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Abstract

The mechanistic target of rapamycin (mTOR) is evolutionarily conserved from yeast to humans 

and is one of the most fundamental pathways of living organisms. Since its discovery three 

decades ago, mTOR has been recognized as the center of nutrient sensing and growth, 

homeostasis, metabolism, life span, and aging. The role of dysregulated mTOR in common 

diseases, especially cancer, has been extensively studied and reported. Emerging evidence supports 

that mTOR critically regulates innate immune responses that govern the pathogenesis of various 

cardiovascular diseases. This review discusses the regulatory role of mTOR in macrophage 

functions in acute inflammation triggered by ischemia and in atherosclerotic cardiovascular 

disease (ASCVD) and heart failure with preserved ejection fraction (HFpEF), in which chronic 

inflammation plays critical roles. Specifically, we discuss the role of mTOR in trained immunity, 

immune senescence, and clonal hematopoiesis. In addition, this review includes a discussion on 

the architecture of mTOR, the function of its regulatory complexes, and the dual-arm signals 

required for mTOR activation to reflect the current knowledge state. We emphasize future research 

directions necessary to understand better the powerful pathway to take advantage of the mTOR 

inhibitors for innovative applications in patients with cardiovascular diseases associated with aging 

and inflammation.
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1. Introduction

The mechanistic target of rapamycin (mTOR) is a member of the phosphoinositide 3-kinase 

(PI3K)-related serine/threonine protein kinase family. As the fundamental mechanism 

that regulates growth and coordinates growth with the availability of nutrients in the 

environment, mTOR plays critical roles in homeostasis, metabolism, lifespan, and aging [1]. 

Dysregulated mTOR contributes to common diseases such as cancer, metabolic disorders, 

inflammation, neurodegenerative diseases, and epilepsy [2]. Although less studied, emerging 
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evidence demonstrates that mTOR regulates innate immune responses to injuries, threats, 

and endogenous stimuli, contributing to the pathogenesis of common cardiovascular 

conditions, including atherosclerosis and heart failure.

mTOR functions through two distinct multi-protein complexes: mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2). mTORC1 is better characterized and has 

well-studied functions of regulating cell growth and metabolism in response to nutrient 

availability, growth factors, and energy status. On the other hand, mTORC2 is less 

understood and is known to regulate cell survival, cytoskeletal organization, and metabolism. 

The majority of work reviewed here is related to mTORC1. Activation of mTORC1 switches 

on biomass production to increase the biosynthesis of proteins, lipids, and nucleic acids 

and turns off these macromolecules’ breakdown. These processes are essential to various 

aspects of macrophage functions. In myocardial infarction (MI), circulating monocytes 

migrate to the ischemic region of the heart, where they are activated and differentiate 

into macrophages [4,187,188]. During the differentiation, macrophages undergo remarkable 

morphological changes and gain many intracellular organelles, especially lysosomes, to 

support a more complex function profile. Differentiated macrophages also have a higher 

endocytotic capacity and produce cytokines, chemokines, and lipid mediators such as 

leukotrienes and prostaglandins at a higher level [4–6]. These processes are metabolically 

demanding, and the involvement of mTORC1 appears self-evident. In addition, mTORC1 

is the node that integrates environment signals with cellular functions, a pathway that can 

facilitate macrophages to adjust to the environment. Indeed, mTORC1 activation in cardiac 

macrophages after MI has been recently described [4], although the protective effect of 

rapamycin or S6 (a downstream target of mTOR complex 1) inhibitor to acute ischemia 

has been reported earlier [7]. These data suggest a role for mTORC1 in macrophages in 

acute ischemia, but much remains unknown. For example, mTORC1 activation in the infarct 

tissue, which lacks traditional nutrients, energy, and oxygen, contradicts the conventional 

environment necessary for mTORC1 activation.

Emerging evidence also supports mTOR signaling in sustaining chronic inflammation, the 

underpinning of atherosclerotic cardiovascular disease (ASCVD). Many traditional risk 

factors and lifestyles, including the Western-style diet (WD), psychological stress, sedentary 

lifestyle, and sleeping irregularity, promote vascular wall inflammation and atherosclerosis 

by trained immunity [8–13]. Trained immunity is a form of immune memory for innate 

immune cells in which activation of these cells can result in enhanced responsiveness to 

subsequent triggers unrelated to the initial challenge. Metabolic reprogramming to aerobic 

glycolysis is required for trained immunity, and ample evidence suggests mTOR activation 

promoted such a type of metabolism in cancer cells and innate and adaptive immune 

cells [14–16]. In addition, mTOR regulates epigenetic modifications and hematopoiesis, 

both of which are critical for trained immunity. Senescent monocytes and macrophages 

were essential contributors to inflamm-aging [17], a persistent low-grade inflammation that 

occurs with increasing age, which can perpetuate age-related diseases such as ASCVD. 

Remarkably, a senescent immune system led to the aging of other solid organs, such as 

the liver and kidney [18]. Rapamycin rejuvenated the aged immune system [18], suggesting 

immune senescence can be modified, alleviating its impact on the cardiovascular system.
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This review aims to examine the role of the mTOR in governing macrophages’ function 

and its implications in acute ischemia, in chronic inflammation that drives atherosclerotic 

cardiovascular disease (ASCVD), and in heart failure with preserved ejection function 

(HFpEF). We discuss the regulatory function of mTOR in trained immunity, immune 

senescence, clonal hematopoiesis, and CHIP (Clonal hematopoiesis of indeterminate 

potential), which are biological processes contributing to atherosclerosis and HFpEF. We 

depict the key aspects of the discussion in Figure 1 and Figure 2.

2. The architecture of mTORC1

mTORC1 has three subunits: the regulatory-associated protein of mTOR (Raptor), the 

positive mTOR regulator mLST8 (mammalian lethal with SEC13 protein 8), and the 

serine/threonine kinase mTOR (Figure 1). Raptor functions as a scaffold for mTOR kinase 

to recruit and phosphorylate specific substrates such as the ribosomal protein S6 kinase 

(S6K) and the eukaryotic translation initiation factor 4E binding proteins (4EBPs) [19]. 

mLST8 enables protein serine/threonine kinase activator activity [20]. Amino acids signal 

to the mTORC1 by the Rag GTPase with four isoforms, RagA, RagB, RagC, and RagD. 

When amino acids are sufficient, Rag GTPases form the heterodimer of GTP-loaded RagA/

RagB (RagAGTP/RagBGTP) and GDP-loaded RagC/D (RagCGDP/RagDGDP) that recruits 

mTORC1 to the lysosomal surface [21,22]. Upon withdrawal of amino acids, the Rag 

GTPases release mTORC1 into the cytosol to become inactivated [22]. The pentameric 

Ragulator complex anchors the mTORC1-Rag complex on the lysosome membrane. 

Ragulator contains two heterodimers: Lamtor2 (late endosomal/lysosomal adaptor and 

MAPK and mTOR activator 2)-Lamtor3 and Lamtor4-Lamtor5, and these heterodimers 

are held together by Lamtor1 [23]. Another complex that interacts with Rag GTPases is 

GAP (GTPase-activating protein) activity toward the Rags (Gator1), which consists of three 

components: Nprl2 (nitrogen permease regulator-like 2), Nprl3, and Depdc5 (Dishevelled 

Egl-10 and Pleckstrin domain-containing protein 5). Gator1 functions as a GAP toward 

RagA and RagB [24] and is a negative regulator of mTORC1 [24]. Depdc5 is the only 

subunit of Gator1 that binds the Rag GTPases, and the interaction between Depdc5 and 

Rag GTPases confers the inhibitory mode of Gator1 [25]. Deletion of Depdc5 leads to 

constitutively elevated mTORC1 activation regardless of amino acid abundance [26]. The 

third complex that potentially interacts with Rag GTPase is Gator2, which is composed 

of MIOS (meiosis regulator for oocyte development), WDR59 (WD repeat domain 59), 

WDR24 (WD Repeat Domain 24), Seh1L (SEH1-like nucleoporin), and SEC13 (SEC13 

homolog, nuclear pore and COPII coat complex component). Gator2 directly responds 

to leucine and arginine and suppresses Gator1, releasing Gator1’s inhibition to mTORC1 

[24]. The fourth complex interacting with Rag GTPase is the folliculin complex (FLCN 

with FNIP1 (Folliculin-interacting protein 1) or FNIP2). FLCN/FNIP has GAP activity 

on Rag C/D, promoting Rag GTPase transition from inactive to active isoforms [27]. 

Detailed mechanisms on the fifth complex that interacts with Rag, the vacuolar H+-ATPase 

(VATPase), remain to be fully elucidated and will not be a focus for this review.
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3. Nutrient sensing and mTORC1 activation

Amino acids such as leucine and arginine are the strongest in stimulating mTORC1 

activation [2,28]. Leucine binds to its sensor Sestrin2 [29], and the interaction relieves 

Sestrin2’s inhibitory effect on Gator2 that suppresses Gator1, the negative regulator of 

mTORC1. Similarly, Castor1 (cytosolic arginine sensor for mTORC1 subunit 1) is an 

arginine sensor, and arginine-bound Castor1 disrupts the inhibitory complex of Castor1-

Gator2, leading to Gator2-mediated Gator1 inhibition and mTORC1 activation [30]. 

Interestingly, different groups have reported SLC38A9 (solute carrier 38A9) as a unique 

sensor of arginine and transporter of essential amino acids [31–34]. SLC38A9 is a 

lysosomal membrane protein integral to the Ragulator-Rag GTPase complex [31,33]. As 

a particular sensor, SLC38A9 detects arginine inside the lysosomal lumen and in the cytosol 

and stimulates mTORC1 activation [31,32,34]. In addition, SLC38A9 transports amino 

acids generated by the degradation of proteins out of lysosome into the cytosol, where 

they induce mTORC1 activation [34]. Besides leucine and arginine, S-adenosylmethionine 

(SAM), a metabolite of amino acid methionine, activates mTORC1 by the sensor Samtor 

(S-adenosylmethionine sensor upstream of mTORC1) [35]. SAM-infused Samtor dissociates 

from Gator1, which releases the inhibition of Gator1 to mTORC1. As SAM is the universal 

methyl donor in methylating RNA, DNA, and proteins such as histones [36], it connects 

mTORC1 with potential epigenetic regulation via one-carbon metabolism. Besides amino 

acids, recent evidence suggests cholesterol derived from low density lipoprotein (LDL) 

processing in the lysosomes activated mTORC1 by the transporter SLC38A9 [37,182]. 

In addition, loss of function of Niemann-Pick C1 (NPC1), the cholesterol exporter and 

the mutation of which results lipid accumulation, fatal metabolic derangement, and a 

neurodegenerative diseases, constititutively activated mTORC1 [37,182], further supporting 

cholesterol as a form of nutrient sensed by mTORC1. The consummate effect of nutrient 

abundance is for mTORC1 to assemble on the outer membrane surface of lysosomes, where 

mTORC1 is activated by kinases downstream of growth factors. Importantly, cholesterol-

derived from LDL as an activator of mTORC1 provides the mechanistic basis for mTOR’s 

role in atherosclerosis, which will be discussed later.

4. Growth factors and mTORC1 activation

Once the mTORC1 complex localizes on the lysosome membrane, growth factors and 

cellular stresses activate the mTOR kinase by the Rheb (Ras homolog enriched in 

brain) GTPases. An earlier study reported that Rheb bound to FKBP38 (FK506-binding 

protein), an endogenous mTOR inhibitor, dissociated it from mTOR in a GTP-dependent 

fashion [38]. However, these findings were not substantiated by others [39]. Recent data 

obtained by cryo-electron microscopy suggested that binding of Rheb to the mTOR kinase 

allosterically realigned active-site residues and relieved the auto-inhibition [40]. Activated 

mTOR kinase phosphorylates its downstream substrates, including S6K, 4EBP1, and TFEB 

(Transcription factor EB). These events lead to synthesizing proteins, lipids, and nucleotides 

and suppressing lysosome degradation. The tuberous sclerosis complex (TSC) takes center 

stage to transduce signals from the growth factor arm to mTORC1. The TSC complex 

suppresses mTORC1 by functioning as a GAP to the Rheb GTPases that hydrolyze GTP 

loaded on Rheb to GDP-Rheb, which loses its ability to stimulate the mTORC1 kinase 
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activity [41]. The TSC complex is composed of TSC1, TSC2, and TBC1D7 [42–44]. While 

TSC2 of the TSC complex confers the GAP function, TSC1 enhances its GAP activity and 

stabilizes TBC1D7 within the trimeric complex [45]. The role of TBC1D7 is not entirely 

clear but appears to maintain the proper function of the complex [44]. Growth factors 

such as insulin and insulin-like GF (IGF) activate the PI3K/AKT, which phosphorylates 

the Ser939, Ser1086, Ser1088, and Thr1422 residues on TSC2 [42,46]. Phosphorylation 

of TSC2 releases the inhibitory effect of the TSC complex on Rheb, leading to mTORC1 

activation.

Besides insulin and IGFs, receptor tyrosine kinase-dependent Ras signaling activates 

mTORC1 via the MAP Kinase and its effector p90RSK by phosphorylating/inhibiting TSC2 

[47,48]. EGF and phorbol esters (PMA), ligands of Ras, and constitutively activated Ras 

mutants phosphorylate TSC and relieve its inhibition of mTORC1 [48,49]. Additionally, 

TSC2 becomes heavily phosphorylated in response to various cellular stress signals [42,46], 

therefore highlighting the crucial role of TSC in stress-induced mTORC1 activation. GTP-

loaded Ras can also directly bind and allosterically activate PI3K [50], initiating the PI3K/

AKT-activated mTORC1 cascade. Interestingly, agonists of Ras/MAPK/ERK (EGF and 

PMA) induce direct phosphorylation of Raptor at Ser8, Ser696, and Ser863 and promote 

mTORC1 signaling by phosphorylating 4EBP1 [51]. Although this observation was made 

using multiple cell lines initially, defective phosphorylation at Ser696, Thr706, and S863 

impaired mTORC1 activation in skeletal muscle cells [52]. These findings imply that the 

Ras/MAPK stimulation can bypass TSC and directly affect the subunit of the mTORC1 

complex. It also suggests a nutrient-Ras/MAPK arm in mTORC1 activation in addition to 

the nutrient and growth factor branch. Alternatively, as Ras is an oncogene and an essential 

mediator of inflammatory diseases [53], it raises the possibility of Ras-induced aberrant 

mTORC1 activation that escapes the regulation from nutrients in these conditions.

5. mTORC1 in regulating macrophage function

Macrophages rely on stimulation from the environment for activation [3,4]. Deletion of 

mTOR and Raptor using the LysM-Cre, a recombinase that causes conditional gene 

deletions in monocytes, macrophages, and neutrophils, enhanced macrophages’ response 

to M1 polarization agents LPS and IFNγ in vitro [54]. Similarly, mice with conditional 

knockout of mTOR and Raptor by LysM-Cre also had an over-exuberant reaction to LPS 

injection with a more significant drop in body temperature and producing more TNF-α 
and IL-6 [54]. mTORC1 inhibitor rapamycin increased the production of IL-12p40, IL6, 

and TNFα in peripheral monocytes after LPS stimulation in an NFkb-dependent manner 

[55,56]. The detailed mechanism of the suppressive role of mTORC1 to the inflammatory 

response from monocytes and macrophages remains to be determined. Some evidence 

suggests that mTORC1 inhibition by rapamycin suppressed the translation of low abundance 

cytokine (IL10), thus biasing the production of cytokines with high levels of transcripts, 

which include many proinflammatory cytokines (Il1b, Tnf, Il6) [57]. The same study 

further demonstrated that mTORC1 inhibition led to 4EBP1 and 4EBP2 binding to eIF4E 

(elongation initiation factor 4E), a subunit of the initiation complex, and subsequent 

suppression of cap-dependent translation. The translational bias with mTORC1 inhibition 

is an intriguing mechanism. However, it cannot explain the increased cytokine transcripts by 
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the same mTORC1 inhibitor [56]. Additionally, others have demonstrated that 4EBP1 was 

insensitive to rapamycin treatment [58]. A possible explanation is that the translation bias 

may occur in selective conditions, as it was initially observed in virulent pathogen-infected 

macrophages. More studies are needed to characterize context-, substrate-, and inflammatory 

stimuli-dependent regulations from mTORC1.

In contrast to the immune suppressive effect discussed above, most evidence supports 

the immune stimulatory action of mTORC1. mTORC1 was constitutively active in 

macrophages deficient in TSC1 [59], and the persistent mTORC1 activation enhanced 

macrophages’ response to inflammatory stimuli such as LPS but resisted M2 polarization 

(anti-inflammatory) agents such as IL4 [59]. Macrophage activation syndrome (MAS) is 

a potentially life-threatening complication of systemic inflammatory disorders manifested 

mainly as systemic juvenile idiopathic arthritis (also known as Stills Disease) and systemic 

lupus erythematosus [60]. IL1, one of the cytokines activating MAS’s macrophages, 

induced mTORC1 activation [61]. The activated mTORC1 promoted the expansion of 

inflammatory monocytes and inflammation. Suppressing mTORC1 by rapamycin alleviated 

systemic inflammatory response [61]. In addition, mice deficient in TSC2 in hematopoietic 

cells, achieved by using the Mx-Cre, spontaneously developed arthritis and a MAS-like 

syndrome [61], further supporting the pro-inflammation role of mTORC1. Interestingly, 

TSC2 deletion using the same Mx-Cre enhanced myeloid cell development and maturation 

via the Myc gene [62]. The activated mTORC1 induced hypertrophy and proliferation 

of macrophages, which led to granuloma formation in vivo [63]. These data consistently 

suggest that mTORC1 activation promotes monocyte/macrophage proliferation to enhance 

inflammation. It is unclear if TSC deficiency-induced inflammation is primarily driven by 

monocytes/macrophage proliferation and if intrinsic elevated inflammation contributes to the 

phenotype. Although the enhanced myeloid proliferation by mTORC1 activation via TSC2 

deletion is an extreme example, it may nonetheless shed light on the role of mTORC1 

in promoting myelopoiesis, a key feature of trained immunity for ASCVD, which will be 

further discussed later.

It is intriguing that suppressing or activating mTORC1 by genetically deleting components 

of the mTORC1 (mTOR or Raptor) or TSC from the growth factor responding arm, 

respectively, enhances inflammation in macrophages. Negative feedback via the mTORC1 

complex is a possible explanation, supported by the recent evidence of mTORC1 regulating 

the IFNγ-activated inhibitor of translation (GAIT) system. GAIT inhibited the translation 

of inflammatory mediators and promoted inflammation resolution [64]. S6K1 (also known 

as P70S6 kinase (P70S6K)) is a substrate of mTORC1 that phosphorylated the Thr389 

residue of S6K1 in monocytes [65,66]. The C terminus of S6K1 was phosphorylated by 

cyclin-dependent kinase 5 (CDK5) at Ser424 and Ser429. The cooperative phosphorylation by 

the two kinases was required to induce glutamylprolyl tRNA synthetase (EPRS) activation, 

a component of the GAIT complex [64]. Deletion of mTOR or Raptor, therefore, interrupts 

the negative feedback by inhibiting GAIT complex formation. We should also recognize 

that the regulatory function of TSC to mTORC1 is complex. For example, TSC deletion 

paradoxically activated MiT/TFE [67], which enhanced catabolism by increasing lysosome 

gene expression and biogenesis. Similar complexity could also be extended to other 

inflammatory pathways in the TSC loss-of-function model. More studies are necessary 
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to delineate the multifacet regulation at different levels of the mTORC1 pathway in 

macrophages.

At the metabolic level, mTORC1 is reported to enhance macrophage inflammation through 

glycolysis, the preferred metabolic mechanism for M1 inflammatory macrophages in vitro 

[68]. mTORC1 promoted glycolysis by increasing the translation of glycolytic enzymes and 

their transcriptional regulators in bone marrow-derived and peritoneal macrophages [69]. 

The enhanced glycolysis subsequently promoted the activation of NLRP3 inflammasome 

[69]. Inflammasome activation leads to the release of IL1 family cytokines in their active 

isoforms via membrane pores formed by GSDMD (Gasdermin D). A recent study identified 

that the Ragulator-Rag complex was required for GSDMD pore formation by a genome-

wide genetic screen [70]. The study suggested that Ragulator-Rag-mTOR increased reactive 

oxygen species (ROS) production, which promoted the oligomerization of GSDMD in 

macrophages [70]. This process depended on mTORC1 activity but was only suppressed 

by Torin 1, not rapamycin. It remains unclear what contributed to the differential impact. 

The different mechanisms by which the two agents inhibit mTORC1 could play a role. 

Rapamycin inhibits mTORC1 by forming a complex with FKBP12, which creates a ternary 

complex with mTOR to interfere with substrate recruitment. In contrast, Torin 1 is an ATP-

competitive inhibitor suppressing the phosphorylation/activation of mTORC1. Additionally, 

rapamycin has a limited inhibitory effect on some mTORC1 substrates, such as 4EBP1 [71], 

which may contribute to the lack of impact on GSDMD by rapamycin.

Besides enhancing inflammation by the abovementioned mechanisms, mTORC1 regulated 

pathogen clearance through autophagy [72]. Although the understanding is that mTORC1 

inhibits autophagy, a recent study reported an unexpected role of Lamtor5 in degrading 

TLR4, the receptor for LPS, by enhancing autophagy in macrophages [73]. Lamtor5 

is one of the subunits of Ragulator that anchors mTORC1 to the lysosome membrane. 

Gain- or loss-of-function of Lamtor5 suppressed or enhanced the LPS-TLR4-mediated 

signaling, respectively, which includes the activation of NFkb, IRF3, and TBK1. The loss of 

Lamtor5 led to sustained inflammation and increased mortality during endotoxic shock [73]. 

Although not characterized in detail, Torin 1 treatment suppressed the exuberant LPS-TLR4 

signaling in Lamtor5-deficient macrophages [73].

In summary, mTORC1 plays a complex role in governing macrophage function. While 

there is some evidence of mTORC1 being immune-inhibitory, most data support its’ pro-

inflammatory role in macrophages. The dichotomy is created by suppressing or enhancing 

mTORC1 activity via deleting different components of the mTOR complexes. As most 

clinical diseases related to the mTOR signaling demonstrate enhanced mTORC1 activation, 

the model reflecting such may be more relevant in this setting.

6. AMP-activated protein kinase in regulating macrophage function in 

hypoxia

AMP-activated protein kinase (AMPK) senses the energy levels in the cells and is activated 

by high AMP/ATP and ADP/ATP ratio. In contrast to mTORC1, which detects and responds 

to nutrient and energy abundance, AMPK is activated by energy deficiency. AMPK inhibits 
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mTORC1 activity to conserve energy and promote cell survival in energy crises. In acute 

and complete ischemia, the infarct tissue is hypoxic and lacks nutrients in regular isoforms 

that serve as substrates to generate the fuel. Therefore, AMPK is expected to activate 

in macrophages in this context. Evidence suggests Liver kinase B1 (LBK1) and calcium 

release-activated calcium channels (CaMKKβ) stimulated AMPK in hypoxia [74]. However, 

the activity state and pathways responsible for AMPK activation in macrophages in acute 

injury and inflammation remain largely undetermined. We refer readers to recent reviews 

for discussions on pathways hypoxia employs to trigger AMPK activation [75] and the 

regulatory role of AMPK to mTOR pathway in hypoxia[75,76], which summarized evidence 

from ranges of cells and experimental models, including cancer cells, smooth muscle 

cells, epithelial cells, and cardiomyocytes. These studies provide valuable insights into 

the two opposing pathways in hypoxia. However, the response of resident cells, such as 

cardiomyocytes and smooth muscle cells, to hypoxia is likely different from that of cells 

migrating into the injury sites, such as monocytes that evolve into macrophages in the 

hypoxia tissue.

Although the evidence is limited, there are interesting observations about the function of 

AMPK in macrophages. It was reported that macrophages expressed predominantly the 

AMPKα1 subunit, the activation of which polarized bone marrow-derived macrophages 

toward anti-inflammatory phenotype [77]. This in vitro observation was substantiated by 

findings from an in vivo model of acute limb ischemia concerning angiogenesis, a process 

facilitated by anti-inflammatory/alternatively activated macrophages. The authors uncovered 

that deleting AMPKα1, not AMPKα2, impaired arteriogenesis [78]. Interestingly, the total 

macrophages accumulated in the ischemic limb was also reduced in AMPKα1 knockout 

mice [78]. As macrophages in the acute inflammatory sites evolve in a continuum from the 

inflammatory to the anti-inflammatory phenotype, it is possible that the reduced number 

of macrophages initially, thus decreasing the total anti-inflammatory macrophages, also 

contributed to the impaired angiogenesis when AMPKα1 was suppressed. The data also 

suggest that AMPK regulates a specific subtype of anti-inflammatory macrophages with 

primary functions of generating pro-angiogenic factors, extracellular matrix remodeling, and 

neovascular sprouting.

7. mTORC1 in regulating macrophages function in acute myocardial 

ischemia

Acute ischemia of the myocardium induces a robust inflammatory response in which 

macrophages are key players. The localized tissue injury differs from systemic inflammation 

by LPS injection or in vitro experimental settings many studies discussed so far employed. 

Because the interaction between macrophages and the ischemic environment dictates 

macrophage functions, mTORC1 could affect a broader effector function of these cells. 

The macrophage activation in the infarct tissue depends on recognizing damage-associated 

molecular patterns (DAMP) by pattern-recognizing receptors (PRR). There are more 

than 40 different PRRs [79]. Toll-like receptors (TLR), especially TLR4, are the most 

studied DAMP-PRR that induces mTORC1 activation [5,80]. TLR4 recognizes a variety of 

exogenous and endogenous ligands. DAMP signals released from necrotic myocardium that 
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are recognized by TLR4 included S100 calcium-binding protein A1 (S100A1), S100A8/A9, 

HMGB1 (High mobility group box 1 protein), galectin-3, S100β, and IL-1α [81,82]. 

Injecting the mixture of HMGB1, galectin-3, S100β, and IL-1α or HMGB1 alone provoked 

cardiac inflammation in the wild type but not in TLR4-deficient mice [81]. Knocking down 

TLR4 reduced TNFα and IL6 in the infarct tissue and improved cardiac function four 

weeks after MI [83]. Although TLR-mediated signaling in acute ischemia was not directly 

assessed in macrophages, knocking-down TLR4 by injecting shRNA into the infarct region 

immediately after the MI procedure strongly suggests the contribution of macrophages to 

the phenotype. More work is needed to delineate if TLRs activate mTORC1 in macrophages 

after MI using macrophage conditional knockout models or chimeric mice generated by 

bone marrow transplant.

TLR-ligands interactions activate mTORC1 in multiple ways. Stimulating TLR4 by LPS 

activated MAP3K that phosphorylated P70S6K [84], which directly phosphorylates/activates 

S6. At the same time, LPS-TLR4 interaction induced AKT phosphorylation that relieved 

the inhibitory effect of the TSC complex on mTORC1 [84,85]. As there are numerous 

endogenous TLR4 ligands, and some of them are abundantly present in the infarct tissue 

(fibronectin, HMGB1, for example), the LPS-TLR4 is used here as an example of TLR4 

activation. Stimulation of TLRs, TNFαR, IL1R, and some GPCRs activated MAP3K8, 

the kinase that initiated the phosphorylation sequence of MEK, ERK, and 4EBP1, leading 

to the release of translation suppression of inflammatory cytokines [86]. Ligand-bound 

TLR4 also recruited a small GTPase Rab8a as an adaptor protein to engage PI3Kγ, 

leading to mTORC1 activation via the PI3K/AKT path [87]. Furthermore, TLR3 and TLR4 

activated TBK1 (TANK-binding kinase 1) that phosphorylated mTOR at Ser2159 residue 

[88]. These data suggest TLR activation can stimulate mTORC1 by directly increasing the 

phosphorylation of the mTORC1 substrates, mTOR itself, or by relieving the suppression 

from the TSC complex. It is essential to realize that the signaling pathways discussed above 

have not been explicitly studied in the myocardial ischemia setting and therefore serve as 

indirect evidence.

Inflammatory cytokines, including IL-1β, TNFα, and IFNγ and their receptors, are known 

DAMPs-PRRs that activated mTORC1 [65,89]. These cytokines are produced abundantly 

in the infarct tissue [90] and likely are the primary sources of signals for the growth 

factor/stress arm of mTORC1 activation. In macrophages, DAMP-PRR interactions activate 

mTORC1 by the MAP3K/ERK and PI3K/AKT pathway. Although these pathways have not 

been studied explicitly as the activating signals for mTORC1 in myocardial ischemia, the 

available evidence supports the active roles of MAP3K/ERK and PI3K/AKT in post-infarct 

repair. The Ras-ERK pathway promotes chronic inflammation in obesity [91], rheumatoid 

arthritis, psoriatic arthritis, and the progressive form of osteoarthritis [92]. In myocardial 

ischemia/reperfusion injury, studies have reported protective [93] and detrimental [94] roles 

of ERK activation. Activated ERK was detected predominately in non-cardiomyocytes in 

the infarct region, suggesting macrophages are a source of ERK activation after MI [95]. 

Macrophages from the MI tissue displayed a strong activation of ERK1/2 (unpublished 

observation), which is associated with robust activation of mTORC1 [4].
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The PI3K/AKT is the archetypical pathway that activates mTORC1. In a murine model 

of MI, global AKT1 deficiency increased cardiomyocyte apoptosis 24 h after MI. Still, it 

reduced fibrosis and infarct size and improved cardiac function four weeks after MI [96], 

pointing to an immune cell-mediated process. Interestingly, mortality caused predominantly 

by left ventricle rupture from severe inflammation in experimental MI models was lower in 

AKT1 null mice [96]. This finding suggests that AKT1 activation contributed to the acute 

inflammation via immune cells such as macrophages. Additionally, global AKT1 deficiency 

in the background of double deletion of ApoE and SR-BI (scavenger receptor class B type I) 

reduced inflammatory macrophage and neutrophil infiltration in spontaneous MI developed 

in these mice and improved survival and function [97]. In contrast, PI3K/AKT activation 

was associated with the inflammatory phenotype of macrophages after MI [98]. The 

evidence suggests a pro-inflammatory and detrimental role of AKT1-mTORC1 activation 

macrophages in acute ischemia. These observations are in line with recent findings 

that robust mTORC1 activation in macrophages from the infarct tissue is detrimental 

to myocardial repair and remodeling [4]. There also appears distinct activation patterns 

of substrates of mTORC1 in inflammatory and reparative macrophages, suggesting that 

the individual substrate of mTORC1 regulates molecular events responsible for switching 

macrophages from inflammatory to reparative phenotype.

7.1. Perspectives and future studies

Most research about mTORC1 in cardiac diseases focuses on muscle biology and myocyte 

response to stress, especially hypertrophic stimuli [99]. This is not surprising given 

mTORC1 is the fundamental pathway by which eukaryotic cells maintain growth, which 

is essential for cardiomyocytes to respond to stress. The robust activation of mTORC1 in 

macrophages in MI brings new research interests to an important yet poorly understood area. 

As we begin to understand the role of mTORC1 in macrophages in myocardial ischemia, 

many questions remain to be answered before we can fully appreciate this pathway and take 

advantage of the clinically available mTORC1 inhibitors for bedside translation. mTORC1 

activation strictly requires dual input from growth/stress signals and nutrients. Although the 

DAMP-PRR interaction serves as the input from the growth factor/stress arm, it is unclear 

what sources supply nutrients. The infarct tissue lacks classical nutrients such as monomeric 

amino acids and is a hypoxic environment without energy; all suppress mTORC1 activation 

contrary to our findings [4]. One possibility is that macrophages, as professional phagocytes, 

take advantage of the massive dead myocardium and turn it into nutrients. The nutrients 

generated in this manner regulate cellular function by activating mTORC1 and serve as the 

substrates for building the repairing structure. Often, the primary focus when macrophages 

are studied is their ability to stimulate or inhibit inflammation. Their role as professional 

phagocytes to remove dead tissue is much less investigated. Macrophages as phagocytes 

are expected to function at their peak in MI to remove the tissue debris and initiate repair. 

To delineate how macrophages “extract” valuable nutrients from dead myocardium and 

use them to regulate their function by mTORC1 activation provides a different vantage 

point and helps our understanding of a critical aspect of the functional repertoire of 

macrophages that has been largely missing. As the function of phagocytes is closely tied 

with lysosomes, future research that answers questions such as how mTORC1 regulates 
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macrophage differentiation and phenotypes by affecting lysosome proliferation/function is 

also essential to a better understanding of macrophage biology in ischemia.

Recent work demonstrated that mTORC1 inhibited nutrient generation from protein 

scavenging via macropinocytosis, a process of uptaking extracellular soluble components 

and small debris (<5 μm) into large vacuoles (>250 nm). Macropinocytosis is an actin- 

and PI3K-dependent process active at baseline or triggered by cytokines. Macropinocytosis 

improves cell survival in a harsh environment, like cancer cells in the center of a solid 

tumor. mTORC1 directly suppressed the degradation of the proteins by suppressing V-

ATPase-mediated acidification of lysosomes [100]. V-ATPase suppression was mediated by 

phosphorylating STK11IP (serine/threonine kinase 11 interacting protein), a new substrate 

of mTORC1 identified by quantitative phosphoproteomic analyses [101]. Macrophages 

from different immune phenotypes have striking differences in their ability to perform 

macropinocytosis [102]. Human inflammatory macrophages differentiated from monocytes 

followed by treatment of IFNγ and LPS possessed 5% of the macropinocytosis capacity 

as that of the anti-inflammatory macrophages polarized by IL4 [102]. The underlying 

mechanisms for macropinocytosis also differed: the inflammatory macrophages depended 

on Rho GTPases or Rac1, and anti-inflammatory macrophages relied on PI3K, Ca++ and 

CaSR (Ca sensing receptor). These results have important implications for the phagocytotic 

function of macrophages in the ischemic myocardium. Our observation (unpublished) 

demonstrates only soluble DAMPs (sDAMP) from the infarct tissue trigger inflammation, 

suggesting macropinocytosis can serve as mechanism to remove DAMPs. Targetting 

mTORC1 to boost macropinocytosis is a novel way to increase the efficiency of clearing 

DAMPs and therefore potentially reducing inflammation and inhibiting remodeling and 

heart failure after MI.

In Figure 1, we summarize the potential mTORC1 activation signals in acute ischemia and 

the implications of mTORC1 activation based on current available evidence.

8. mTOR Signaling and ASCVD

Atherosclerosis is the culprit responsible for most acute and chronic ischemia. The initial 

event of atherosclerosis is an intra-mural accumulation of apolipoprotein B-containing 

lipoproteins in the susceptible regions of the vasculature. The sequestered lipoproteins 

trigger inflammatory changes in the overlaying endothelium, promoting monocyte adhesion 

and infiltration into the vascular wall. Monocytes recruited engulf the lipoprotein and its 

by-products from oxidation and degradation and evolve into “foam cells”, the signature 

macrophages of the atherosclerosis lesion. Macrophages contribute to the initiation, 

progression, and remodeling of atherosclerotic lesions [103,185,186] via their versatile 

effector functions that include producing chemokines/cytokines/ROS, secreting matrix-

degrading proteases, endocytosis and degrading engulfed material, and by inflammatory-

stimulated cell death. This section focuses on how trained immunity links risk factors to 

atherosclerosis and the role of mTOR therein.
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8.1. Trained immunity and ASCVD

Trained immunity is a process by which innate immune cells gain memories after exposure 

to certain stimuli and augment their response to subsequent insults. Classical stimuli that 

lead to trained immunity include β-glucan (a primary cell wall component of fungi), the 

BCG vaccine, oxidized LDL (oxLDL), low-level LPS, and aldosterone. Three biological 

processes must be in place for trained immunity: metabolic rewiring, including glycolysis 

and glutaminolysis, epigenetic reprogramming, and enhanced myelopoiesis [104]. Although 

the precise sequence of the three events remains unclear, some evidence suggests the 

metabolites from the metabolic reprogramming cause epigenetic changes, suggesting the 

interconnection between these two processes.

The role of trained immunity in ASCVD has recently gained attention. Although the term 

“trained immunity” was introduced in 2011, a study from 1999 has already demonstrated 

BCG-immunized rabbits fed with a Western-style diet (WD) had increased atherosclerosis 

[105], therefore likely the first report linking trained immunity with atherosclerotic disease. 

Since then, studies have uncovered that trained immunity in human monocytes can be 

induced by oxLDL [106–108], acetylated LDL [107], glucose [109], Lp(a) [110], and 

aldosterone [111], all of which are risk factors of human ASCVD. More importantly, 

intriguing evidence also connects lifestyle risk factors as triggers of trained immunity. 

Psychological stress is a known risk factor for ASCVD [112]. When mice were exposed 

to variable stressors such as crowding, isolation, cage tilt, and frequent light-dark cycle 

changes, monocytes from these mice demonstrated transcriptomic and epigenomic changes 

that biased these cells to a hyper-inflammatory phenotype and enhanced myeloipoiesis [12]. 

Monocytes from human subjects with elevated stress levels, assessed by the Perceived Stress 

Scale, or from stressed mice had exacerbated responses to inflammatory stimuli such as TLR 

ligands [12], consistent with prior priming events similar to those in trained immunity. 

These monocytes exhibited enhanced activities in PI3K/AKT, mTOR, and Hif-1α and 

decreased oxidative phosphorylation [12], indicating metabolic reprogramming. Intriguingly, 

stress activated all three processes, including metabolic and epigenetic reprogramming and 

myelopoiesis [12], required for trained immunity. The molecular triggers are yet to be 

defined and could be a composite of metabolites and neurohormonal mediators.

Western-style diet (WD), a diet that is high in saturated fats, refined carbohydrates, and 

salt, and low in complex carbohydrates, fiber, vitamins and minerals, induced inflammation 

[113]. Feeding WD to Ldlr−/− mice caused systemic inflammation manifested by elevations 

of more than 20 cytokines and chemokines, most of which are pro-inflammatory [11]. 

Myeloid progenitor cells from WD-fed mice had increased proliferation, leading to more 

mature monocytes and granulocytes while not impacting lymphocytes. The enhanced 

myelopoiesis was a result of transcriptomic and epigenomic reprogramming of the 

progenitors. Significantly, the responses of monocytes from WD-fed mice to TLR agonists 

(TLR2, 4, 7/8, and 9) were augmented compared to cells from chow-fed mice, suggesting 

a possible role of WD in trained immunity [11]. Replacing WD with a regular chow diet 

normalized serum inflammation markers, but it failed to reverse the augmented responses of 

myeloid cells to inflammatory stimuli [11]. Similarly, epigenetic reprogramming of adipose 

tissue macrophages and retinal myeloid cells and the augmented inflammatory response 
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persisted after weight reduction in high-fat diet-induced obesity [9]. The lasting priming 

effect of WD on myeloid cells was further supported by the evidence that bone marrow cells 

from WD-fed mice retained the ability to promote atherosclerosis after being transplanted 

to Ldlr−/− mice on a regular chow diet [10]. Interestingly, the donor Hematopoietic stem 

cells (HSCs) from WD-fed mice maintained the hypomethylated promoters for Pu.1 and 

IRF8 [10], key transcription factors that could explain the enhanced myelopoiesis. These 

data suggest that epigenetic changes induced by WD have a long lasting effect in promoting 

the production of monocytes and granulocytes.

While the priming factors from WD to induce trained immunity have yet to be fully 

defined, one candidate is LPS. LPS can be detected in healthy subjects who consumed 

WD [114], a phenomenon known as metabolic endotoxemia. Changes in the gut microbiota 

by WD can compromise the gastrointestinal barrier and allow LPS to enter the circulation 

[115]. Additionally, the consumption of sucralose or sucrose modified gut microbiota and 

enriched the bacterial genes involved in the synthesis of LPS [116]. These events likely 

contribute to the low level of LPS in the blood stream. Unlike high concentrations that cause 

tolerance, low concentration of LPS is known to induce trained immunity. Research has 

found that low-dose LPS injection (5ng per kg body weight twice a week for two months) 

in ApoE−/− mice, an attempt to mimick metabolic endotoxemia, aggravated atherosclerosis 

[117]. Therefore, WD may have incurred trained immunity by the products of metabolic 

derangement, byproducts from the diet itself, or the consequential impact of WD on the gut 

microbiota and mucosal barrier.

Poor sleeping quality, abnormal quantity that is either too short or too long, and fragmented 

sleep are associated with ASCVD and ASCVD-related mortality [118]. Even in healthy 

young volunteers, slight sleep restriction (from 7.4 h to 6.1 h) for six weeks expanded 

HSPC (Hematopoietic Stem and Progenitor Cells) population and increased circulating 

classical and non-classical monocytes in the evening [119]. In addition, the sleep restriction 

(SR) augmented the activities of histone acetyltransferase (HAT) and deacetylase (HDAC). 

However, only the changes in HDAC reached statistical significance [119], suggesting 

possible epigenomic changes in HSPCs by SR. Sleep fragmentation (SF) in ApoE−/− 

mice fed with a high-fat diet accelerated atherosclerosis [8]. The proliferation of Lin− 

Sca1+ cKit+ (LSK) cells (a type of HSC) in the BM was enhanced, and inflammatory 

monocytes (Ly6Chi) in the circulation were increased by SF [8], both contributing to the 

phenotype. Interestingly, restoring to regular sleep for ten weeks only partially reversed 

the epigenomic changes induced by SF (69%), leaving the remaining 31% unchanged. The 

31% epigenomic loci alterations may determine the augmented inflammatory response in 

trained immunity. Similarly, restoring to a regular sleep schedule did not reverse the SF-

induced hyper-inflammatory response to cecal ligation and puncture, which included higher 

monocytosis, augmented BM hematopoiesis, and increased plasma cytokine levels, resulting 

in a worse clinical score [119]. These data suggest that trained immunity connects sleep 

disruption and ASCVD. However, the sleep fragmentation, performed in the preclinical 

model using a sweep bar moved along the bottom of the cage every 2 min during the light 

cycle, could represent severe disruption of sleep. Therefore, the clinical relevance is still 

unclear.
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While the current evidence supports lifestyle risk factors such as diet and sleep disruption 

induced trained immunity that led to the exacerbated inflammatory response that cannot 

be reversed by switching back to a regular diet, by weight loss, or restoring normal 

sleep, exercise has been shown to protect mice and humans with atherosclerosis from 

chronic leukocytosis [120]. Physical inactivity is associated with a higher risk of developing 

ASCVD. Exercise, on the other hand, mitigated the proinflammatory state in human 

subjects [121]. In patients with existing coronary artery disease, exercise 4 times or more 

per week was associated with lower blood leukocyte count [120]. While the guideline 

recommends exercise regularly for primary prevention of ASCVD [122], the mechanism 

is not fully understood. In ApoE−/−mice fed with WD, voluntary exercise inhibited 

leukocytosis, lowered immune cell accumulation in the aorta and decreased the size of 

atherosclerotic plaques. The benefit of exercise was attributed to decreased leptin levels from 

the visceral fat tissue, which promoted hematopoietic quiescence [120]. Although exercise-

induced changes, including the decrease in leukocyte production and the epigenomic and 

transcriptomic modifications, remained in place after stopping exercise for several weeks, 

they were not permanent, which supports the current recommendation regarding daily 

activity at the molecular level. It is unclear if exercise reverses trained immunity based 

on the current data from a specific experimental setup. More work is needed to answer this 

question.

8.2. mTOR and trained immunity

Innate immune cells re-wire their metabolic pathway to aerobic glycolysis to sustain the 

trained immunity. This is not surprising as glycolysis supplies metabolic intermediates 

to enhance macrophage inflammatory response. Human primary monocytes trained with β-

glucan preferred aerobic glycolysis with high glucose consumption, high lactate production, 

a high NAD+/NADH ratio, and a reduced basal respiration rate [123]. Trained immunity was 

inhibited by mTORC1 inhibitor rapamycin, AMPK activator metformin (which also inhibits 

mTOR), and deletion of Hif1α [123]. Similarly, oxLDL-induced trained immunity in 

human peripheral blood monocytes depended on glycolysis [106]. The enhanced glycolysis 

by mTOR activation feeds pyruvate to the TCA cycle, producing acetyl-CoA, which is 

further metabolized into mevalonate, a precursor metabolite for cholesterol synthesis [108]. 

Mevalonate activated PI3K-mTOR, forming a loop of mTOR-glycolysis-Mevalonate that 

induced long-lasting trained immunity. It is interesting to note that rapamycin consistently 

inhibited the augmented inflammatory response in trained immunity [123,124]. However, 

the direct metabolic impact of mTOR inhibition on monocytes or macrophages is less 

established and sometimes inferred from indirect mTOR suppression by AMPK activation 

from metformin [125]. Nonetheless, coupled with the ample evidence supporting mTOR’s 

role in promoting aerobic glycolysis in inflammatory macrophages [15], T cells [14], and 

cancer cells [16], mTOR signaling likely serves as a crucial pathway for trained immunity.

Rapamycin and its derivatives, the so-called rapalog-coated stents, are widely used to treat 

coronary artery stenosis in patients and deliver better outcomes compared to bare metal 

stents or stents coated with Paclitaxel that suppressed coronary artery smooth muscle 

cell proliferation by inducing mitotic arrest [126]. In a recent study, myeloidspecific 

nanobiologics that targeted mTOR or S6K1, one of the downstream kinases activated 
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by mTOR, reduced lesion size and inhibited inflammation in the ApoE-deficient mice 

[127]. With the evidence discussed above linking risk factors and lifestyles with trained 

immunity through mTOR activation, there could be a value of systemic administered 

immune modulators targeting the mTOR pathway in earlier stages of the ASCVD or even 

for prevention purposes in selected patients. The challenge is that mTOR signaling regulates 

a wide range of biological processes with growing downstream targets, and many questions 

regarding mTOR’s role in trained immunity have yet to be answered. For example, is 

mTORC1 the predominant complex in inducing trained immunity, and what are the specific 

substrates of mTORC1 involved, and is the regulation transcriptional or translational or both, 

and does mTOR direct or indirectly induce epigenetic reprogramming?

In summary, accumulating evidence points to trained immunity as an underlying mechanism 

linking risk factors and life styles to the pathogenesis of ASCVD. There appears to be 

a long-lasting effect of the trained immunity-mediated augmented inflammatory response 

by these factors, which cannot be reversed by simply “discontinuing” the life style 

practice. Exercise has a temporary effect on this process. In this context, pharmacological 

interventions may provide some options. Immune modulators targeting mTOR are promising 

in reversing trained immunity in ASCVD. However, more research is warranted to address 

outstanding questions.

9. mTOR and immune senescence

Cellular senescence is a relatively well-characterized phenotype [128]. Senescent cells have 

a distinct morphology (enlarged and flattened), dysfunctional mitochondria with enhanced 

ROS release, resistance to apoptosis, exited cell cycle, protein modifications, accumulation 

of lipofuscin granules, and expression of SA-β-galactosidase. Senescence is also associated 

with changes in the epigenome and the transcriptome. Functionally, senescent cells 

develop senescence-associated secretory phenotype (SASP) that contains hundreds of 

molecules with comprehensive ranges of functions, including inflammatory cytokines 

(IL6, IL8), chemokines (MCP1, MIPs), growth factors (TGFβ), proteases, hemostatic 

factors, bradykinins, extracellular matrix components, metalloproteinases, miRNAs, ROS, 

metabolites, and DAMPs [129]. SASP induces and/or reinforces senescent changes in the 

surrounding cells and attracts immune cells to remove the senescent cells. As a result, small 

proportions of senescent cells, for example, 2%, can have a significant impact.

By definition, immune senescence is a process of immune dysfunction that occurs with 

age leading to changes in the immune functions that increase vulnerability to infections 

and chronic diseases and results in a lack of response to vaccine. However, senescence 

in immune cells is difficult to define because of the diverse immune cells of innate and 

adaptive immune systems, and a broad spectrum of phenotypes developed by individual 

immune cell types in response to the environment, for example, the macrophages. However, 

the cardinal features of immune senescence have been described to include immune cell 

function changes, altered cell type composition such as the loss of naïve T cells and 

an increase in highly differentiated CD28- memory T cells, defective response to new 

antigen, impaired calcium-mediated signaling, thymic atrophy, enhanced auto-immunity, and 

inflamm-aging [130]. In addition, many senescent immune cells expressed elevated p16 and 
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p21 and generated SASP [131]. The focus of this review is the senescent monocyte and 

macrophage phenotype.

In humans, the atypical monocytes (CD14lowCD16hi) accumulated in elderly patients were 

considered senescent cells as they produced SASP and were proinflammatory [132]. 

Additionally, a subset of bone marrow monocyte-macrophages that were enriched in 

pathways critical for inflammation, senescence, and tumorigenesis increased with aging, 

consistent with the senescent phenotype [133]. Aged monocytes-macrophages-produced 

grancalcin induced marrow adipogenesis and reduced dynamic bone formation rates, 

characteristics of bone aging [133]. These data suggest that the senescent monocyte-

macrophage population produces unique SASPs to cause aging of the organ they reside 

in, and it is possible specific SASPs made by aged macrophages in the heart could contribute 

to age-related hypertrophy and fibrosis. In addition, macrophages in the bone fracture site of 

old mice (24 months) had an increased pro-inflammatory profile compared to young mice 

(3 months) and delayed fracture healing [134]. In an animal model of immune senescence 

induced by selectively deleting the DNA repair protein, Ercc1, in mouse hematopoietic cells, 

premature aging in solid organs such as the liver and kidney occurred [18], suggesting 

immune senescence can lead to aging at the systemic level. Although vascular aging was 

not characterized in this study, macrophages, among other immune cells (T cells, B cell, NK 

cells), significantly increased expression of senescent markers p16 and p21 and produced 

SASP in this model [18]. Therefore, these mice could develop early onset atherosclerosis in 

experimental settings such as using WD and in mice with ApoE or Ldlr deletion.

mTOR plays a central role in regulating aging-related biological processes. Inhibition of 

mTOR by rapamycin extends the life span in various species. For immune senescence, 

mTOR activation was essential for the secretory phenotype and the increased production 

of IL6 and IL8 in myeloid cells after being stimulated with the senescent signal Ras 

[135]. mTOR enhanced the stability of SASP mRNA by inhibiting the RNA-binding protein 

ZFP36L1 [136]. mTOR inhibition by rapamycin suppressed the secretion of inflammatory 

cytokines by senescent cells and impaired SASP production [136,137]. Furthermore, 

rapamycin rejuvenated the immune system in an immune senescence model induced by 

deleting a DNA repair mechanism in hemopoietic cells [18]. However, it is unclear if 

rapamycin also reversed the premature aging of the solid organs by immune senescence, as 

the study did not report it.

Both preclinical and clinical studies examined if mTOR pathway inhibitors can mitigate the 

sequelae of immune senescence. Inhibition of PI3K/mTOR activity by BEZ235 upregulated 

IFN-induced antiviral immune responses and rescued mice from lethal influenza infection 

[138]. In a double-blind, randomized, placebo-controlled trial using the same inhibitor 

BEZ235 (name changed to RTB101), RTB101 upregulated IFN-induced antiviral responses 

in older adults (age ≥ 65). Interestingly, RTB101 reduced the incidents of respiratory tract 

infection in the phase 2B trial but did not demonstrate a similar impact in the phase 3 

trial [139]. The authors proposed to refine endpoints for future studies to determine the 

effectiveness of RTB101 further. The data nonetheless suggested that daily administering 

RTB101 for 16 weeks was safe and well-tolerated in this patient population. Additionally, 

mTOR inhibitor RAD001 boosted influenza vaccine responses in elderly patients [140]. 
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The evidence in aggregates suggested that immune senescence can be modified, and mTOR 

pathway inhibitors can be considered immune modulators to reverse immune senescence, at 

least to a certain degree.

The driving factors for immune senescence and ASCVD overlap significantly, and metabolic 

derangement (diabetes, hypercholesterolemia), genetics, and smoking are just a few 

examples. The persistent, low-grade inflammation, also known as inflamm-aging and a 

hallmark of immune senescence, is a critical driving force of atherosclerosis. Therefore, 

it is very likely that immune senescence plays an essential role in the pathogenesis of 

ASCVD. The lipid-laden macrophages (foam cells) with senescence markers produced 

more atherogenic and inflammatory cytokines, chemokines, and metalloprotease, promoting 

lesion progression and instability [141]. Senolytics that target the aged macrophages blunted 

the atherosclerotic lesion progression [142]. Moreover, rapamycin consistently reduced the 

burden of atherosclerosis in animal models of accelerated atherosclerosis (ApoE−/− and 

Ldlr−/−fed with high-fat diet), which is reviewed elsewhere [143], suggesting the possible 

role of mTOR in immune senescence in ASCVD. There is limited data on the molecular 

mechanisms of monocyte/macrophage senescence in atherosclerosis. miR-216a was reported 

to promote atherosclerosis partly due to its role in macrophage aging [144].

10. mTOR and clonal hematopoiesis

Clonal hematopoiesis of indeterminate potential (CHIP) is an age-related phenomenon in 

which HSCs acquire leukemogenic mutations, leading to a clonally expanded HSC. These 

HSCs have survival advantages and continue to expand with aging. As a result, selective 

expansion of a subpopulation of blood cells occurs. The individuals with CHIP do not 

have evident hematologic malignancy, dysplasia, or cytopenia [145]. The known mutations 

of CHIP are typically epigenetic regulators such as DNMT3A, TET2, and ASXL1, DNA 

damage repair genes including PPM1D, TP53, the regulatory tyrosine kinase JAK2, or 

mRNA spliceo-some components SF3B1 and SRSF2. The prevalence of CHIP increases 

with aging, detectable in up to 10% of adults at age 70 or greater and nearly 20% of 

adults older than 90 years old using the next-generation sequencing of peripheral blood cells 

[146–148]. CHIP is associated with increased risk for coronary artery disease [146,149] 

and stroke [150]. Individuals with TET2, JAK2, and ASXL1 CHIP had a higher incidence 

of heart failure, and ASXL1 CHIP was associated with decreased LV ejection fraction 

[151]. Interestingly, evidence from 50 years ago suggested the monoclonality in human 

atherosclerotic lesions [152]. Besides CHIP, mosaic chromosomal alterations (mCAs) are 

another clonal hematopoiesis (CH) form. Compared to the specific gene mutations in 

CHIP, mCA-mediated CH has larger (often >1 megabase in length) structural alterations 

that can be insertions or deletions or copy number neutral loss of heterozygosity [153]. 

While CHIP is associated with more myeloid malignancies, lymphoid malignancies are 

more common for mCAs [148,153]. As monocytes and monocyte-derived macrophages are 

drivers of chronic inflammation in the atherosclerotic lesions, the differentially affected 

cell populations by CHIP and mCA may explain the certain and uncertain associations 

of CHIP and mCA [153–155] with coronary artery disease, respectively. Even though the 

association of mCA-mediated CH with atherosclerosis is not yet defined, evidence suggested 

mCA increased cardiovascular mortality [154], and a recently published analysis of 10,070 
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cancer survivors demonstrated carriers of any mCA were at an increased risk of CAD death 

compared with noncarriers [156].

We are beginning to understand the role of mTOR in CH. mTOR was reported to promote 

ASXL1 mutation-induced CH [157]. ASXL1 is one of three human homologs of the 

Drosophila Asx gene and was involved in epigenetic regulation [158]. There are also 

unique differences in ASXL1 CHIP and CHIPs from other epigenetic modulators such 

as DNMT3A and TET2. DNMT3A and TET2 mutations confer selection advantages, 

and the corresponding HSCs have enhanced self-renewal ability. In contrast, HSCs from 

ASXL1 mutation knock-in mice had decreased self-renewal ability leading to a competitive 

disadvantage after transplantation [157,159]. However, in the native environment, the 

ASXL1 mutant conferred a clonal advantage on LT-HSCs (Multipotent long-term HSCs) 

in hematopoiesis. ASXL1 mutation induced aberrant expansion of the LT-HSC compartment 

through activation of the AKT/mTOR pathway. Mechanistically, mutant ASXL1 interacted 

with and stabilized BAP1 (BRCA1 Associated Protein 1), a nuclear ubiquitin carboxy-

terminal hydrolase, resulting in the deubiquitination and activation of AKT, leading to the 

subsequent mTOR stimulation [157]. Notably, the expanded LT-HSCs lost the quiescence 

feature as a large proportion of the LT-HSCs were at the advanced stage of the cell cycle. 

mTORC1 inhibitor rapamycin reversed the aberrant proliferation of LT-HSCs [157].

There appears to be more evidence supporting mTOR’s role in promoting the cell cycle 

in CH. The DNMT3A gene was frequently mutated in hematopoietic malignancies, and 

DNMT3AR878H was the most common mutant. Conditional knock-in DNMT3AR878H in 

LSK progenitor cells using Mx1-Cre and the Cre-inducing agent plpC increased cell 

proliferation [160]. These mutant LSK progenitors exhibited higher mTOR activity that 

drove cell proliferation through activating CDK1 [160]. The increased mTOR activation 

was associated with mTOR gene hypomethylation. Additionally, HSCs harboring both 

DNMT3AR878H and nucleophosmin (NPM1) mutations gained accessibility to promoters 

enriched in cell cycle and PI3K/Akt/mTOR signaling [161]. The combination of these 

two mutations resulted in the most potent transformation to hematologic malignancy, 

highlighting the importance of the mTOR pathway in sustaining rapid cell proliferation.

Overall, these data support the role of mTOR in the cell cycle and proliferation during CH, 

including both benign CH and malignant transformation. Significantly, mTORC1 inhibition 

by rapamycin attenuated the clonal expansion in both settings. These data also corroborate 

the finding of enhanced myelopoiesis-induced by mTOR activation from TSC2 deletion 

[62]. Although it remains to be determined if the mTOR pathway actively contributes to 

CHIP-mediated atherosclerosis, the evidence of mTOR’s involvement in CH and CHIP as 

a driver of myeloid cell proliferation suggests such a potential. There are interesting and 

clinically relevant questions. For example, it is a known phenomenon that some patients 

develop accelerated atherosclerosis after acute ischemia. It is tempting to speculate that 

ischemia-triggered emergent hematopoiesis may selectively expand the CHIP population, 

and mTOR inhibition in such a patient population may confer protection.
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11. mTOR and HFpEF

By AHA/ACC and ESC definition, heart failure with preserved ejection fraction (HFpEF) 

is defined as signs and symptoms of HF with the left ventricular ejection fraction (LVEF) 

≥50% [162,163]. Historically, a patient population with typical heart failure symptoms 

and preserved LVEF was reported in 1982 [164]. We now understand that HFpEF 

accounts for 50% of all HF patients and 47% of all HF hospital admissions [165]. The 

comorbidities of HFpEF include obesity, hypertension, type 2 diabetes, coronary artery 

disease, atrial fibrillation, chronic kidney disease, obstructive sleep apnea, and chronic 

obstructive pulmonary disease (COPD). Aging and female sex are the additional important 

risk factors for developing HFpEF, and almost all patients older than 90 develop HFpEF 

[166]. Although HFpEF as a disease entity is much better characterized, the mechanisms 

driving the pathogenesis of HFpEF remain to be fully determined.

Evidence supporting the interplay between the immune-mediated processes and HFpEF has 

begun to emerge. In HFpEF patients, inflammatory cytokines such as TNFα, MCP1/CCL2, 

IL6, IL12, and CXCL10 were significantly elevated in the peripheral circulation compared 

with asymptomatic patients of hypertension or LV diastolic dysfunction [167]; patients 

with worsening HFpEF had higher TNF-α, IL-6, and CCL2 than stable patients [168]. 

Interestingly, the cytokines from the alternatively activated macrophages (anti-inflammatory 

macrophages) were also increased in HFpEF patients [167]. Correlating to the overall 

elevated immune/inflammatory profile, there was more myeloid cell infiltration in the 

myocardium and 2–4-fold increases in classical, intermediate, and nonclassical monocyte 

in the circulation of HFpEF patients [167,169]. This clinical observation suggests the 

association of an enhanced inflammatory profile with HFpEF. In an experimental model 

of diastolic dysfunction generated by salty drinking water, unilateral nephrectomy, and 

chronic exposure to aldosterone (SAUNA), the production of neutrophils, monocytes, and 

B cells from the spleen were elevated, and the density of macrophages in the myocardium 

were increased [170]. Deletion of IL10, an anti-inflammatory and profibrotic cytokine from 

macrophages, improved diastolic function in animals exposed to SAUNA [170]. Stress 

triggered the influx of CCR2 + Ly6Chigh monocytes that evolve into macrophages in the 

myocardium, contributing to the majority of macrophages and the inflammatory response 

[171]. Preventing the recruitment of CCR2+ monocytes to the heart by deleting CCR2 or 

MCP1, thereby blocking the CCR2+ macrophage expansion in the myocardium, remarkably 

decreased fibrosis and improved diastolic function [172]. These pre-clinical data support that 

macrophages can drive cardiac fibrosis and stiffness, leading to the hemodynamic features of 

HFpEF.

The CHIP phenomenon further illustrated the role of monocytes/macrophages in developing 

HFpEF. In a case-controlled study, CHIP mutations were significantly associated with 

HFpEF in patients younger than 65 [173]. Similarly, a recent study (pre-print) suggested 

CHIP was significantly associated with a 42% increased risk of HFpEF in post-menopausal 

women (n = 5214) [174]. Specifically, the study showed a stronger association of TET2 
mutation with HFpEF than DNMT3A or ASXL1. Interestingly, there was no evidence of the 

association between CHIP and the risk of incidents of HFrEF in this patient population. In 

mice infused with Ang II, inactivation of TET2 and DNMT3 in HSCs exacerbated cardiac 
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hypertrophy and fibrosis of the heart and kidney and decreased the fraction shortening by 

20 to 25% [175]. A similar observation was made in the hypertrophy model generated by 

pressure overload by trans-aortic constriction (TAC). In the TAC model, including 10% 

TET2-deficient bone marrow cells at the time of bone marrow transplantation enhanced 

cardiac hypertrophy, fibrosis, and a modest reduction of cardiac function [176]. Although the 

endpoints of these studies demonstrated a modest decrease in cardiac function, hypertrophy, 

fibrosis, and diastolic function likely preceded systolic dysfunction. Furthermore, a recent 

study suggested a high prevalence of CHIP of TET2 mutation in patients with HFpEF [177]. 

These data in aggregates point to a connection of TET2 mutation with HFpEF. Introducing 

TET2 mutation in HSCs in the HFpEF model induced by a high-fat diet and nitric oxide 

synthase inhibition [178] may provide further evidence of CHIP in HFpEF.

The only class 1 recommended therapy for HFpEF is diuretics, which reduces congestion 

and relieves symptoms [162]. The Sodium-Glucose Cotransporter-2 (SGLT2) inhibitors are 

recently added as a class 2a recommendation for HFpEF [162]. The disease-modulating 

treatment of HFpEF is lacking. In preclinical models, treating 25 months old female 

mice with ten weeks of calorie restriction or rapamycin at 2.24 mg/kg/day reversed aging-

associated diastolic function [179]. At the molecular level, these treatments reversed the 

aging-related decrease in proteins involved in mitochondrial function, electron transport 

chain, citric acid cycle, and fatty acid metabolism, as well as increased proteins of glycolysis 

and oxidative stress response [179]. Similar benefits of rapamycin on diastolic function and 

stiffness of the myocardium were extended to both aged male and female mice [180]. A 

proof-of-concept study is ongoing to determine if rapamycin improves patients of HFpEF 

with frailty (NCT04996719). These studies revealed the global effect of mTOR inhibition by 

rapamycin. Still, the data is consistent with the role of mTOR in promoting glycolysis, the 

critical metabolism for inflammatory macrophages. The inflammatory (CCR2+) monocytes 

become MHChi macrophages in HFpEF, which are highly enriched in profibrotic IL10, 

TGF-β, and osteopontin [170], in contrast to the pro-inflammatory macrophages when 

the same monocytes are recruited to the ischemic tissue early on after MI. Given the 

strong suppression of fibrogenesis mTOR inhibition in various organs, it is possible that 

mTOR inhibition inhibits the pro-fibrotic macrophages in HFpEF, likely by metabolic re-

configuration. At systemic level, mTOR inhibition can mitigate enhanced hematopoiesis and 

myeloid cell proliferation in HFpEF, therefore offering novel strategies for managing this 

complex form of heart failure.

In summary and as depicted in Figures 1 and 2, this review focuses on the role of mTOR in 

monocytes and macrophages in various cardiovascular diseases that include acute ischemia, 

ASCVD, and HFpEF. We discuss the vital function of mTOR in trained immunity, immune 

senescence, clonal expansion, and CHIP, which contribute to the pathogenesis of ASCVD 

and HFpEF. Many cardiovascular diseases are age-related and share common risk factors. 

Therefore, it is not surprising that mTOR regulates biological processes contributing to 

diverse cardiovascular conditions, which attests to mTOR as a powerful pathway that can 

be tapped into. There are substantial translation potentials for targeting mTOR-mediated 

signaling to modulate acute and chronic inflammation and mitigate the detrimental effects 

of mTOR on cardiovascular health. Further research is warranted to unravel the intricacies 
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of the mTOR-macrophage axis and identify potential therapeutic interventions for these 

conditions.
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Figure 1. 
The architecture of mTORC1, the activation and the role of mTORC1 in macrophages in 

myocardial ischemia. Macrophages digest DAMP/tissue debris to generate amino acids. 

Amino acids are transported out of lysosomes into the cytosol where arginine (Arg) and 

leucine (Leu) trigger the translocation of mTORC1 to the surface of lysosomes via Rag 

GTPase. The LAMTOR (L) complex anchors mTORC1-Rag to the lysosome membrane. 

Arginine inside the lysosome activates mTORC1 after being sensed by SLC38A9. The 

assembly of mTORC1 on lysosome membrane is inhibited by GATOR1 and promoted 

by GATOR2. mTORC1 in macrophages in the infarcted myocardium is activated by the 

interaction between DAMP and PRR, including TLR4 and its ligands, and cytokines such as 

TNFα. The stimulation of DAMP and cytokine lead to the activation of AKT, MAPK/ERK, 
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and P38, which phosphorylate the TSC complex. Phosphorylated TSC relieves its inhibitory 

effect on Rheb that causes activation of mTORC1. mTORC1 regulates essential functions of 

macrophages including phenotype transition, phagocytotic function, translational regulation 

of cytokines, DAMP removal, and lysosome proliferation and action. More details are 

discussed in the main text. DAMP, damage-associated molecular pattern; PRR, pattern 

recognition receptor; PAMP, pathogen-associated molecular pattern
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Figure 2. 
mTOR signaling contributes to atherosclerotic cardiovascular disease (ASCVD) and 

heart failure with presreved ejection fraction (HFpEF). mTOR activation contributes to 

atherosclerosis by mediating trained immunity, CH and CHIP, and immune senescence. 

mTOR activation participates in the pathogenesis of HFpEF by enhancing cardiac fibrosis 

and promoting inflammation and left ventricle (LV) stiffness mediated by CHIP and immune 

senescence.
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