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Abstract

Ferroptosis is a novel form of programmed death, dependent on iron ions and oxidative stress, with a predominant
intracellular form of lipid peroxidation. In recent years, ferroptosis has gained more and more interest of people in
the treatment mechanism of targeted tumors. mTOR, always overexpressed in the tumor, and controlling cell growth
and metabolic activities, has an important role in both autophagy and ferroptosis. Interestingly, the selective types of
autophay plays an important role in promoting ferroptosis, which is related to mTOR and some metabolic pathways
(especially in iron and amino acids). In this paper, we list the main mechanisms linking ferroptosis with mTOR signaling
pathway and further summarize the current compounds targeting ferroptosis in these ways. There are growing experi-
mental evidences that targeting mTOR and ferroptosis may have effective impact in many tumors, and understanding
the mechanisms linking mTOR to ferroptosis could provide a potential therapeutic approach for tumor treatment.
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1 Introduction

mTOR, a mammalian target protein of rapamycin, is a direct target protein of the rapamycin-FKBP12 (12 kDa FK506 bind-
ing protein) complex, first reported in 1995 by RT Abraham’s laboratory [1]. It is a central regulator of cell growth and
apoptosis, a typically conserved serine/threonine kinase, of which, mTOR is part of the phosphatidylinositol 3-kinase-
related kinase (PIKK) protein family, mainly regulates the control of cellular metabolism, stress and other environmental
influences such as protein [2].

Unlike other apoptosis, necrosis or autophagy, ferroptosis is a novel form of iron-dependent programmed death
[3]. The unique form of ferroptosis is reflected in the accumulation of iron ions, the accumulation of lipid reactive oxy-
gen species (ROS), and lipid peroxidation. The involvement of mTOR in cellular autophagy has been demonstrated [4].
Besides, there is a close relationship between autophagy and ferroptosis [5]. mTOR inhibition can lead to autophagy or
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ferroptosis through different downstream pathways, and increased intracellular lipid peroxidation due to autophagy
can also lead to ferroptosis.

In this review, we systematically introduce the basic relationship of mTOR and ferroptosis, hopefully offering some
hope in the clinical treatment of tumors [6].

2 Core mechanisms of mTOR

There are two main multi-complex proteins of mMTOR, mTORC1 and mTORC2. The main target of rapamycin is mTORC1,
which plays a major role in cellular transduction. mMTORC1 is mainly composed of mTOR, raptor (regulatory protein associ-
ated with mTOR), promotes substrate recruitment) and mLST8 (mammalian lethal Sec13 protein 8, also known as GBL) [7].

mTOR can coordinate protein synthesis, improve intracellular energy status, participate in lipid metabolism to control
cell growth and metabolic activities through various metabolic pathways, including AMPK, PI3K/AKT, TSC1, etc. [8]. For
example, The activation of mTOR can phosphorylate elF4E-binding proteins (4E-BPs) to promote elF4F formation,which
induces the initiation of protein synthesis [9, 10]. In addition, in the state of cell energy stress, AMPK is stimulated result-
ing in inhibition of mTOR by phosphorylating directly and phosphorylating TSC2 at Ser1387 indirectly [11, 12] More
importantly, over-expression of mTOR is often found in tumors, such as pituitary adenomas and penile squamous cell
carcinoma [13, 14].

The mTOR modulators have been used to treating diverse diseases, including leukemia etc [15, 16]. HGF stimulates
mTOR resulting in inhibition of pyroptosis in septic [17]There is also a correlation between mTOR modulators and fer-
roptosis. AZD8055, a modulator of novel ATP-competitive inhibitor of mTOR, which induces ferroptosis via p70S6K and
4E-BP1 pathway [18]. Besides, mTOR can up-regulate the generation of ISC through ISCU, which results in decreasing
the expression of iron transport-associated genes and inhibits ferroptosis [19]. In conclusion, the relationship between
mTOR and ferroptosis cannot be ignored.

3 Core mechanisms of Ferroptosis

Ferroptosis, a clinically promising cancer cell endpoint for treatment, has great expectations in the treatment of tumors.
Aberrant ferroptosis in diverse cancer types and tissues has been summarized in other reports. Gao W et al. have sum-
marized the association between immunity, ferroptosis and autophagy in tumor therapy. There also has been reported
that targeting ferroptosis can treat liver cancer [20-22].

The main factors responsible for ferroptosis in cells are free iron ions and intracellular ROS. Iron ions play an irreplace-
able role in the development of ferroptosis in cells by first binding to transferrin (TF), and then binding to transferrin
receptors on the cell membrane to mediate iron ions into the cell [23]. Fe(lll) subsequently can be converted to Fe(ll) in
endosomes by STEAP3 [24]. Ferritin (FT), consisted of ferritin heavy chain (FTH) and ferritin light chain (FTL), has ferric
oxidase activity that converts Fe(ll) to Fe(lll), which can store excess intracellular iron ions to regulate iron homeostasis
strictly [25]. Nuclear receptor coactivator 4 (NCOAA4) is a selective receptor for lysosomal autophagic conversion of fer-
ritin. Once intracellular irons exhausted, ferritin undergoes autophagic degradation via NCOA4 thereby releasing Fe(ll) to
increased free iron levels [24]. This process is ferritinophagy, which promotes ferroptosis via the Fenton reaction, resulting
in ROS accumulation and lipid peroxidation.

Another very critical factor for ferroptosis is ROS, and one of the sources of intracellular ROS production is indirectly
generated from free iron ions by the Fenton reaction that Fe(ll) remove peroxide bonds of H,0, [26, 27]. When the
intracellular ROS level exceeds the cell’s own regulation, ROS tend to attack polyunsaturated fatty acids (PUFA) and
phosphatidylethanolamine (PE) on cell membranes or organelles, thus causing lipid peroxidation, resulting in cellular
damage and ferroptosis [28]. Based on it, more and more researchers are trying to use drugs to increase the level of ROS
to target ferroptosis to treat tumors. In ovarian cancer, Ying Liu et al. used Agrimonolide to increase ROS levels to stop
ovarian cancer cells migration and progression [29]. In addition, Trabectedin drug can induce ferroptosis in non-small
cell lung cancer (NSCLC) by up-regulating the level of ROS [30].

Correspondingly, the elimination of lipid peroxidation plays an important role in inhibition of ferroptosis. GPX4, which
reduces peroxidized lipids, repairs oxidatively damaged lipids, and glutathione (GSH) is involved in its reduction process
as a cofactor of GPX4 from GSH to GSSH [31]. It has been demonstrated that the concentration of glutathione depends
on the concentration of cysteine, while the cellular uptake of cysteine depends on the cysteine/glutamate transporter
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protein system (System Xc™), which consists of SLC3A2 and SLC7A11 [32]. When cysteine is inhibited from entering the
cell, GSH synthesis is reduced thereby leading to inactivation of GPX4 and resulting in lethal levels of ROS, which ulti-
mately induces the onset of ferroptosis [33].

4 Mechanism linking mTOR to ferroptosis
4.1 Inhibition of PI3BK/AKT/mTOR signaling pathway promotes ferroptosis

The PI3K/AKT/mTOR signaling pathway is activated or inhibited in a variety of tumors. The PI3K/AKT/mTOR pathway
has been reported to be involved in the regulation of intracellular oxidative stress, maintaining redox homeostasis [34].
As one of the most mutated pathways among cancer cells, the PI3K/AKT/mTOR signaling pathway often results more
resistant to ferroptosis in cells [7, 35, 36].

Firstly, PI3K/AKT/mTOR can inhibit ferroptosis through Sterol regulatory element binding protein 1 (SREBP1)/Stearoyl-
CoA desaturase-1 (SCD1)-mediated lipogenesis [37]. SREBP1, a major regulator of cellular metabolism (glucose or lipids,
etc.), can be activated by specific protein hydrolysis to sense intracellular metabolic signals [38]. SCD1 is an enzyme
that converts saturated fatty acids to monounsaturated fatty acids (MUFAs), which can reduce cellular susceptibility to
ferroptosis in lung and gastric cancer cells [39-41]. Knockdown of SREBP1 can downregulate SCD1 expression at the
mRNA and protein levels, thus reducing MUFAs to promote cellular ferroptosis [41]. In contrast, signal phospholipid 5A
(Semaphorin 5A), enhances SREBP1/SCD1 signaling by activating the PI3K/AKT/mTOR signaling axis, leading to activa-
tion of fibroblasts thereby inhibiting ferroptosis of fibroblasts [42].

Besides, quinazolinyl arylurea derivatives, synthesized based on structural modifications of sorafenib, promoted fer-
roptosis through PI3K/AKT/mTOR/ULK1 pathway [43].

To sum up, inhibition of the PI3K/AKT/mTOR signaling pathway to induce ferroptosis provides a potential therapeutic
approach for the treatment of tumors.

4.2 AMPK/mTOR signaling pathway mediates ferroptosis

Cellular redox levels have a profound effect on autophagy. Besides, lipid peroxidation can induce autophagosome forma-
tion. Correspondingly, autophagy also be induced by ferroptosis through lipid peroxidation and iron ion accumulation
[44, 45]. Ferritinophagy, is the one of ways that autophagy regulating ferroptosis. Moreover, damaged mitochondrias lead
to elevated ROS, which results cellular autophagy and inducing ferritinophagy thereby causing ferroptosis in pancreatic
cancer cells [46]. AMPK has close relationship with energy level in cells, so the AMPK/mTOR pathway plays a huge role in
the occurrence of ferroptosis and autophagy in cells. The adenosine-monophosphate-activated protein kinase (AMPK)
regulates cellular autophagy through downstream signaling molecules of mTOR, such as unc-51-like kinase (ULK1),
P70S6K, to regulate ferroptosis [47, 48].

ULK1 is a direct target of many kinases and functions in several stages of autophagy to initiate autophagosome
binding [49]. AMPK has been reported to phosphorylate ULK1 Ser317 and Ser777 to induce cellular autophagy [50, 51].
Bisphenol A (BPA) may increase phosphorylation of AMPK and ULK1 to induce autophagy and ferroptosis through the
AMPK/mTOR/ULK1 pathway in ovarian granulosa cells (GC) and renal tubular epithelial cells [47, 52, 53]. On the other
hand, BPA can lead to NCOA4-mediated degradation of FTH, resulting in an increase of intracellular iron ion and thus
ferroptosis [53]. Copper sulfate (CuSO,) has also been reported to induce autophagy and ferroptosis through the same
pathway with BPA [51].

P70S6K is a serine/threonine kinase that regulates ribosomal protein S6 translation and thus controls cell cycle and
migration ability [54, 55]. It was demonstrated that phosphorylated AMPK reduced the phosphorylation of P70S6K, a
signaling molecule downstream of mTOR, to promote autophagy with LC3I changed to LC3-1I [48], and to downregulated
SLC7A11 expression to induce ferroptosis [56].

In addition, there are other compounds that are closely associated with AMPK or mTOR. SIRT3, a NAD-dependent
mitochondrial protein deacetylase, regulated ROS production [57, 58]. Reduction of protein level of SIRT3 inhibits the
activation of AMPK/mTOR signaling pathway and thus inhibits cells from undergoing autophagy-dependent ferroptosis
[59]. Amenflavone (AF) was found to promote ferroptosis with the signaling pathway AMPK/mTOR in glioma cells and
endometrial cancer cells [60, 61]. NRF2 is a stress-induced transcription factor that controls numbers of enzymes involved
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in GSH synthesis [62]. Silver-coated (ZVI-NP) individual nanodrugs can disrupt the AMPK/mTOR signaling pathway to
enhance the degradation of NRF2, thus inducing intracellular mitochondrial dysfunction to ferroptosis [63].

4.3 Combined targeting of GPX4 and mTOR leads to ferroptosis

GPX4, as one important regulator of ferroptosis, cannot be activated without selenocysteine [64], which can induce cel-
lular autophagy through AMPK/mTOR [65]. It was found that inhibiting mTOR signaling pathway upregulated GPX4 and
SOD expression to inhibit ferroptosis in cells [64]. Besides, it has been proposed that inhibition of mTORC1 can downregu-
late GPX4 expression [66]. Torin1 and Rapamycin, both could inhibit the phosphorylation of the mTOR signal pathway,
were found to downregulate GPX4 expression [66-68]. A recent study also found that silencing of GPX4 and inhibition
of mTOR increased the sensitivity of ferroptosis [69]. BECN1, involved in autophagy, can be phosphorylated by AMPK
at Ser90 and Ser93 resulting in inhibition of system Xc, which reduces production of GSH and inhibition of GPX4 [70].

In conclusion, GPX4 expression and mTOR activation were positively correlated. Inhibition of mTOR and downregula-
tion of GPX4 protein synergistically can be a potential therapeutic mechanism for anti-tumor.

4.4 Other factors related mTOR and ferroptosis

Epidermal growth factor receptor (EGFR), a receptor tyrosine kinase, is closely related to cellular autophagy [71]. Studies
showed that GALNT14 could downregulate glycosylation of EGFR to inhibit mTOR activity, causing autophagy and fer-
roptosis [72]. It was also reported that EGFR inhibition could enhance cellular sensitivity to ferroptosis by upregulating
LC3B-Il to induce autophagy [73]. Therefore, there is a correlation between EGFR and mTOR.

Besides, there is a correlation between transcription factors (TFEB) and mTOR. Activation of mTORC1 can lead to TFEB
phosphorylation to inhibit transcription of target genes [74]. Studies showed that polystyrene nanoparticles (CPS) inac-
tivated mTORC1 to induce TFEB dephosphorylation, causing upregulation of SOD expression and ultimately inhibiting
ferroptosis [75].

There is a tight relationship between p53 and mTOR [76]. p53-mediated cell death can be blocked by the AKT/mTOR
pathway [77]. What's more, p53 has been shown to be closely associated with cellular activities, including cell cycle arrest,
nucleotide metabolism, apoptosis and ferroptosis [78-80].

It has been reported that mTORC1 can facilitate P62 to enable KEAP1 binding leading to NRF2 accumulation thereby
directing the antioxidant pathway [81]. Inhibition of mMTORC1 makes cells more sensitive to ferroptosis as an independ-
ent mechanism relative to the NRF2-mediated signaling pathway.

In summary, mTOR is regulated by many factors and mTOR interacts with them to regulate ferroptosis (Fig. 1).

5 mTOR-related drugs induced ferroptosis in various tumors

As mentioned earlier, ferroptosis has close relationship with mTOR. Thus, using mTOR-related drugs is possible to promote
the occurrence of ferroptosis in the treatment of various tumors (Table 1).

5.1 Colorectal cancer

Colorectal cancer (CRC) is one of the leading causes of death among cancers worldwide [82].

IMCA, a benzopyran derivative, was discovered to control apoptosis through ferroptosis [83]. On the one hand, it has
been found that IMCA can reduce GPX4 synthesis by downregulating SLC7A11. On the other hand, IMCA phosphorylated
AMPK to inhibit mTOR/P70S6K activity thereby inducing ferroptosis in CRC [56].

What's more, inhibition of mTOR signaling by Aspirin monounsaturated fatty acid production to promote ferroptosis
through PI3K/AKT/mTOR/SREBP/SCD1 signaling pathway in CRC [84]. Thus, ferroptosis could be a new hope for clinical
treatment of colorectal cancer.
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Fig. 1 The mechanism of mTOR associated with ferroptosis. Fe(lll) is taken up by TFR, converted into Fe(ll) by STEAP3 in the endosome, and
finally stored in FT. Under the condition of low energy, AMPK is activated, which activates BECN1 and ULK1 and inhibits mTORC1 to promote
cellular autophagy. BECN1 activation inhibits System Xc- and reduces GSH synthesis, which leads to increased PUFA-OOH and promotes
ferroptosis. Upon cellular autophagy as well as intracellular Fe exhaustion, lysosomes bind to FT releasing large amounts of Fe(ll) thereby
resulting in the Fenton reaction leading to an increase in Lipid ROS, leading to ferroptosis. PI3K/AKT activation of mTORC1, mTOR down-
stream SREBP1 and SCD1 activation converts SFA into MuFAs, and P70S6K activation ultimately inhibits ferroptosis and autophagy. TFR,
transferrin receptor; Lipid ROS, lipid reactive oxygen species; PUFA, poly-unsaturated fatty acid; MUFA, monounsaturated fatty acid; NRF2,
nuclear factor erythroid 2-related factor 2; NOCA4, nuclear receptor coactivator 4; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSH,
oxidized glutathione; FTH, ferritin heavy chain; SREBP, sterol responsive element binding protein; ULK1, unc-51 like autophagy activating
kinase 1; AMPK, AMP-activated protein kinase; BECN1, beclin 1; mTORC1, mechanistic target of rapamycin complex 1; (By Figdraw)

5.2 Pancreatic cancer

Pancreatic cancer (PC) is one of the most aggressive and lethal malignancies with extremely poor prognosis, the most
common pathological type of PCis pancreatic ductal adenocarcinoma (PDAC) [85]. studies have demonstrated that
PDAC is mainly dependent on the uptake of Cysteine, closely linked to GPX4 [86]. Besides, the development of PDAC
can be inhibited by using cyst(e)inase, which has been reported to eliminate circulating cysteine and cysteine [86, 871.

A recent study, attempted to use a combination of starvation and ferroptosis for treatment, found that pancreatic
cancer cells with different levels of starvation have different sensitivity to ferroptosis and that mTORC2-mediated
signaling pathways are involved in this mechanism [88]. Precise molecular pathways induced by ferroptosis may
provide new insights into the treatment of PC.
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5.3 Bladder cancer

Bladder cancer is one of the malignant tumors in the urological system, with poor prognosis and high risk of recurrence
after surgery [89]. In recent years, it has been found that type Ill ferroptosis inducer FIN56 and mTOR inhibitor-Torin2 can
induce autophagic ferroptosis by decreasing GPX4 and inhibiting mTOR leading to decreased phosphorylation of ULK1
in bladder cancer [90]. Baicalein has been reported to induce cellular ferroptosis through degrading FTH1 to induce the
accumulation of ROS and iron ions in cancer cells [91]. Bupivacaine has been reported to induce ferroptosis by inhibiting
the PI3K/AKT pathway, accompanied by decreasing mTOR phosphorylation in bladder cancer cells [92].

In conclusion, drugs related to ferroptosis and mTOR have provided hope in the treatment of bladder cancer.

5.4 Breast cancer

Breast cancer is the most lethal tumor in women [93]. Studies have showed that Levobupivacaine inhibited the prolifera-
tion and induce apoptosis of breast cancer cells by inhibiting the PI3K/AKT/mTOR signaling pathway [94]. Besides, the
combination of Selamethicin and Lapatinib can synergistically downregulate iron transport protein and upregulate TF
to increase the accumulation of intracellular ROS and iron ions to induce ferroptosis in breast cancer cells [95].

Triple negative breast cancer (TNBC) is one of the more aggressive types of breast cancer [96]. A recent study used
the small molecule inhibitor V9302 to inhibit glutamine uptake and inhibit mTOR, thus inducing ferroptosis in TNBC cells
[97]. In addition, ferritin nanoparticles (L/P@Ferritin) could inhibit the YAP/mTOR pathway to reduce EGFR activity and
regulate ferroptosis in TNBC cells [73].

In conclusion, the above new anticancer drugs offer hope for the treatment of clinical breast cancer.

5.5 Prostate cancer

Prostate cancer, the more common tumors in men, is one of the mot malignant tumors in urological system [85]. A recent
work found that it is possible to virtually eliminate tumors by combined treatment with mTOR inhibition and ferroptosis,
through inhibiting PI3K/AKT/mTOR to downregulate SCD1 and SREBP1 for inducing ferroptosis [98]. Ferroptosis inducer
RSL3 or Erastin, combined with anti-androgens together, showed good efficacy to inhibit prostate cancer [99].

Thus, the molecular mechanism regarding mTOR and ferroptosis could provide a new target for prostate cancer
treatment.

5.6 Other tumors

There are some other tumors related ferroptosis and mTOR. As mentioned before, GALNT14 could inhibit mTOR activity to
cause ferroptosis in ovarian cancer [72]. Besides, the combination of Everolimus and RSL3/Erastin can induce ferroptosis
in renal cell carcinoma through the mTOR/4EBP mechanism [100]. In endometrial cancer, Brass has been reported to
activate the ROS/AMPK/mTOR pathway to inhibit the viability and invasion of cancer cells and promote their ferroptosis.
In glioma cells, AF can also play a role in inducing ferroptosis by the AMPK/ mTOR/ p70S6K signaling pathway [60, 61].

6 Conclusion and outlook

In glioblastoma, activation of the mTOR pathway contributes to cancer cell growth. [101]. In addition, from clinical data,
compared with normal tissues, the level of phosphorylated mTOR is higher in penile squamous cell carcinoma [13].
Besides, the application of combined targeting of mTOR and ferroptosis have a good prospect in tumors, such as ovarian
cancer, triple-negative breast cancer, bladder cancer, etc.

In the way of drugs targeting mTOR, mTORCT1 is more sensitive to rapamycin as the raptor [102]. As for mTOR pathway
is very complex and different tumor cells have different sensitivity to rapamycin, rapamycin alone has a low success
rate in inhibiting cancer cell proliferation [103]. In addition, it has been reported that the mTORC1 inhibitor-adriamycin
inhibits cell translation and affects the phosphorylation of elF2a to promote cell migration in MCF10A cancer cells [104].
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On the contrary, researchers also found that inhibition of mTOR suppressed the production of ferroptosis in cells [105].
Under conditions of mTOR inhibition, using Class | FIN to inhibit System Xc- to prevent entry of cystine, which results in
the more synthesis of GSH from mTOR downstream amino acids, thus inhibiting ferroptosis [105].

In addition, ROS levels in tumors is complex, and some cancer cells also have higher levels of ROS to promote tumor
development [106]. For example, triple-negative breast cancer exhibits dependency on ROS level to survival [107]. In sum,
itis not yet clear how to target mTOR for cancer therapy by regulating ROS levels. Many researchers are trying to find other
inhibitors to inhibit tumor growth in combination with rapamycin [108]. Thus, we summarize the related mechanisms
of mTOR and ferroptosis, including PI3K/AKT/mTOR pathway, AMPK/mTOR pathway and GPX4 related pathway, which
is very helpful for the combination of inhibitors. The combined targeting of mTOR and ferroptosis provides a potential
intervention means for tumor cells. Thus, further studies on the molecular mechanisms associated with drug targeting
of mTOR and ferroptosis could provide new therapeutic insights in the anti-tumor field.
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