapalogs-mediated AKT and MAPK over-
activation dampens their efficacy [71, 74].

Second generation of mTORC1 inhibitors also abrogates
negative feedback loops. As a consequence, their antitumor
activity is also reduced by the activation of upstream path-
ways [69]. Like rapalogs, mTOR kinase inhibitors increase
PI3K activity. Hence, AKT Thr308 phosphorylation is rein-
forced and sufficient to promote AKT signaling despite
the loss of AKT Ser473 phosphorylation mediated by the
inhibition of mTORC2 by kinase inhibitors of mTOR [75].
Surprisingly, restoration of AKT signaling following treat-
ment with a dual PI3K/mTOR kinase inhibitor has also been
reported [76]. In this case, PI3K-independent mechanisms
are responsible for AKT phosphorylation and activity [77].
Besides AKT, an overactivation ofMAPKby kinase inhibitors
of mTOR has also been described [78, 79]. Interestingly,
MAPK activation by kinase inhibitors ofmTORwas indepen-
dent of PI3K, arguing for a different loop between mTORC1
and MAPK apart from the previously identified loop with
rapalogs [74]. Furthermore, since the feedback loop does not
involve PI3K, dual PI3K/mTOR inhibitors likewise increase
MAPK activity [69].

7. mTORC1 Activity Is
Heterogeneous in Cancer

Recently, an old paradigm, namely, tumor heterogeneity,
has been revisited in cancer biology [80, 81]. Emerging
evidence demonstrates that genetic heterogeneity exists at the
single cell level in cancer and therefore participates in resist-
ance to a specific treatment [82, 83]. Like other signaling
pathways, heterogeneous mTORC1 activity in a tumor has
been reported. For example, immunohistochemical stain-
ing of human breast cancer for phospho-4E-BP1 (Thr 70)
and phospho-S6 (Ser 240/244), as markers of mTORC1
activity, shows a marked heterogeneity among cancer cells,
exhibiting either a strong or a weak staining in the same
tumor [84, 85]. Moreover, genome sequencing of different

regions of a human renal cell carcinoma revealed that a
kinase domain mutation of mTOR was not present in every
tumor region (Figure 2) [86]. Tumor cells displaying this
mutation showed increased staining of phospho-S6 (Ser
235/236) and phospho-4EBP1 (Thr 37/46), suggesting that
the mutation conferred increased activity to mTORC1. This
study further showed that genetic intratumor heterogeneity is
associated with a functional heterogeneity ofmTORC1 kinase
activity and possibly sensitivity to mTORC1 inhibitors [32].
Of note, this mTOR mutation was not detected in tumor
metastases, further highlighting heterogeneity between the
primary tumors and metastases [86]. This latter observation
echoes well with a previous study that showed a poor
concordance of mTORC1 activity in primary breast tumors
and their corresponding metastases, as demonstrated by
immunohistochemical staining of phospho-4E-BP1 (Ser 65)
[87]. Other mutations of mTOR have further been identified,
but their spatial distribution in a tumor has not yet been
revealed [17, 18, 88, 89]. Genetic tumor heterogeneity has also
been reported for proteins that belong to signaling pathways
that lead to mTORC1 activation, such as PI3K/AKT and
Ras/Raf/MEK/MAPK pathways. A high discrepancy in PI3K
mutations between primary breast tumors and their metas-
tases was reported [90]. More importantly, wild-type PI3K,
mutated PI3K (H1047R), and mutated PI3K (E542K) were
all detected in separate tumor regions of the same primary
tumor. Similarly, intratumoral heterogeneity for K-Ras has
been detected in samples of human colorectal cancer [91, 92].
Although mTORC1 activity was not specifically determined
in these studies, one can speculate that the heterogeneous
activation of upstream effectors of mTORC1 contributes to an
intratumoral heterogeneity of mTORC1 activity.

Interestingly, emerging evidence depicts that mTORC1
activity towards its downstream effectors is also heteroge-
neous in tumors (Figure 2) [93, 94]. Using a multiplexed
fluorescence microscopy method in human colorectal can-
cer, it was demonstrated that phosphorylation of S6 (Ser
235/236) and phosphorylation of 4E-BP1 (Thr 37/46) rarely
occur in the same cancer cell but rather show mutual
exclusivity [93]. Although crosstalk to other pathways cannot
be fully excluded, this study supports a functional varia-
tion of mTORC1 to its downstream targets. Most probably,
different mechanisms, which still need to be identified,
regulate mTORC1 signaling to S6 and 4E-BP1. Addition-
ally, since rapalogs do not block mTORC1-mediated 4E-
BP1 phosphorylation (Thr 37/46), cancer cells displaying a
phospho-S6low/phospho-4E-BP1high patternmight be intrin-
sically resistant to rapalogs despite the presence of mTORC1
activity in these cells.

Tumor heterogeneity is not restricted to genomic evo-
lution but also includes other types of heterogeneity [3,
94]. For example, physicochemical properties of the tumor
microenvironment, such as oxygen levels and pH values, vary
considerably between tumor regions and therefore contribute
to heterogeneity and influence response to treatment. Indeed,
regions of hypoxia are frequently present in tumors due
to a high rate of cancer cell proliferation combined with
a reduced perfusion caused by structural abnormalities of
blood vessels [95]. Not surprisingly, as mTORC1 is inhibited
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by hypoxia in vitro, several studies have demonstrated that
mTORC1 activity is reduced or absent in tumor hypoxic
regions (Figure 2). For instance, mTORC1 activity as evi-
denced by immunostaining of the phosphorylated form of
S6 ribosomal protein (Ser 235/236) negatively correlated
with pimonidazole staining, a marker of hypoxia in HT29
tumor xenografts andMC-38 tumor allografts [96]. Similarly,
in CAKI-1 tumor xenografts, tumor regions that stained
positive for HIF-1𝛼 had no or little phospho-S6 staining
(Ser 235/236) [97]. Furthermore, in human head and neck
squamous cell carcinoma, the staining pattern of cancer cells
for the hypoxia-regulated glucose transporter Glut-1 was
inversely correlated with phospho-S6 staining (Ser 235/236)
[98]. In addition, treatment of Rag2M mice bearing MCF-7
tumor xenografts significantly decreased tumor hypoxia and
increased mTORC1 activity as demonstrated by Western blot
by reduced HIF-1𝛼 expression and increased S6K1 phospho-
rylation (Thr 412), respectively [99]. In a mouse model of
pancreatic neuroendocrine tumors, phospho-S6 staining (Ser
235/236) was restricted to the normoxic regions of the tumor
following treatment with the antiangiogenic compounds
sunitinib or axitinib [100]. Finally, in patient-derived renal
cell carcinoma tumor xenografts, phospho-S6 staining (Ser
235/236) was predominantly observed around tumor blood
vessels and colocalized with the lactate transporter MCT-1
that is specifically expressed in normoxic tumor regions [101].
Taken together these studies suggest that mTORC1 activity
is predominantly found in the normoxic region of tumors
and further underline that hypoxia, as an environmental
signal, is able to directly influence signaling pathways such
as mTORC1. They further highlight that regional variations
accounting for intratumoral heterogeneity are not only a con-
sequence of random acquisition ofmutations. In other words,
tumor heterogeneity is not limited to clonal differences [3].

Since hypoxic tumor cells still actively participate in
tumor progression, these reports further suggest that tumor
regions displaying low levels of oxygen grow independently of
mTORC1 and are therefore insensitive tomTORC1 inhibition.
Consistent with this hypothesis, it was found that, whereas
rapamycin reduced cancer cell proliferation in nonhypoxic
tumor area, it had no effect in hypoxic tumor regions,
highlighting that rapamycin exerts a tumor region selective
antiproliferative effect [96]. The observation that rapamycin
decreased cancer cell proliferation in the outer well vascu-
larized tumor regions but not in the hypovascular part of
tumors further substantiates this hypothesis [102]. Hence,
these observations suggest that, in cancer therapy, mTORC1
inhibitors should be combined with treatments targeting
the hypoxic tumor compartment. In this context, blocking
carbonic anhydrase IX, which is specifically upregulated by
hypoxia in tumors and participates in tumor progression,
represents a promising approach [103]. In fact, the inhibition
of carbonic anhydrase IX by RNA interference or aceta-
zolamide, a nonspecific inhibitor of carbonic anhydrases,
increased the anticancer efficacy of rapamycin in cancer
mouse models [96].

It is important to note that hypoxia not necessarily leads
to mTORC1 inhibition. Certain cancer cells are able to main-
tain high levels ofmTORC1 activity in hypoxic tumor regions,

which adds another level of complexity to the relationship
between mTORC1 and hypoxia [104]. The molecular mech-
anisms implicated in hypoxia-mediated mTORC1 inhibition
have to some extent been characterized.They involve HIF1𝛼-
induced REDD1 expression [105, 106]. In turn, REDD1 inac-
tivates mTORC1 activity in a TSC1/TSC2 dependent mech-
anism. The Ataxia Telangiectasia Mutated (ATM) protein
also contributes to hypoxia-mediated mTORC1 inhibition by
phosphorylating HIF1𝛼 which is necessary to induce REDD1
expression [104]. Hence, tumor cells harboring disrupted
components of this signaling pathway, such as low levels of
ATM, display a paradoxically elevated mTORC1 activity in
hypoxic tumor regions [104]. In this context, hyperactivating
mutations of mTOR also induce resistance to the inhibition
mediated by high levels of REDD1 and might contribute to
the maintenance of high levels of mTORC1 activity under
hypoxia [89].

Besides hypoxia, tumors also frequently harbor regions
of low pH [107]. Indeed, tumor cells preferentially perform
glycolysis despite the presence of oxygen, hence inducing
acidity and creating a hostile acidic tumormicroenvironment
[108]. Recent in vitro studies support a role of acidity in the
inhibition of mTORC1 [9, 109, 110]. Exposing cancer cells to
acidic pH leads to the downregulation of mTORC1 activity
(Figure 2). Hence, like for hypoxia, cancer cells cultured in
acidic conditions prosper independently of mTORC1. Future
studies are however needed to characterize the molecular
mechanisms involved in acidity-mediated mTORC1 inhibi-
tion and address whether acidity contributes to the mTORC1
activity heterogeneity in tumors.

8. Conclusions

Despite promising anticancer results in preclinical models,
mTORC1 inhibition did not meet the expectations in clinical
trials. Most trials were however performed in advanced
cancer, possibly reducing the chance of success of mTORC1
inhibitors. Nevertheless, several limiting factors have been
identified that help understand the weak clinical response. In
fact, emerging evidence suggests a particularly heterogeneous
activity of mTORC1 in tumors as an important limiting factor
for the efficacy of mTORC1 inhibitors. Several elements con-
tribute to this heterogeneity including genetic and functional
heterogeneity as well as tumor hypoxia. Although tumor
genetic screenings identified mTOR and TSC mutations that
are associated with long term therapeutic benefits, most
tumors eventually relapse within one or two years. Future
therapy approaches will have to acknowledge and approach
tumor heterogeneity, as mTORC1 inhibitors in monotherapy
have failed to cure cancer.
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Monocyte-derived macrophages participate in infaust inflammatory responses by secreting various types of proinflammatory
factors, resulting in further inflammatory reactions in atherosclerotic plaques. Autophagy plays an important role in inhibiting
inflammation; thus, increasing autophagy may be a therapeutic strategy for atherosclerosis. In the present study, hydroxysafflor
yellowA-mediated sonodynamic therapywas used to induce autophagy and inhibit inflammation inTHP-1macrophages. Following
hydroxysafflor yellow A-mediated sonodynamic therapy, autophagy was induced as shown by the conversion of LC3-II/LC3-I,
increased expression of beclin 1, degradation of p62, and the formation of autophagic vacuoles. In addition, inflammatory factors
were inhibited. These effects were blocked by Atg5 siRNA, the autophagy inhibitor 3-methyladenine, and the reactive oxygen
species scavenger N-acetyl cysteine. Moreover, AKT phosphorylation at Ser473 and mTOR phosphorylation at Ser2448 decreased
significantly afterHSYA-SDT.These effects were inhibited by the PI3K inhibitor LY294002, the AKT inhibitor triciribine, themTOR
inhibitor rapamycin,mTOR siRNA, andN-acetyl cysteine.Our results demonstrate thatHSYA-SDT induces an autophagic response
via the PI3K/Akt/mTOR signaling pathway and inhibits inflammation by reactive oxygen species in THP-1 macrophages.

1. Introduction

Atherosclerosis is a common cardiovascular disease linked to
inflammation and is one of themost serious threats to human
health [1–3]. Macrophages accumulate in atherosclerotic
plaques and secrete various proinflammatory factors such as
IL-1, IL-12, and tumor necrosis factor, resulting in further
inflammatory reactions in the lesions and even rupture of
the plaques [4–6]. Reducing the inflammatory infiltration
of macrophages in the plaques would slow or prevent
atherosclerosis progression and enhance plaque stability [7].

Autophagy is a conserved, life-sustaining response to
cellular stress conditions [8, 9]. A growing body of evidence
has shown that autophagy plays a critical role in modulating
atherogenesis and enhancing atherosclerotic plaque stability
[10, 11], a major mechanism underlying autophagy-mediated
inhibition of inflammation [12, 13]. Therefore, induction of

autophagy may be a potential treatment for atherosclerosis.
Mammalian target of rapamycin (mTOR) plays a crucial role
in cell survival and is a key regulator of autophagy [14–16].

Interventional therapy for atherosclerosis is still themajor
choice among clinical patients. Nevertheless, it has some side
effects, such as poor selectivity of interventional tools [17]
and possible postoperative restenosis. Sonodynamic therapy
(SDT) is a novel noninvasive approach [18] based on a
combination of low-intensity ultrasound and a sensitizing
drug (sonosensitizer) to rapidly produce biological changes
among neighboring cells. An initial clinical application of
SDT showed therapeutic benefits in cancer patients [19].
Moreover, our group demonstrated that SDT had a beneficial
effect on atherosclerosis as it could induce apoptosis of
macrophages in vitro [20–22] and effectively stabilized the
atherosclerotic plaques of the rabbit femoral artery [23].
Reactive oxygen species (ROS) were found to be the most
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important factors in the biological effects induced by SDT
in these studies. Many reports have suggested that ROS are
classical autophagy inducers [24, 25], and correspondingly,
autophagy was enhanced after SDT treatment in several cell
types [26–28].

The application of sonosensitizers is one of the most crit-
ical factors for SDT. In recent years, our group has identified
various sonosensitizers derived from the extracts of Chinese
herbs for future clinical use [20, 21, 29]. Hydroxysafflor yellow
A (HSYA) is a major constituent of the hydrophilic fraction
of the safflower plant, a traditional Chinese herbal medicine
with a long history of clinical treatment of cardiovascular
diseases by intravenous injection [30]. Satisfactory water-
solubility andhigh safety ofHSYA [31] promptedus to explore
its sonosensitivity. In this study, we investigated whether
HSYAcould be used as a sonosensitizer andwhether the com-
bination of HSYA and ultrasound (HSYA-SDT) could induce
autophagy and inhibit inflammation via the PI3K/Akt/mTOR
pathway by ROS generation in THP-1 macrophages.

2. Materials and Methods

2.1. Cell Culture. Human THP-1 monocytes (American Type
Culture Collection, Manassas, VA, USA) were cultured in
RPMI 1640 medium (HyClone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS, HyClone, Logan,
UT, USA), 20𝜇g/mL penicillin, and 20 𝜇g/mL streptomycin
(Sigma-Aldrich Co., St. Louis, MO, USA). The cells were
maintained at 37∘C in a humidified incubator with 5% CO

2
,

and the medium was refreshed every 2-3 days. For experi-
ments, the cells were seeded in 35mm Petri dishes or 96-well
plates at a density of 1.0 × 105 cells per milliliter and were dif-
ferentiated into macrophages by adding 100 ng/mL phorbol-
12-myristate-13-acetate (PMA, EMD Biosciences Inc., La
Jolla, CA, USA) for 72 h. All of the studies were carried out
using complete medium to avoid the activation of autophagy
by starvation.

2.2. Ultrasound Exposure System. The ultrasound exposure
system used in this study was assembled by Condensed Mat-
ter Science and Technology Institute of the Harbin Institute
of Technology (Harbin, China), as previously described [21].

2.3. SDT Protocol. HSYA was obtained from Chengdu Must
Bio-Technology Co., Ltd., and was stored in ddH

2
O as a

5mmol/L stock solution at 4∘C in the dark.Working solutions
were freshly diluted to different concentrations by 1640
medium containing 10% FBS.

THP-1 derived macrophages were collected, differenti-
ated, and randomly divided into four groups: (1) Control,
(2) ultrasound alone, (3) HSYA alone, and (4) HSYA with
ultrasound (HSYA-SDT). For the HSYA and HSYA-SDT
groups, the cells were incubated with the indicated doses of
HSYA for a drug loading time of 4 h in FBS-loaded RPMI
1640 medium. For the Control and ultrasound alone groups,
an equivalent volume of medium was used instead of HSYA.
The cells in the ultrasound and HSYA-SDT groups were
exposed to ultrasound at a frequency of 1.0MHz and at

the indicated intensities and times. After the treatments, the
cells were carefully washed once in phosphate-buffered saline
(PBS), cultured in fresh medium for several minutes, and
then prepared for different analyses.

Based on the different types of inhibitory analyses, 10mM
of the autophagy inhibitor 3-methyladenine (3-MA, Sigma-
Aldrich Co., St. Louis, MO, USA), 100 nM of the autophagy
inhibitor bafilomycinA1 (ba A1, Sigma-Aldrich Co., St. Louis,
MO, USA), 50 𝜇Mof the autophagy inhibitor hydroxychloro-
quine (Selleck Chemicals, Houston, TX, USA), 5𝜇M of the
AKT inhibitor triciribine (Selleck Chemicals, Houston, TX,
USA), 5 𝜇M of the PI3K agonist insulin-like growth factors-1
(IGF-1, R&D Systems, Inc., Minneapolis, USA), 5𝜇M of the
PI3K inhibitor LY294002 (Selleck Chemicals, Houston, TX,
USA), and 1 𝜇M of the mTOR inhibitor rapamycin (Rapa,
Selleck Chemicals, Houston, TX, USA) were added to the
culture medium together with HSYA for 4 h. Additionally,
1mM of the ROS scavenger N-acetyl-cysteine (NAC) was
added 30min before HSYA-SDT.

2.4. Cell Viability Assay. Cell survival was detected using
CCK-8 assays (Beyotime Biotechnology, Inc., Beijing,
China). THP-1 macrophages were seeded in 96-well culture
plates, and after treatment, the plate was carefully washed
once in PBS at the indicated time. Then, 100𝜇L of medium
containing CCK-8 was added to each well (the ratio of
medium and CCK-8 volume was 9 : 1). After the plates were
incubated for 30min at 37∘C in the dark, the absorption at
450 nm of each well was measured using a microplate reader
(Varian Australia Pty Ltd., Australia). The data are shown as
the average of five wells for each group.

2.5. Detection of Intracellular ROS. Intracellular ROS mea-
surement was performed by measuring the fluorescence
intensity of 2,7-dichlorofluorescein (DCF). The cells were
washed with PBS and then stained with 20𝜇Mdichlorodihy-
drofluorescein diacetate (DCFH-DA, Applygen Technologies
Co., Ltd., Beijing, China) for 15min at 37∘C in the dark
at the indicated time after HSYA-SDT. Then, the cells were
washed twice with PBS. For flow cytometry analysis, the
cells were harvested, and the fluorescence signals produced
were analyzed by using a FACSVerse flow cytometer (BD,
Germany). Fluorescence was measured with a fluorescence
microscope (Olympus IX81, Japan) at 488 nm excitation and
525 nm emission wavelengths, and photos were taken.

2.6. Transmission Electron Microscopy Examination. At
30min after HSYA-SDT, the cells were harvested by
centrifugation and analyzed as previously described [20].
The images were observed and obtained with a transmission
electron microscope (JEM-1220, Japan).

2.7.Western Blotting Assay. At the indicated times after treat-
ment, RIPA lysis buffer was used to extract the total cellular
proteins on ice.The protein concentration was detected using
a bicinchoninic acid (BCA) kit (Beyotime Biotechnology,
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Inc., Beijing, China). Denatured protein samples were sepa-
rated using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto 0.45𝜇mPVDF
membranes (Millipore, Schwalbach, Germany) at 300mA.
After the membranes were blocked at room temperature
for 1 h in blocking buffer containing 5% dried skim milk
diluted with Tris-buffered saline-Tween 20 (TBST), they were
incubated with primary antibodies against LC3B (Sigma-
Aldrich Co., St. Louis, MO, USA), p62, mTOR, p-mTOR,
AKT, p-AKT, Atg5 (Cell Signaling Technology, Inc., USA),
beclin 1, IL-1𝛽, IL-12, TNF-𝛼 (Abcam, Burlingame, CA,USA),
and 𝛽-actin (ZSGB-BIO, Inc., Beijing, China, all primary
antibodies above were diluted 1 : 1000) at 4∘C overnight. After
themembranes were washed with TBST, they were incubated
withHRP-conjugated secondary antibodies (ZSGB-BIO, Inc.,
Beijing, China, all secondary antibodies above were diluted
1 : 5000) for 90min at room temperature. After the mem-
branes werewashedwith TBST again, the immune complexes
were detected by enhanced chemiluminescence reagents.
The images were quantified using a Bio-Rad ChemiDoc EQ
densitometer and Bio-Rad Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA).

2.8. Monodansylcadaverine (MDC) Staining. MDC is a
phospholipid-specific marker for lysosomal activity and
fused autolysosomes, which appear as distinct dot-like struc-
tures. MDC is widely used for autophagic vacuole detection.
At 30min after HSYA-SDT, cells were incubated with MDC
(50𝜇M, Cayman Chemical Co., USA) for 30min at 37∘C
in the dark. After the cells were labeled, they were washed
carefully with PBS, and the images were observed by fluores-
cence microscopy at 372 nm excitation and 456 nm emission
wavelengths.

2.9. Immunofluorescence. The cells were seeded in 20mm
glass-bottom cell culture dishes. After treatment, the cells
were fixed with 4% paraformaldehyde for 30min and perme-
abilized with 0.1% Triton X-100 for 20min. Then, cells were
blocked with 3% bovine serum albumin (BSA) for 30min
at room temperature and incubated with anti-LC3 antibody
(1 : 100, Santa Cruz Biotechnology, Inc., USA) overnight at
4∘C.The cells werewashed twicewith PBS and incubatedwith
the corresponding secondary antibody for 1 h at 37∘C. Nuclei
were stained with DAPI for 5min at 37∘C in the dark. After
the cells were washed twice with PBS, they were examined by
laser-scanning confocalmicroscopy (LSCM; LSCM510Meta;
Zeiss, Gottingen, Germany).

2.10. Transfection of Small Interfering RNA (siRNA). Knock-
down of Atg5 or mTOR in macrophages was performed
using siRNA oligonucleotides targeting the cDNA sequence
of human Atg5 and mTOR according to the manufacturer’s
protocols (Invitrogen Life Technologies, Inc., Carlsbad, CA,
USA). The cells were incubated in 35mm dishes and
transfected with siRNA. An irrelevant 21 nucleotide siRNA
(GenePharma Co., Ltd., Shanghai, China) was used as the
negative Control. First, 10 𝜇L of siRNA (20𝜇M) was mixed
with 100 𝜇L Opti-MEMmedia (Invitrogen Life Technologies,

Inc., Carlsbad, CA, USA). In addition, 10 𝜇L X-tremeGene
Transfection Reagent (Roche, Basel, Switzerland) was mixed
with 100 𝜇L Opti-MEM. Then, the two samples were mixed
together and combined for 20min. The mixtures were added
to each Petri dish containing fresh medium and incubated
for 6 h at 37∘C in the dark. Medium was then changed to
antibiotic-free FBS-loaded RPMI 1640 medium for 48 h at
37∘C in the dark.

Atg5 siRNA Duplexes

S1 (sense, GCAGUGGCUGAGUGAACAUTT, anti-
sense, AUGUUCACUCAGCCACUGCTT)
S2 (sense, CCAUCAAUCGGAAACUCAUTT, anti-
sense, AUGAGUUUCCGAUUGAUGGTT)
S3 (sense: GCUUCGAGAUGUGUGGUUUTT; anti-
sense: AAACCACACAUCUCGAAGCTT)

mTOR siRNA Duplexes

S1 (sense, CCACCCGAAUUGGCAGAUUTT, anti-
sense, AAUCUGCCAAUUCGGGUGGTT)
S2 (sense, GCAAAGAUCUCAUGGGCUUTT, anti-
sense, AAGCCCAUGAGAUCUUUGCTT)
S3 (sense, CCAAGAUACCAUGAACCAUTT, anti-
sense, AUGGUUCAUGGUAUCUUGGTT)

2.11. Enzyme Linked Immunosorbent Assay (ELISA). For
detection of the cytokines released by THP-1 macrophages
in vitro, the cell supernatant was collected after treatment,
and TNF-𝛼, IL-12, and IL-1𝛽 were measured by ELISA
kits (Elabscience Biotechnology Co., Ltd., Wuhan, China)
following the manufacturer’s protocols.

2.12. Statistical Analysis. All experiments were replicated
independently at least three times. The data were analyzed
using one-way analysis of variance (ANOVA) and are pre-
sented as the mean ± standard deviation (SD). Statistical
significance was defined as 𝑝 < 0.05.

3. Results

3.1. Physical Optics Characterization ofHSYAand SDTParam-
eter Selection. Figure 1(a) shows the chemical structure,
absorption spectrum, and fluorescence emission spectrum of
HSYA. ROS generation is considered themajormechanismof
SDT; therefore, we measured the ROS production using the
intracellular ROS probe DCFH-DA. The green fluorescence
increased slightly in the HSYA alone and ultrasound alone
groups, whereas it increased substantially in the SDT group.
The increase in ROS production could be blocked by the ROS
scavenger NAC (Figure 1(b)). Thus, we showed that HSYA
could be used as a sonosensitizer.

To select the optimal conditions for HSYA-SDT, we
determined the cell viabilities after different treatments using
CCK-8 assays. Ultrasound intensity and exposure time,
HSYA concentration, and time were optimized to ensure that
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Figure 1: Physical optics characterization of HSYA and SDT parameter selection. (a) The chemical structure, absorption spectrum, and
fluorescence emission spectrum of HSYA (dissolved in ddH

2
O). (b) Intracellular ROS generation of THP-1 macrophages was measured by

DCFH-DA staining (scale bar: 50 𝜇m). (c) Effects ofHSYAwith orwithout ultrasound irradiation on the viability of THP-1macrophages.With
(1) different concentrations of HSYA, (2) different HSYA exposure time, (3) different ultrasound intensity, (4) different ultrasound exposure
time, (5) HSYA-SDT (different concentrations) (0.4W/cm2 ultrasound irradiation), (6) HSYA-SDT (0.6mmol/L) (different ultrasound
intensity), (7) HSYA-SDT (0.6mmol/L) (different ultrasound exposure time), and (8) HSYA-SDT (0.6mmol/L) (different time after SDT),
cell viabilities were analyzed by CCK-8 assays. (d) Effects of different solvents of HSYA with or without ultrasound on the viability of THP-1
macrophages. Cell viabilities were analyzed by CCK-8 assays. (e) LC3-Ι, LC3-ΙΙ, p62, and beclin 1 protein expression was analyzed byWestern
blots post-HSYA-SDT (different concentrations), and quantifications of the LC3-ΙΙ/LC3-Ι ratio, p62, and beclin 1 are shown. All data aremean
± standard error (𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus Control.

the ultrasound, HSYA alone, or a combination treatment did
not affect cell survival. The data showed that the survival rate
decreased significantly at a concentration of 2mmol/L HSYA
concentration (Figure 1(c)(1)). Cell viability was maintained
during 0.6mmol/L HSYA with increasing incubation time
until 8 h (Figure 1(c)(2)) and also maintained until 0.8 w/cm2
of ultrasound alone (Figure 1(c)(3)) and remained stable at
0.4 w/cm2 ultrasound irradiation with increasing exposure
time (Figure 1(c)(4)). When we used the HSYA together
with ultrasound exposure, cell viability was maintained until
0.6mmol/L HSYA concentration, 0.4 w/cm2, and 10min
ultrasound irradiation (Figure 1(c)((5)–(7))).Thus, for safety,
we chose a 10min exposure time, 0.4 w/cm2 as the ultrasound
parameters, and a HSYA concentration less than 0.8mmol/L.
Cell viability was maintained stably until 4 h after SDT
(Figure 1(c)(8)). Moreover, we also used dimethyl sulfoxide
(DMSO) for the HSYA solution and compared it to ddH

2
O.

As shown in Figure 1(d), DMSO as a solvent could lead to
significant cytotoxicity regardless of the occurrence of HSYA-
SDT. Thus, we chose ddH

2
O to be the solvent.

To determine the effect of HSYA-SDT on autophagy,
we examined the expression of autophagy-related proteins
by Western blots. LC3 processing is a classical marker of
autophagy, and the amount of LC3-II levels is correlated
with the formation of autophagic vacuoles [32]. Beclin 1 is
an autophagy-related gene and a critical factor that affects
the induction of autophagy [33]. Additionally, p62 can bind
to the autophagosome membrane for degradation of target
aggregates in autophagosomes [34]. LC3-II, beclin 1, and
p62 degradation increased significantly following the com-
bination of ultrasound and 0.6mmol/L HSYA (Figure 1(e)).
Accordingly, we chose 0.6mmol/L HSYA in HSYA-SDT in
THP-1 macrophages.

3.2. HSYA-SDT Induced Autophagy in THP-1 Macrophages.
Macrophage ultrastructure was observed using TEM to
further assess the autophagy-inducing effects of HSYA-SDT.
Cells treated with HSYA-SDT had autophagosomes with
distinct double membranes or myelin figures, while these
structures were rare in the Control groups (Figure 2(a)).
MDC staining indicated an increase inMDC-labeled vesicles
in the HSYA-SDT group, while in the other groups, diffuse
staining with minimal puncta was observed (Figure 2(b)).
Thus, autophagic vacuoles formation was induced following
HSYA-SDT. The conversion of LC3-I to LC3-II and expres-
sion of p62 and beclin 1 at various time points post-HSYA-
SDT were examined by Western blots. First, we analyzed
these variables at 0.5 h, 1 h, 2 h, 4 h, and 6 h; LC3-II and beclin
1 increased significantly concomitant with decreased p62 at
0.5 h after HSYA-SDT (Figure 2(c)). Then, we narrowed the
range to 0min, 15min, 30min, 45min, and 60min and found
that increases in LC3-II and beclin 1 and degradation of p62
were the strongest at 30min after HSYA-SDT (Figure 2(d)).
Hence, 30min after HSYA-SDT was the peak time for
induction of autophagy in THP-1 macrophages. Additionally,
we evaluated the relative fluorescence of LC3 using confocal
laser-scanning microscopy. HSYA-SDT-treated macrophages
showed a greater number of LC3-stained punctate spots
than those in other groups (Figure 2(e)). These results
indicated that HSYA-SDT could induce autophagy in THP-1
macrophages and the peak time was 30min after HSYA-SDT.

We used 3-MA, a common autophagy inhibitor, and
hydroxychloroquine, and ba A1, inhibitors of autophagy that
block LC3-II degradation. HSYA-SDT-induced LC3 conver-
sion and p62 degradation were suppressed by 3-MA, and
both LC3-II and p62 levels increased significantly after pre-
treatment with hydroxychloroquine and ba A1 (Figure 2(f)),
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Figure 2: Continued.
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Figure 2: HSYA-SDT induced autophagy in THP-1 macrophages. (a) Morphological alterations of THP-1 macrophages were observed using
TEM. Red arrows indicate the autophagosomes (scale bar: 2 𝜇m). (b) Autophagic vacuoles induced by different treatments were observed
using MDC staining of HSYA-SDT-treated cells with or without 3-MA (10mM) pretreatment. THP-1 macrophages were incubated with
MDC (50𝜇M) for 30min at 30min after HSYA-SDT (scale bar: 20 𝜇m). (c) LC3-Ι, LC3-ΙΙ, p62, and beclin 1 protein expression was analyzed
byWestern blots at different time points after HSYA-SDT, and quantifications of the LC3-ΙΙ/LC3-Ι ratio, p62, and beclin 1 are shown. (d) LC3-
Ι, LC3-ΙΙ, p62, and beclin 1 protein expression was analyzed by Western blots at different time points after HSYA-SDT, and quantifications
of the LC3-ΙΙ/LC3-Ι ratio, p62, and beclin 1 are shown. (e) Cells were stained with an anti-LC3 antibody and DAPI at 30min after HSYA-
SDT (scale bar: 5 𝜇m). (f) The effect of 3-MA, hydroxychloroquine, and ba A1 with or without HSYA-SDT on the expression levels of the
autophagy-related proteins p62 and LC3 and quantifications of the LC3-ΙΙ/LC3-Ι ratio and p62 are shown. All data are mean ± standard error
(𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus Control.

which indicated an intact autophagic flux following HSYA-
SDT.

3.3. HSYA-SDT Induced Autophagy by Inhibiting the PI3K/
AKT/mTOR Signaling Pathway in THP-1 Macrophages.
mTOR is a signalingmolecule of the PI3K/AKT/mTOR path-
way and closely associated with the inhibition of autophagy
[35, 36]. The total and phosphorylated levels of AKT and
mTOR were measured to determine whether the PI3K/
AKT/mTOR pathway was involved in HSYA-SDT-induced
autophagy. As shown in Figure 3(a), the AKT phospho-
rylation at Ser473 and mTOR phosphorylation at Ser2448
decreased significantly after HSYA-SDT. Additionally, signif-
icant decreases in the levels of p-AKT, p-mTOR, and p62 and
significant increases in LC3-II and beclin 1 were observed
after pretreatment of the cells with the PI3K inhibitors
LY294002 (Figure 3(b)), the AKT inhibitors triciribine (Fig-
ure 3(c)), and the mTOR inhibitors rapamycin (Figure 3(d))
prior toHSYA-SDT treatment, respectively.The levels of AKT
phosphorylation at Ser473 and mTOR phosphorylation at
Ser2448 increased significantly after pretreatment with the
PI3K agonist IGF-1 (Figure 3(e)). These results indicated that

p-AKT and p-mTOR were key factors involved in HSYA-
SDT-induced autophagy in THP-1 macrophages.

3.4. Knockdown of Atg5 or mTOR Had Different Effects on
HSYA-SDT-Induced Autophagy in THP-1 Macrophages. To
further examine the autophagy induced by HSYA-SDT, we
knocked down the autophagy-related proteins Atg5 (Fig-
ure 4(a)) and mTOR (Figure 4(b)) using siRNA. HSYA-
SDT-induced LC3 conversion and p62 degradation were
suppressed by knockdown of Atg5, but LC3-II and p62 degra-
dation increased significantly after knockdown of mTOR
(Figure 4(c)). MDC staining showed an increase in MDC-
labeled vesicles in the mTOR knockdown group and a
decrease in the Atg5 knockdown group compared with
that of the HSYA-SDT group (Figure 4(d)). As shown in
Figure 4(e), ELISAs showed a decrease of the inflammatory
factors TNF-𝛼, IL-12, and IL-1𝛽 in cell supernate in themTOR
knockdown group but an increase in the Atg5 knockdown
group compared to that in the HSYA-SDT group. These
results suggested that HSYA-SDT-induced autophagy and
inflammation inhibition could be blocked by knockdown of
Atg5 but was activated by knockdown of mTOR.
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Figure 3: Continued.
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Figure 3: HSYA-SDT induced autophagy by inhibiting the PI3K/AKT/mTOR signaling pathway in THP-1 macrophages. (a) mTOR, p-
mTOR (Ser 2448), AKT, and p-AKT (Ser 473) protein expression was analyzed by Western blots at different time points after HSYA-SDT,
and quantifications of the p-mTOR/mTOR ratio and p-AKT/AKT ratio are shown. (b) The effect of LY294002 on the expression levels of
mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473), LC3-Ι, LC3-ΙΙ, p62, and beclin 1 protein at 30min after SDT, and quantifications of the
proteins above are shown. (c) The effect of triciribine on the expression levels of mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473), LC3-Ι,
LC3-ΙΙ, p62, and beclin 1 protein at 30min after SDT, and quantifications of the proteins above are shown. (d) The effect of rapamycin on
the expression levels of mTOR, p-mTOR (Ser 2448), LC3-Ι, LC3-ΙΙ, p62, and beclin 1 protein at 30min after SDT, and quantifications of the
proteins above were shown. (e) The effect of IGF-1 on the expression levels of mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473), LC3-Ι,
LC3-ΙΙ, p62, and beclin 1 protein at 30min after SDT, and quantifications of the proteins above were shown. All data are mean ± standard
error (𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus Control.

3.5. HSYA-SDT Inhibited Expression and Secretion of Inflam-
matory Factors in THP-1 Macrophages. To further deter-
mine whether autophagy induced by HSYA-SDT plays an
important role in inhibiting inflammation, we performed
Western blots and ELISAs of THP-1 macrophages to detect
the expression and secretion of the inflammatory factors

TNF-𝛼, IL-12, and IL-1𝛽. As shown in Figure 5(a), TNF-𝛼,
IL-12, and IL-1𝛽 levels decreased significantly after HSYA-
SDT. Moreover, ELISAs also confirmed the decrease in
the inflammatory factors TNF-𝛼, IL-12, and IL-1𝛽 in cell
supernatant of the HSYA-SDT group compared to that of
the Control group, HSYA alone group, ultrasound alone
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Figure 4: Knockdown of Atg5 or mTOR had different effects on HSYA-SDT-induced autophagy in THP-1 macrophages. (a) Representative
Western blots and quantification of Atg5 following siRNA treatment are shown. (b) RepresentativeWestern blots and quantification of mTOR
and p-mTOR following siRNA treatment are shown. (c) LC3-Ι, LC3-ΙΙ, and p62 protein expression was analyzed byWestern blots post-HSYA-
SDT following Atg5 or mTOR siRNA treatment, and quantifications of the LC3-ΙΙ/LC3-Ι ratio and p62 are shown. (d) Autophagic vacuoles
were analyzed using MDC staining in HSYA-SDT-treated cells following Atg5 or mTOR siRNA treatment (scale bar, 20 𝜇m). (e) ELISAs of
the inflammatory factors TNF-𝛼, IL-12, and IL-1𝛽 secreted by THP-1 macrophages following Atg5 or mTOR siRNA treatment. All data are
mean ± standard error (𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus Control.
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Figure 5: HSYA-SDT could inhibit expression of inflammatory factors in THP-1 macrophages. (a) Protein extracts from untreated cells
(Control) and cells treated with HSYA, ultrasound, HSYA-SDT, or 3-MA prior to HSYA-SDT were analyzed byWestern blots to detect TNF-
𝛼, IL-12, and IL-1𝛽. Quantifications of protein expression are also provided. (b) ELISAs of the inflammatory factors TNF-𝛼, IL-12, and IL-1𝛽
secreted by THP-1macrophages with different treatments. All data aremean± standard error (𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001
versus Control.
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group, and 3-MA pretreatment group (Figure 5(b)). These
results suggested that HSYA-SDT could inhibit expression
and secretion of inflammatory factors in THP-1 macrophages
through activation of autophagy.

3.6. Autophagy Triggered byHSYA-SDT through the PI3K/Akt/
mTOR Pathway and the Inhibition of Inflammatory Factors
Were Suppressed by the ROS Scavenger NAC. Production of
ROS was analyzed using DCFH-DA staining by flow cytome-
try.TheROS levels increased followingHSYA-SDT compared
to those of the Control group, NAC alone group, and NAC
pretreatment with HSYA-SDT group (Figure 6(a)). These
data demonstrated that HSYA-SDT-induced ROS production
could be effectively blocked by the ROS scavenger NAC.

To investigate whether the autophagy induced by HSYA-
SDTwas associated with the generation of ROS, we examined
p62 degradation, LC3 conversion, beclin 1 expression, and
the total and phosphorylated levels of AKT and mTOR
following pretreatmentwithNACbyWestern blots. As shown
in Figure 6(b), significant decreases in the levels of p-AKT,
p-mTOR, and p62 and significant increases in LC3-II and
beclin 1 post-HSYA-SDT were inhibited by NAC. Addi-
tionally, pretreatment with NAC after HSYA-SDT increased
the expression and secretion of TNF-𝛼, IL-12, and IL-1𝛽
compared with those of the HSYA-SDT alone group (Figures
6(c) and 6(d)). Thus, we showed that HSYA-SDT induced
autophagy and inhibited inflammatory factors through ROS
production.

3.7. Schematic Diagram of the Proposed Mechanism Under-
lying HSYA-SDT-Induced Autophagy and Inflammation Inhi-
bition in THP-1 Macrophages. Taken together, as illustrated
schematically in Figure 7, findings from the present study
have demonstrated that HSYA-SDT induces an autophagic
response via the PI3K/Akt/mTOR signaling pathway and
inhibits inflammation by ROS in THP-1 macrophages.

4. Discussion

In the initiation and development of atherosclerosis,
monocyte-derived macrophages participate in inflammatory
responses by secreting various inflammatory factors [37]. In
the present study, we selected THP-1 macrophages as a cell
model and IL-1𝛽, IL-12, and TNF-𝛼 as typical inflammatory
factors.

The generation of ROS is considered to be the most
important mechanism of SDT [25, 38, 39]. In the present
study, a significant increase of ROS generation was detected
in the HSYA-SDT group compared to that of the Control
groups. Moreover, scavenging of ROS significantly inhibited
autophagy, indicating that HSYA-SDT-induced ROS gen-
eration activated autophagy in THP-1 macrophages. These
results are consistent with those of other SDT-related studies
[25, 38, 39]. Blockage of ROS could also diminish the HSYA-
SDT-induced inflammatory inhibition in our study, in con-
trast to several previous reports regarding the proinflamma-
tory function of ROS, such as Lee and Yang [40]. To generate
an optimal ROS level, we assayed HSYA-SDT parameters

in THP-1 macrophages based on cell safety and the ability
to induce autophagy. However, ROS overproduction was
observed in other studies [40]. Therefore, varying ROS levels
may account for the difference in results.

The rapidly expanding body of literature on SDT has
shown that the development of sonosensitizers is one of the
most essential factors in this treatment. In recent years, our
group has identified sonosensitizers derived from extracts of
Chinese herbs, including hypericin, curcumin, and hydroxyl
acetylated curcumin [2, 20, 21]. However, further animal
experiments and clinical translation of these sonosensitizers
are limited by their lipophilic properties and rare application
in the clinic. HSYA is isolated from the hydrophilic fraction
of a traditional Chinese herbal medicine, safflower plant. It
is generally used in the clinical treatment of ischemic dis-
eases, trauma, cardiovascular diseases, and cerebrovascular
diseases by intravenous injection [30, 31]. Thus, HSYA has
higher water-solubility and safety than those of the above
sonosensitizers. In the present study, we investigated whether
HSYA could be used as a sonosensitizer.

Autophagy is a complex intracellular process for cytoplas-
mic component delivery [8]. In the present study, expression
of autophagy-related proteins, MDC staining, and TEM data
showed induction of autophagy in the HSYA-SDT group,
but application of HSYA or ultrasound alone did not have
these effects. Moreover, the autophagy induced by HSYA-
SDT changed in a time-dependent manner and peaked at
30min posttreatment, which is similar to the induction of
autophagy following protoporphyrin IX-SDT of K562 cells as
reported by Su et al. [41].

mTOR is a serine/threonine protein kinase that plays an
important role in cell survival, proliferation, and metabolism
[42, 43]. The PI3K/AKT/mTOR signaling pathway is a
classical autophagic pathway. In the present study, AKT
phosphorylation at Ser473 and mTOR phosphorylation at
Ser2448 decreased significantly after HSYA-SDT of THP-1
macrophages. The inhibitors of this pathway, mTOR siRNA,
reduced AKT and mTOR phosphorylation. Moreover, block-
age of ROS reversed the HSYA-SDT-induced decrease in
AKT and mTOR phosphorylation. These results indicated
that suppression of the PI3K/AKT/mTOR signaling pathway
was involved in the HSYA-SDT-induced autophagy via ROS
production.

In atherosclerosis, activation of inflammation can lead
to protease secretion, tissue destruction, and plaque rupture
[44–46]. IL-1𝛽, IL-12, and TNF-𝛼 are typical inflammatory
factors, and in the present study, the expression and secretion
of these inflammatory factors were significantly reduced
after HSYA-SDT. These changes were reversed by autophagy
inhibition and ROS blockage. These results indicated that
autophagy induced byHSYA-SDT inhibited inflammation via
ROS generation in THP-1 macrophages.

In conclusion, our study suggests that HSYA-mediated
SDT induces an autophagic response through suppression of
the PI3K/Akt/mTOR signaling pathway and inhibits inflam-
mation by ROS in THP-1 macrophages. Further animal
studies should be performed to develop SDT as a novel
treatment for atherosclerosis.
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Figure 6: Continued.
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Figure 6: Autophagy triggered by HSYA-SDT through the PI3K/Akt/mTOR pathway and the inhibition of inflammatory factors were
suppressed by the ROS scavenger NAC. (a) The relative fluorescence intensity of ROS generation detected in THP-1 macrophages with or
without pretreatment with NAC was measured by flow cytometry. (b) The effect of NAC on the expression levels of mTOR, p-mTOR (Ser
2448), AKT, p-AKT (Ser 473), LC3-Ι, LC3-ΙΙ, p62, and beclin 1 at 30min after SDT was determined, and quantifications of the proteins
above are shown. (c) Protein extracts from untreated cells (Control) and cells treated with NAC, HSYA-SDT, or NAC prior to HSYA-SDT
were analyzed by Western blots to detect TNF-𝛼, IL-12, and IL-1𝛽. Quantifications of protein expression are also provided. (d) ELISAs of the
inflammatory factors TNF-𝛼, IL-12, and IL-1𝛽 secreted by THP-1 macrophages with or without pretreatment by NAC. All data are mean ±
standard error (𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus Control.
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Figure 7: Schematic diagram of the proposed mechanism underlying HSYA-SDT-induced autophagy and inflammation inhibition in THP-
1 macrophages. HSYA-mediated SDT induces an autophagic response through the PI3K/Akt/mTOR signaling pathway mediated by ROS,
thereby inhibiting inflammation.
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