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Abstract
Doxorubicin (DOX) is a chemotherapy drug known to induce metabolic changes in the heart, leading to potential heart
toxicity. These changes impact various cellular functions and pathways such as disrupting the mechanistic target of
rapamycin (mTOR) signaling pathway. The study aimed to investigate the effect of DOX on the mTOR pathway through an
in vivo systematic review. Databases were searched on September 11, 2023. We finally included 30 in vivo studies that
examined the mTOR expression in cardiac tissue samples. The present study has shown that the PI3K/AKT/mTOR, the
AMPK/mTOR, the p53/mTOR signaling, the mTOR/TFEB pathway, the p38 MAPK/mTOR, the sestrins/mTOR, and the
KLF15/eNOS/mTORC1 signaling pathways play a crucial role in the development of DOX-induced cardiotoxicity.
Inhibition or dysregulation of these pathways can lead to increased oxidative stress, apoptosis, and other adverse effects on
the heart. Strategies that target and modulate the mTOR pathways, such as the use of mTOR inhibitors like rapamycin, have
the potential to enhance the anticancer effects of DOX while also mitigating its cardiotoxic side effects.
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Introduction

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that functions as an important regulator of cell
growth, proliferation, metabolism, and survival in response to
environmental and nutritional signals [1]. mTOR is a key
component of two distinct complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), each playing
specific roles in cellular regulation [2]. The mTORC1 regulates
protein synthesis, cell growth, and autophagy [1]. In contrast,

mTORC2 is involved in the regulation of cell survival, meta-
bolism, and cytoskeleton organization [1]. It has been docu-
mented that the mTOR pathway plays a crucial role in the
development and progression of cancer [3]. Doxorubicin
(DOX) is a widely used chemotherapeutic agent with potent
anticancer effects [4]. The anticancer effect of DOX may be
mediated through its ability to inhibit the mTOR signaling
pathways, and subsequently suppress cell growth and pro-
liferation [5]. This inhibition of mTOR can be achieved
through several mechanisms, such as the activation of the
AMP-activated protein kinase (AMPK) and the inhibition of
the phosphoinositide 3-kinase (PI3K)/AKT pathway [6].
AMPK is a main cellular energy sensor that negatively reg-
ulates the mTOR pathway in response to an energy-deficit
condition, leading to enhanced ATP generation and the inhi-
bition of energy-consuming processes [7, 8]. Several studies
have revealed that DOX activates the AMPK pathway in
various cancer cell lines and animal models [6, 9, 10]. AMPK
activation is mediated following the inhibition of mitochondrial
respiration, induction of oxidative stress, and disruption of
calcium homeostasis due to DOX treatment [11, 12]. The
PI3K/AKT pathway, as a central signaling cascade, is up-
regulated in response to energy depletion and nutrient depri-
vation conditions [13]. Activated PI3K leads to the generation
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of phosphatidylinositol-3,4,5-trisphosphate (PIP3), which in
turn activates the serine/threonine kinase AKT [13]. Activated
AKT can directly phosphorylate and inhibit the tuberous
sclerosis complex (TSC2), a negative regulator of mTOR [14].
DOX treatment has been observed to decrease the phosphor-
ylation and activation of key components in the PI3K/AKT
pathway, including PI3K, AKT, and their downstream targets
[14]. Down-regulating the PI3K/AKT signaling pathway by
DOX is introduced as one of its mechanisms of anticancer
activity [14]. Moreover, DOX induces autophagy, a cellular
process that involves the degradation and recycling of damaged
or unnecessary cellular components [15]. The mTOR pathway
also regulates this process, and the induction of autophagy by
DOX can contribute to its anticancer effects [15].

DOX has shown a significant effect on the cardiac
mTOR pathway [1]. The impact of DOX on this pathway
can lead to alterations in cardiac metabolism and energy
balance, contributing to the development of cardiotoxicity
[1, 16]. Several studies have investigated how DOX affects
changes in the mTOR signaling pathway [1]. Some results
suggested a decrease in mTOR protein activation in cardiac
tissue, while others suggested an increase [1]. Moreover,
some studies show that DOX increases cardiac autophagy,
which mitigates the detrimental effects of DOX on cardiac
cells [17]. Others reported a decrease in autophagic activity,
which may lead to the accumulation of damaged proteins
and organelles, contributing to cardiotoxicity [17]. Gen-
erally, the contrasts may appear from differences in
experimental conditions, dosages, treatment duration, and
the specific models used (in vivo and in vitro) [1, 17].
Therefore, this study aimed to systematically review the
existing scientific literature on the involvement of the
mTOR pathway in the cardiotoxic effects induced by DOX.

Material and Methods

Protocol and Registration

This study adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guideline (Fig. 1). The protocol for the current study was
registered with the International Prospective Register of
Systematic Reviews (PROSPERO: CRD42023452058).
Additionally, this research was approved by the
Ethics Committee of Kermanshah University of Medical
Sciences, Kermanshah, Iran (Approval Number:
IR.KUMS.REC.1402.172).

Search Strategy

On September 11, 2023, a systematic search of PubMed,
Web of Science, and Scopus was conducted without

restriction on date of coverage. The search was limited to
literature published in the English language. The keywords
used included “Doxorubicin,” “DOX,” “Adriamycin,”
“Adriblastin,” “Adriablastin,” “Rubex,” “mTOR,” “mTOR
complex,” “mammalian target of rapamycin,” “mTORC1,”
and “mTORC2.”

Eligibility Criteria

Two reviewers (S.G. and Z.V.) independently assessed the
eligibility of the studies, and any disagreement were
resolved by a third reviewer (F.Y.). All studies were eval-
uated on the PICO principles: participants (P): animals;
intervention (I): DOX treatment; comparison (C): control
group; outcome (O): cardiac mTOR expression.

The inclusion criteria were as follows: (1) all animal
studies that utilized DOX as an intervention; (2) studies
with a vehicle-treated control group or an untreated
group; and (3) studies that measured cardiac mTOR
expression. There were no limitations regarding the
route, dosage, or duration of treatment, and no restric-
tions were placed on the types of study designs eligible
for inclusion.

The exclusion criteria were as follows: (1) studies that
were not conducted on animals; (2) in vitro, ex vivo, or
human studies; (3) studies that did not measure cardiac
mTOR expression: (4) studies without a control group; and
(5) studies that did not utilize DOX as an intervention.
Additionally, review papers, letters to the editors, book
chapters, posters, oral presentations, conference abstracts,
nonpeer-reviewed papers, and editorials were also excluded.

Data Extraction and Quality Assessment

The data were independently extracted by two reviewers (Z.V.
and M.H.) and included: (1) the first author names and pub-
lication year; (2) species, sex, age, weight, and sample size of
the animals; (3) control group; (4) DOX cumulative dose, route
of administration, and duration of treatment; and (5) outcomes,
including mTOR, AMPK, and AKT expressions, as well as
ATP and AMP/ATP ratio. The quality assessment of the
included studies was conducted using SYRCLE’s risk of bias
tool by two reviewers (S.S. and M.H.), with any disparities
resolved by a third reviewer (F.Y.).

Results

Literature Search and Basic Characteristics of the
Included Studies

Initially, 1879 publications were obtained through searches
of the databases (PubMed, Scopus, and Web of Science).
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After removing duplicates, 834 articles underwent screen-
ing. Following a review of titles and abstracts, 786 articles
were excluded. Subsequently, 48 articles were identified for
further consideration based on full text. Ultimately, 17
articles were excluded due to irrelevance, resulting in 31
related studies included in the qualitative synthesis (Fig. 1).
The characteristics of the included studies are summarized
in Table 1. The majority of the studies (22 studies) were
conducted in mice, while the remaining 9 involved rats.

Risk of Bias of Included Studies

The included studies were assessed for risks of bias using
the SYRCLE’s risk of bias tool, which covered aspects such
as random group allocation, baseline similarities, blinded
group allocation, random housing, blinded interventions,
random outcome assessment, blinded outcome assessment,
incomplete outcome data, selective outcome reporting, and
conflict of interest. Two review authors (S.G. and S.S.)
independently evaluated the risk of bias, categorizing

responses as “yes,” “no,” or “unclear”. The findings, as
detailed in Table 2, revealed that the majority of included
studies exhibited a predominant unclear risk of bias.

Discussion and Conclusion

The mTOR protein plays a crucial role in the anticancer
effects of DOX as well as its cardiotoxic side effects. DOX
can inhibit the mTOR pathway, leading to suppression of
cell growth and proliferation in cancer cells. However,
prolonged or dysregulated activation of the mTOR pathway
can lead to cardiac apoptosis and autophagy, contributing to
DOX-induced cardiotoxicity. While autophagy is typically
viewed as a protective process that sustains cell viability by
recycling damaged cellular components, it can become
dysregulated, leading to harmful effects on the cardiac cell
[18]. Autophagic cell death has been identified as a con-
tributor to DOX cardiotoxicity [19]. Furthermore, mito-
phagy, defined as the autophagic elimination of damaged

Fig. 1 PRISMA flow diagram
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Table 1 Basic characteristics of included studies

Study Year Species Sex Age
(weeks)

Weight
(g)

n Control CDD (mg/
kg)

RoA Duration
(week)

Outcome
indicators

Zhu W 2009 Mice – – – C= 5
DOX= 5

Saline 20 i.p. <2 1, 3

Gratia S 2012 Rats M – 300 C= 3
DOX= 3

Saline <20 i.v. ≤2 3, 6, 8

Singla D 2015 Mice M 8–12 – C= 3
DOX= 3

– <20 i.p. <2 3, 9

Yu W 2017 Mice – – 24–28 C= 5
DOX= 5

Saline >20 i.p. <2 1, 3, 9

Cao Y 2017 Mice M 8 – C= 8
DOX= 8

Saline 20 i.p. A single
dose

1, 3, 6

Hang P 2017 Rats M – 218–240 C= 5
DOX= 5

Saline <20 i.p. ≤2 3, 9

Wu Y 2017 Rats – 8 200–250 C= 5
DOX= 5

Saline >20 i.p. >2 1, 2, 3, 9

Gu J 2018 Mice M 6–8 – C=
DOX=

Saline 20 i.p. >2 _

Merino H 2018 Mice M and
F

8–10 – C= 4
DOX= 4

Saline <20 i.p. >2 3, 8

Hullin R 2018 Mice M 8–10 – C= 5
DOX= 5

Saline 20 i.p. >2 3, 9

Wang X 2019 Mice M – 24–28 C= 5
DOX= 5

Saline 20 i.v. >2 3

Li R 2019 Mice M 40 – C= 3
DOX= 3

PBS 20 i.p. A single
dose

3, 6

Nazari SA 2019 Mice 8–16 18–22 C= 7
DOX= 7

Saline and
DMSO

<20 i.p. A single
dose

3, 6

Wang Y 2019 Mice M 10–11 – C= 6
DOX= 6

Saline <20 i.p. <2 2, 5

Sahu R 2019 Rats M – 125–175 C= 6
DOX= 6

Tween 80 <20 i.p. <2 3, 9

Shati A 2019 Rats M 6 110–130 C= 6
DOX= 6

Saline <20 i.p. ≤2 3

Tedeso L 2020 Mice M 9 – C= 5
DOX= 5

Saline 20 i.p. <2 3

Zhang X 2020 Mice M 8–10 23.5–27.5 C= 6
DOX= 6

Saline <20 i.p. A single
dose

3, 9

Yu W 2020 Mice M 4–5 20–24 C= 4
DOX= 4

Saline >20 i.p. >2 2, 3, 7, 8, 9

Wang X 2020 Mice M – 16–20 C= 5
DOX= 5

Saline 20 i.v. >2 3

Zhang J 2020 Mice M 6–8 21.5–22.5 C= 5
DOX= 5

Saline 20 i.p. A single
dose

3, 9

Lee Y 2020 Mice M 8 – C= 7
DOX= 7

PBS 20 i.p. >2 1, 2, 3, 4, 5, 6

George S 2020 Mice F 15 – C= 3
DOX= 3

Saline >20 i.p. <2 2, 8

Che Y 2021 Mice M 8–10 23.5–27.5 C= 5
DOX= 5

Saline 20 i.p. >2 3, 6, 10

Nie L 2021 Rats M – 180–220 C= 3
DOX= 3

Saline <20 i.p. ≤2 2, 7

Li X 2022 Mice M 8–10 20–22 C= 6
DOX= 6

Saline <20 i.p. ≤2 3, 6
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mitochondria [20–22], is influenced by DOX in a way that
exacerbates cardiotoxicity [19]. Several research papers
have demonstrated that the downregulation of the PI3K/
AKT/mTOR pathway, characterized by decreased phos-
phorylation of AKT and mTOR, is implicated in the
development of DOX-induced cardiac apoptosis and
autophagy [23–30]. It has also been reported that the
downregulation or impairment of the AKT and mTOR
expression may be a key mechanism by which DOX
induces cardiomyopathy [31–34]. The brain-derived neu-
rotrophic factor (BDNF) is a neurotrophin that binds to the
tropomyosin receptor kinase B (TrkB) and activates the
AKT/mTOR signaling cascade in cardiomyocytes [35]. It
has been suggested that BDNF can protect against DOX-
induced cardiotoxicity by activating the AKT pathway and
promoting the subsequent phosphorylation of mTOR [36].
Insulin-like growth factor 1 (IGF-1) is a hormone that binds
to and activates the IGF-1 receptor, leading to the upregu-
lation of the PI3K/AKT cascade and subsequent activation
of the mTORC1 complex [37]. In a study by Shati, the
activation of mTOR by IGF-1 reduced death in the DOX-
treated cardiac myocytes [38]. Generally, the dysregulation
of the PI3K/AKT/mTOR signaling pathway appears to be
the main mechanism underlying the cardiotoxic effects of
DOX. Modulation of this pathway with BDNF or IGF-1
could provide potential therapeutic approaches against the
detrimental impacts of DOX on the heart (Fig. 2).

Moreover, numerous studies have reported that DOX
treatment leads to a decrease in the phosphorylation and
activation of AMPK in heart tissue [39–45]. This inhibition
of AMPK, while potentially protective in the short term,
ultimately contributes to the detrimental effects of chronic
DOX-induced cardiotoxicity through increased energy
deficits and activation of the mTOR pathway [39–45]. The
Unc-51-like kinase 1 (ULK1) is a serine/threonine protein

kinase that plays a central role in the initiation of autophagy
by the phosphorylation of protein Beclin1 [46]. During
DOX treatment, activated mTORC1 suppresses the ULK1
complex and prevents the initiation of autophagy [47].
However, other studies have revealed that DOX treatment
leads to an increase in AMPK expression and a decrease in
mTOR phosphorylation in the heart [9, 10]. This suggests
that DOX may activate the AMPK signaling while inhi-
biting the mTOR pathway [9, 10]. Generally, targeting the
AMPK/mTOR pathway may contribute to the development
of strategies to protect the heart during DOX chemotherapy
(Fig. 2).

The transcription factor E2F1 is a key regulator of cell
cycle progression and proliferation [48]. DOX has been
shown that activate E2F1 in cardiomyocytes [49]. Activated
E2F1 inhibited autophagy in cardiomyocytes by inducing
the mTORC1 activity [49]. Therefore, targeting the E2F1/
mTORC1, by mTOR inhibitors, may represent a promising
strategy to mitigate DOX-induced cardiotoxicity (Fig. 2).

Protein p53 is a transcription factor that plays a key role
in regulating apoptosis [50]. The p53 has been shown to
induce AMPK expression during stress [50]. Activated
AMPK phosphorylates and activates the TSC2, a critical
negative dysregulated the mTOR pathway [1]. The inhibi-
tion of the mTOR pathway by p53 can serve as a
mechanism to limit cell growth, especially in response to
cellular stress [50]. Zhu et al. have reported that the p53-
mediated inhibition of mTOR signaling can contribute to
the development of DOX-induced cardiotoxicity [51]. The
downregulation of the p53/mTOR pathway may mitigate
the cardiotoxic effects of DOX [51] (Fig. 2).

The transcription factor EB (TFEB) is a main regulator
of autophagy and lysosomal biogenesis [52]. TFEB is
normally phosphorylated and sequestered in the cytoplasm
by mTORC1 [52]. During mTORC1 inhibition, TFEB is

Table 1 (continued)

Study Year Species Sex Age
(weeks)

Weight
(g)

n Control CDD (mg/
kg)

RoA Duration
(week)

Outcome
indicators

Qin Y 2022 Rats M 8 200–220 C= 6
DOX= 6

Saline <20 i.p. ≤2 3, 9

Hu Y 2023 Mice M 6–24 22–25 C= 4
DOX= 4

Saline >20 i.p. >2 3, 9

Zhang S 2023 Mice M 6–8 20–22 C= 6
DOX= 6

Saline 20 i.p. >2 3, 6

Sun X 2023 Rats M – 200–250 C= 6
DOX= 6

Saline 20 i.p. >2 3, 6

Ma T 2023 Rats M – 100 C= 6
DOX= 6

DMSO 20 i.p. >2 3, 6

Outcome indicators: (1) t-mTOR expression; (2) p-mTOR expression; (3) p-mTOR/t-mTOR ratio; (4) t-AMPK expression; (5) p-AMPK; (6) p-
AMPK/t-AMPK (7) t-AKT expression; (8) p-AKT expression; (9) p-AKT/t-AKT; (10) ATP level

AMPK AMP-activated protein kinase, C control, CDD cumulative dose of DOX, DOX doxorubicin, F female, i.p. intraperitoneal injection, M
male, mTOR mechanistic target of rapamycin, n sample size, RoA route of administration
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dephosphorylated and translocated to the nucleus, where it
activates the transcription of genes involved in autophagy
and lysosomal function [52]. Research papers have shown
that DOX dysregulated autophagy and lysosomal function
in cardiomyocytes by impairing the mTORC1/TFEB sig-
naling pathway [47, 53].

TFEB can also lead to the inactivation of the transcrip-
tion factor the nuclear factor-kappa B (NF-κB), a key reg-
ulator of inflammatory responses [54]. It has been reported
that DOX reduced nuclear localization and expression of
TFEB by activating the mTOR pathway [54]. The inhibition
of nuclear TFEB by DOX led to the activation of the NF-κB
pathway, which resulted in the excessive release of pro-

inflammatory cytokines and cardiac dysfunction [54].
Generally, the mTOR/TFEB signaling pathway is a com-
plex axis that regulates autophagy, lysosomal function, and
inflammatory responses in cardiomyocytes. Modulating this
pathway can explore a potent strategy to reducing DOX-
induced cardiotoxicity (Fig. 2).

The p38 mitogen-activated protein kinases (MAPKs) is a
stress-activated protein kinase that is triggered by various
stimuli, including oxidative stress and inflammation [55].
The p38 MAPK family consists of four isoforms (α, β, γ,
and δ) that are involved in multiple cellular functions
including differentiation, cell proliferation, inflammation,
and apoptosis [55]. DOX treatment has been shown to

Table 2 Risk of bias of included
studies

Study Year (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) Ref

Zhu 2009 U Y U U U U U Y U U [19]

Gratia 2012 U Y U U U U U Y U U [20]

Singla 2015 U Y U U U U U U U Y [21]

Yu-a 2017 Y Y U U U U U Y U U [22]

Hang 2017 Y Y U U U U U Y U Y [23]

Wu 2017 Y Y U U U U U U U Y [24]

Cao 2017 U Y U U U U U U U Y [9]

Gu 2018 U Y U U U U U U U U [25]

Merino 2018 U Y U U U U U Y U Y [26]

Hullin 2018 U Y U U U U U Y Y Y [27]

Sahu 2019 U Y U U U U U Y U Y [28]

Wang X 2019 Y Y U U U U U Y U Y [29]

Li R 2019 U Y U U U U U U U Y [30]

Nazari SA 2019 U Y U U U U U U U Y [31]

Wang Y 2019 U Y U U U U U Y U Y [32]

Shati 2019 U Y U U U U U U U Y [33]

Tedeso 2020 U Y U U U U U Y U Y [34]

Zhang X 2020 U Y U U U U U U U Y [35]

Yu-b 2020 Y Y U U U U U Y U Y [36]

Wang X 2020 Y Y U U U U U Y U Y [37]

Zhang J 2020 U Y U U U U U U U Y [38]

Lee 2020 Y Y U U U U U U Y Y [10]

George 2020 U Y U U U U U U U Y [39]

Nie 2021 Y Y U U U U U Y U Y [40]

Che 2021 Y Y U U U U U Y U Y [41]

Li X 2022 U Y U U U U U Y U Y [42]

Qin 2022 U Y U U U U U Y U Y [43]

Sun X 2023 Y Y U U U U U Y U Y [44]

Hu 2023 Y Y U U U U U Y U Y [45]

Zhang S 2023 Y Y U U U U U Y U Y [46]

Ma 2023 Y Y U U U U U Y U Y [47]

(1) Random group allocation (selection), (2) groups similar at baseline (selection), (3) blinded group
allocation (selection), (4) random housing (performance), (5) blinded interventions (performance), (6)
random outcome assessment (detection), (7) blinded outcome assessment (detection), (8) incomplete
outcome data (attrition), (9) selective outcome reporting (reporting bias), (10) other sources of bias

Y yes, N no, U unclear
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induce the p38 MAPK pathway in cardiomyocytes [56].
The possible protective effects of the p38γ and p38δ knock-
out on the hearts of mice treated with an acute dose of the
DOX have been studied [56]. The genetic deletion of the
p38δ protein in female mice was associated with reduced
fibrosis, decreased mTOR activation, increased autophagy,
and improved cardiac output, ultimately leading to
improved survival in the DOX-treated group [56]. There-
fore, targeting p38δ MAPK/mTOR pathway could be a
potential strategy in DOX chemotherapy (Fig. 2).

Sestrins are a family of stress-responsive proteins that
act as cellular sensors of energy status [57]. A study has
shown that sestrins (sestrin 1 and sestrin 2) neutralized
the negative effects of DOX on the heart by suppressing
mTORC1 activity and enhancing the autophagic pathway
[58]. The inhibition of mTORC1 by sestrins leads to the
activation of the ULK1 complex, which then initiates the
formation of autophagosomes and the autophagy process
[57]. Therefore, the sestrins/mTOR signaling may play a
crucial role in the context of DOX-induced cardiotoxi-
city [58] (Fig. 2).

KLF15 transcription factor plays an important role in
maintaining cardiac metabolic and functional homeostasis
[59]. It induces the endothelial nitric oxide synthase (eNOS)
expression, leading to the upregulation of eNOS expression
[60]. The eNOS is responsible for the production of nitric
oxide (NO), which has been shown to activate the mTORC1
by stimulating the AKT pathway [60]. It has been revealed
that the expression of KLF15 and eNOS were reduced in

DOX-treated cardiomyocytes [61]. The decreased eNOS
level then resulted in the inactivation of the mTORC1
complex [61]. Therefore, targeting the KLF15/eNOS/
mTORC1 axis could potentially be a therapeutic approach
to mitigate the harmful cardiac effects of DOX during
cancer treatment (Fig. 2). Overall, to address the dual role of
mTOR, a potential solution could be the use of combination
therapies that target both the anticancer and cardioprotective
effects of mTOR modulation. Using mTOR inhibitors, such
as rapamycin, in combination with DOX can enhance the
anticancer effects by further suppressing mTOR activity in
cancer cells. This combination therapy could potentially
reduce the cardiotoxic side effects of DOX by preventing
the dysregulation of the mTOR pathway in the heart.
Moreover, exploring strategies that modulate the upstream
regulators (e.g., AMPK, PI3K/AKT) or downstream effec-
tors of mTOR could provide a more comprehensive
approach to managing the dual role of mTOR. Identifying
and developing cardioprotective agents that can specifically
target the mTOR pathway in the heart could help prevent
DOX-induced cardiotoxicity without compromising the
anticancer effects of DOX. Generally, by understanding the
dual role of mTOR in the anticancer effects and cardio-
toxicity of DOX, researchers can explore combination
therapies and targeted approaches to maximize the ther-
apeutic benefits of DOX while minimizing its detrimental
effects on the heart.

Although the study identified several pathways, future
investigation for a deeper understanding of the role of these
pathways in the anticancer and cardiotoxic effects of DOX
is needed. Additionally, it is crucial to develop targeted
inhibitors or activators for these pathways. Current inhibi-
tors, such as rapamycin, have limitations, highlighting the
necessity for new and more precise agents. Furthermore, the
findings need validation in clinical research to ensure that
mTOR-targeting treatments are safe and effective for
humans.
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Fig. 2 The mTOR pathways involved in DOX-induced cardiotoxicity.
AMPK AMP-activated protein kinase, BDNF brain-derived neuro-
trophic factor, eNOS nitric oxide synthase, IGF-1 insulin-like growth
factor 1, p38 MAPKs p38 mitogen-activated protein kinases, mTOR
mechanistic target of rapamycin, NF-κB nuclear factor-kappa B, PI3K
phosphoinositide 3-kinase, TFEB transcription factor EB, TSC2
tuberous sclerosis complex 2, ULK1 Unc-51-like kinase 1
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IGF-1 insulin-like growth factor 1
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NF-κB nuclear factor-kappa B
NO nitric oxide
PI3K phosphoinositide 3-kinase
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