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ABSTRACT: Aging is the predominant risk factor for several chronic disorders; therefore, elucidating the 

molecular and cellular mechanisms underlying age-related pathologies is essential for therapeutic advancement. 

Micheliolide (MCL), a naturally occurring guaianolide sesquiterpene lactone derived from Michelia champaca 

and Michelia compressa, has attracted increasing attention for its pharmacological potential. Its derivative, 

ACT001, enables the sustained release of MCL into the plasma in vivo, thereby enhancing oral bioavailability 

and improving therapeutic efficacy. ACT001 has recently received orphan drug designation for glioblastoma 

treatment, highlighting its clinical feasibility and safety profile. Increasing evidence indicates that MCL 

regulates age-related diseases by modulating inflammation, cell cycle, mitochondrial dysfunction, oxidative 

stress, and autophagy. By targeting key signaling pathways, including NF-κB, STAT3, NRF2, AMPK, and 

NLRP3, MCL/ACT001 demonstrated its protective effect against age-related diseases. This paper summarizes 

the current mechanistic insight and disease-specific evidence regarding MCL/ACT001 and further evaluates 

their therapeutic repositioning potential for age-related diseases, including cardiovascular and cerebrovascular 

diseases, fibrotic conditions, immune disorders, metabolic diseases, and tumors. Additionally, we discussed key 

translational challenges. 
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1. Introduction

Aging is a complex, multifaceted biological process 

driven in part by the recognized hallmarks of aging, 

including cellular senescence, mitochondrial dysfunction, 

altered intercellular communication, telomere attrition, 

epigenetic alterations, stem cell exhaustion, deregulated 

nutrient sensing, chronic inflammation, loss of 

proteostasis, genomic instability, impaired macro-

autophagy, and dysbiosis [1, 2]. Cellular senescence 

refers to an irreversible state of cell cycle arrest and is 

implicated in diverse physiological processes and 

numerous age-related disorders, including cancer, 

osteoporosis, fibrosis, atherosclerosis, Alzheimer's 

Disease (AD), and metabolic diseases. Notably, cell 

senescence has beneficial effects contributing to 

embryonic development, tumor suppression, fibrosis 

regression, and wound healing. However, prolonged 

cellular senescence can lead to harmful sequelae, 

including chronic inflammation, mitochondrial 

dysfunction, metabolic dysregulation, immune 

deficiencies, stem cell depletion, and other harmful effects 

that lead to homeostasis imbalances in various tissues, 

resulting in age-related pathologies and increased 

susceptibility to death [3]. By 2050, the global population 

aged 60 and above is projected to increase to 22%, 

reaching a staggering 2.1 billion [4]. Advanced age is one 
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of the most critical risk determinants that render 

individuals susceptible to the onset and development of 

chronic pathologies. Over 90% of adults aged 65 years 

have at least one chronic disease, and > 70% have two or 

more comorbidities [5]. Age-related diseases impose a 

substantial burden on global public healthcare systems 

and economies worldwide. These realities highlight the 

critical need for developing innovative and effective 

therapeutic strategies aimed at preventing, delaying, or 

mitigating the wide spectrum of diseases associated with 

aging. 

Micheliolide (MCL), a naturally occurring 

guaianolide sesquiterpene lactone, is isolated from 

Michelia compressa and Michelia champaca plants (Fig. 

1A) [6]. Additionally, it can be synthesized from 

parthenolide through chemical reactions (Fig. 1B) [7]. 

MCL was developed as a more stable analog of 

parthenolide, a compound with well-documented potent 

anti-tumor and anti-inflammatory activities, but limited 

by poor stability [8, 9]. Its derivative, DMAMCL, is 

synthesized through the formation of a dimethylamino 

Michael adduct of MCL. ACT001 represents the fumarate 

salt form of DMAMCL and is currently undergoing 

clinical evaluation (Fig. 1C). Upon administration in vivo, 

ACT001 acts as a prodrug that gradually releases MCL 

into the circulation, thereby enhancing oral bioavailability 

and therapeutic efficacy. Notably, ACT001 has received 

orphan drug designation for glioblastoma (GBM) 

treatment, highlighting its clinical feasibility and safety 

profile. 

 
Figure 1. Chemical structures of the three compounds. (A) MCL structure. (B) Parthenolide structure. (C) ACT001 structure. 

MCL and its derivative ACT001 exhibit diverse 

pharmacological activities, particularly in the modulation 

of inflammation, oxidative stress, and cell death [9-11]. 

The α-methylene-γ-lactone moiety in MCL is a core 

structural determinant of its biological bioactivity [8, 12]. 

Through alkylation of cysteine38 on the p65 subunit, 

MCL inhibits p65/nuclear factor-kappa B (NF-κB) 

binding to DNA, manifesting its antagonistic activity 

against NF-κB [12]. Additionally, MCL activates nuclear 

factor erythroid 2-related factor 2 (NRF2) signaling, 

promoting antioxidant responses and enhancing cellular 

resistance to oxidative stress [11, 13]. In vivo studies 

further confirmed that MCL covalently binds to Cys424 

of pyruvate kinase M2 (PKM2), facilitating its 

tetramerization. The interaction enhances PKM2 activity 

and significantly suppresses tumor growth [14]. 

Moreover, MCL modulates cell apoptosis [7, 15], 

paraptosis [16], ferroptosis [11, 16], pyroptosis [17], and 

immunogenic cell death [18] by targeting metabolic 

enzymes and redox pathways. For instance, MCL 

promoted tumor regression by the inhibition of 

thioredoxin reductase (TrxR) and immunogenic cell death 

induction [18]. Beyond its anti-inflammatory and 

anticancer effects, MCL has been implicated in autophagy 

regulation. Preclinical in vivo studies indicate that MCL 

alleviated renal, peritoneal, and pulmonary fibrosis 

through autophagy activation and modulation of 

associated signaling pathways [19, 20]. Collectively, 

MCL/ACT001 demonstrates broad mechanistic potential 

across a broad spectrum of age-related diseases. However, 

for many indications, including hepatic steatosis [19], 

intestinal inflammation and colitis-associated cancer [9], 

renal fibrosis [21], rheumatoid arthritis [22], 

atherosclerosis [11], and AD [23], current evidence 

remains largely confined to preclinical investigation. 

Emerging evidence highlights the growing relevance 

of MCL and ACT001 in age-related pathologies. 

However, their integrated systematic molecular and 

cellular mechanisms remain incompletely defined. This 

paper primarily summarizes current preclinical and early 

clinical evidence on MCL/ACT001 in age-related 

diseases and various pathological processes by 

highlighting its essential functions and underlying 

molecular and cellular mechanisms. Moreover, we 

evaluated the therapeutic potential of MCL and ACT001 

in a broad spectrum of age-related pathologies, including 

cardiovascular and cerebrovascular diseases, fibrotic 

disorders, immune-mediated conditions, metabolic 

dysfunction, and cancers. Therefore, we proposed 

MCL/ACT001 as a mechanistically rational candidate for 

age-related pathologies and emphasized that this 

repositioning remains investigational and requires 

rigorous preclinical and clinical validation. 
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Figure 2. Potential regulatory mechanisms of MCL in age-related pathologies. MCL has emerged as a promising candidate for 

mitigating age-related pathologies through multiple mechanisms, including inflammation, oxidative stress, mitochondrial dysfunction, 

autophagy, and cell cycle. MCL synergistically exerts broad-spectrum anti-inflammatory effects through multiple signaling pathways, 

including NF-κB, PI3K/Akt, and MAPKs. The cellular lifecycle, including cell proliferation, differentiation, senescence, and cell death, 

is a precisely coordinated dynamic equilibrium process essential for individual development, tissue homeostasis, and health. MCL is 

involved in the regulation of cell proliferation, EMT, senescence, and cell death. MCL has significant interactions with oxidative stress. 

Additionally, MCL exhibits antioxidant properties to modulate cellular redox balance and exhibits therapeutic effects. Conversely, 

MCL exerts its anticancer effect by promoting oxidative stress. There are accumulating findings to support an integral role for MCL in 

regulating mitochondrial dysfunction. In vitro studies have revealed that MCL upregulated LONP1 and ClpP expression, indicating 

that MCL was implicated in the activation of UPRmt. Additionally, MCL enhances mitochondrial membrane potential. MCL induces 

mitochondrial dysfunction in GBM and leukemia cells. Increasing evidence has revealed that MCL is essential in autophagy by 

modulating multiple signaling pathways, including the MEK4/MAPK signaling pathway, ROS/MEK/ERK signaling pathway, 

Akt/mTOR, AMPK/mTOR pathway, and NRF2/PINK1/Parkin axis, thereby exerting therapeutic effects in various age-related diseases. 

The figure was created using BioRender. 
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2. Mechanisms of MCL/ACT001 

 

Aging is an inevitable biological process that affects all 

living organisms; however, its progression can be 

modulated by multiple factors. Although aging cannot be 

prevented, its trajectory may be altered through biological 

and genetic interventions, pharmacological strategies, 

lifestyle modifications, and environmental factors [24]. 

Among these strategies, MCL/ACT001 has emerged as a 

promising candidate for the treatment of age-related 

pathologies. Its mechanisms involve inflammation, 

mitochondrial dysfunction, oxidative stress, autophagy, 

cell proliferation, senescence, and death (Fig. 2). 

 

2.1 Inflammation 

 

Human aging is characterized by a chronic low-grade, 

“sterile” inflammatory state, known as “inflammaging” 

[25], which plays a critical role in the pathogenesis and 

progression of multiple age-related diseases, including 

atherosclerosis [26], chronic kidney diseases [27], and 

metabolic syndrome [28]. Consequently, anti-

inflammatory strategies are increasingly recognized as 

potential anti-aging treatments [29]. MCL has attracted 

significant attention owing to its potent anti-inflammatory 

effects. On the one hand, MCL exerts anti-inflammatory 

effects by inhibiting IκBα (Ser32/36) phosphorylation and 

suppressing the toll-like receptor 4 (TLR4)/MyD88/NF-

κB axis, reducing the expression of pro-inflammatory 

cytokines, including interleukin-6 (IL-6), IL-1β, tumor 

necrosis factor (TNF-α), monocyte chemoattractant 

protein-1, and IFN-γ, and enhancing IL-10 levels [13, 30, 

31]. Additionally, in vitro studies confirmed that MCL 

exhibited a significantly inhibitory effect on LPS-induced 

nuclear localization of p-p65 [23, 32]. On the other hand, 

MCL suppressed activation of the phosphatidylinositol 3-

kinase (PI3K)/protein kinase B (Akt) signaling. MCL 

decreased phosphorylated-Akt levels [13, 23, 33] and 

enhanced PI3K/Akt signaling inhibitor p-PTEN levels 

[34]. Besides, MCL suppressed p70S6K phosphorylation 

at Thr389 [31]. In LPS-induced BV2 cell models, MCL 

treatment inhibits the mitogen-activated protein kinases 

(MAPKs) signaling pathway and subsequently suppresses 

NF-κB activity and pro-inflammatory cytokine 

expression [13]. In addition, MCL treatment significantly 

inhibits M1-type macrophage polarization and 

inflammatory factor production by inhibiting PFKFB3-

driven glycolysis [35].  

Collectively, MCL synergistically exerts a 

broad-spectrum anti-inflammatory effect through the 

coordinated modulation of multiple signaling pathways, 

including NF-κB, PI3K/Akt, and MAPK signaling 

pathways. These properties position MCL as a promising 

therapeutic candidate for treating inflammatory disorders. 

Given the well-established association between 

inflammation and aging, MCL may play a role in 

mitigating inflammaging, the chronic and low-grade 

inflammatory state associated with aging. However, 

further studies are required to evaluate its therapeutic 

potential in age-related inflammatory diseases. 

 

2.2 Cellular lifecycle 

 

The cellular lifecycle, including cell proliferation, 

differentiation, senescence, and cell death, is a precisely 

coordinated dynamic equilibrium essential for organismal 

development, tissue homeostasis, and overall health. With 

aging, external environmental stressors and the 

accumulation of internal damage, such as telomere 

shortening, oxidative stress, and DNA damage, lead to a 

gradual disruption of these processes [1]. This imbalance 

contributes to the development of various age-related 

diseases. Consequently, maintaining the integrity of these 

processes is a key strategy for combating age-related 

diseases. Cumulative studies revealed that MCL was 

implicated in regulating the cellular lifecycle. 

 

2.2.1 MCL and cell proliferation 

 

Cell proliferation refers to the process by which cells 

increase in number through mitosis or meiosis [36]. 

Dysregulated proliferation is a hallmark of cancer [37]. In 

vitro studies have demonstrated that MCL treatment 

attenuates aberrant tumor cell proliferation by inducing 

cell cycle arrest at the G1 phase. Besides, ACT001 

effectively suppresses tumor growth in rodent models [14, 

15, 38] and inhibits colony formation and GBM cell 

proliferation. Mechanistically, MCL covalently binds 

with the monomeric PKM2 at Cys424, promoting its 

tetramerization and enhancing its pyruvate kinase activity 

of PKM2. Non-targeted metabolomics analyses revealed 

that ACT001 treatment reduces several metabolites 

implicated in glycolysis, including glucose-6-phosphate 

and lactate. These findings suggest that ACT001 inhibits 

cell proliferation through metabolic PKM2 activation [14, 

39]. Collectively, MCL and ACT001 exhibited promising 

application potential in tumor treatment. 

 

2.2.2 MCL and epithelial-mesenchymal transition 

(EMT) 

 

EMT is a biological program in which epithelial cells lose 

their polarity and cell-cell adhesion and acquire 

mesenchymal phenotypes [40]. Accumulating evidence 

indicates that MCL and ACT001 exert substantial 

antifibrotic effects by inhibiting EMT and its associated 

signaling pathways. On the one hand, MCL competitively 

suppressed the interaction between IL-11 and IL-11Rα1, 
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thereby inhibiting STAT3 and ERK/metadherin (Mtdh) 

pathways and ameliorating IL-11-induced renal tubular 

EMT [21]. On the other hand, MCL/ACT001 treatment 

suppressed TGF-β1-induced EMT through inhibition of 

the Mtdh/BMP/MAPK signaling axis [12, 41]. 

Additionally, MCL modulates key EMT-inducing 

transcription factors, including ZEB1, ZEB2, Twist, Slug, 

and Snail, thereby regulating the expression of epithelial 

and mesenchymal cell markers and reducing extracellular 

matrix (ECM) deposition [42]. Besides, MCL inhibits 

EMT by suppressing Smad2/3 phosphorylation. 

Mechanistically, MCL suppressed BRG1 binding to the 

acetylated lysine 14 of histone H3 by combining with the 

asparagine (N1540) of BRG1, thereby repressing the 

TGF-β1/Smad2/3 signaling axis [43]. 

 

 
Figure 3. Potential regulatory mechanisms of MCL in cell death. Cancer is a complex genetic disorder characterized by the 

gradual imbalance of cell apoptosis and proliferation. The impact of MCL on cell death depends on multiple factors, including 

cell type, drug concentration, duration of action, and the pathological state of the cells. MCL exhibits a dual relationship with 

apoptosis. On the one hand, MCL can induce apoptosis through various mechanisms. MCL covalently binds to the Sec498 of 

TrxR, inhibiting the biological function of TrxR and promoting oxidative stress-mediated apoptosis of HeLa cells. Besides, MCL 

promotes the nuclear translocation of GAPDH by binding to Cys247 and induces GBM cell death. On the other hand, in certain 

cell types, MCL may exert anti-apoptotic effects by suppressing the expression of apoptotic proteins such as Bax, caspase-3, and 

caspase-9 and increasing the level of Bcl-2. Moreover, MCL suppressed macrophage ferroptosis through activating the NRF2 

pathway; the related mechanism is by binding to the Arg483 site of KEAP1 competitively. Conversely, MCL promoted ferroptosis 

in tumor cells through decreasing SLC7A11 expression, increasing the levels of iron transport protein TFRC, and increasing 

intracellular iron levels. Furthermore, MCL facilitates paraptosis, indicated by decreased Alix and increased ATF4 and CHOP 

levels. MCL induced autophagic cell death by increasing the levels of autophagy markers, including ATG7, p-Beclin-1, and 

Beclin-1. In addition, MCL elicited ROS-mediated ERS-driven ICD through inducing ICD-associated damage-associated 

molecular patterns, including CRT exposure, ATP secretion, and HMGB1 release. Additionally, ACT001 suppressed NLRP3 

inflammasome-mediated pyroptosis and diminished pro-inflammatory cytokine release. The figure was created using BioRender. 

2.2.3 MCL and cell differentiation and senescence 

 

Cell differentiation is the process by which less 

specialized cells develop into distinct cell types with 

specific morphological and functional characteristics. 

MCL regulates osteoclast differentiation by suppressing 

RANKL-induced p38 MAPK signaling activation [44]. 

Cellular senescence is an irreversible state of cell cycle 

arrest accompanied by characteristic morphological 

changes and the secretion of pro-inflammatory factors 
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[45]. MCL inhibits the secretion of key components of the 

senescence-associated secretory phenotype, including IL-

6 [11]. 

 

2.2.4 MCL and cell death 

 

Cell death is the irreversible cessation of cellular 

biological functions and is essential for maintaining tissue 

homeostasis and proper immune responses in 

multicellular organisms. It can occur through mechanisms 

including apoptosis, pyroptosis, and necroptosis, or as a 

consequence of metabolic dysregulation, such as 

ferroptosis [46]. The effects of MCL on cell death depend 

on multiple factors, including cell type, drug 

concentration, duration of action, and the pathological 

state of the cells (Fig. 3). 

Apoptosis is a type of programmed cell death 

characterized by caspase activation, cell shrinkage, 

plasma membrane blebbing, phosphatidylserine 

externalization, chromatin condensation, and nuclear 

fragmentation. MCL exhibits a dual role in apoptosis 

regulation. On the one hand, MCL can induce apoptosis 

through multiple mechanisms. Zhang et al. discovered 

that MCL covalently bound to the Sec498 of TrxR, 

enhancing oxidative stress-mediated apoptosis of HeLa 

cells [7]. In addition, MCL selectively and covalently 

targets the conserved Cys247 residue of GAPDH, without 

affecting oligomerization or GAPDH enzymatic activity, 

promoting the GAPDH/Siah1 complex nuclear 

translocation, thereby facilitating cell death [47]. 

Furthermore, MCL induces apoptosis by activating P53 

through the elevated phosphorylation of p53Ser15 and 

increased Bim and Bax expression [47]. Additionally, 

MCL markedly inhibited cell viability and triggered 

apoptosis through cytochrome c/caspase-dependent 

apoptotic cascade activation. MCL administration triggers 

cytochrome c translocation from mitochondria to the 

cytosol in U251MG glioma cells [48]. MCL activates 

caspase-3 in a time- and concentration-dependent manner, 

thereby implicating its role in apoptosis induction [7]. 

Moreover, MCL enhanced cleaved caspase-3 and cleaved 

caspase-9 and Bax expression and decreased Bcl-2 levels 

[48]. MCL is involved in reactive oxygen species (ROS)-

associated mitochondrial apoptotic signaling. As 

illustrated in breast cancer cells, MCL-mediated Drp1 

upregulation triggers mitochondrial fragmentation, ROS 

accumulation, and cytochrome c efflux, consequently 

promoting apoptosis [49]. Conversely, in certain cell 

types, MCL exerts anti-apoptotic effects through 

PI3K/Akt activation and suppresses the expression of 

apoptotic proteins [34]. Lei et al. reported that MCL 

inhibited apoptosis and enhanced the LPS-treated HK2 

cell viability [50]. Animal experiments have verified that 

MCL suppressed the transcription of pro-apoptotic genes 

Bax, caspase-3, and caspase-9 and enhanced anti-

apoptotic Bcl-2 expression in diabetic rats [30]. 

Pyroptosis is an inflammasome-dependent type of 

programmed cell death mediated by inflammasome 

activation and executed through gasdermin proteins [51]. 

This process is mediated by persistent cellular swelling 

culminating in cell membrane rupture, which facilitates 

the extracellular release of intracellular constituents and 

triggers potent inflammatory signaling. Excessive 

pyroptosis can lead to inappropriate and sustained 

inflammatory responses, tissue damage, and organ 

dysfunction [52]. MCL/ACT001 attenuates pyroptosis by 

inhibiting NLRP3 inflammasome activation [17, 53], 

thereby suppressing caspase-1 activation and mitigating 

cleaved caspase-1 and GSDMD-N expression. 

Ferroptosis is an iron-dependent type of regulated cell 

death driven by lipid peroxidation [54, 55]. It 

predominantly implicates two fundamental cellular 

events, dysregulation of oxidative stress equilibrium and 

lipid peroxidation-mediated membrane damage [56]. It is 

implicated in various biological processes, including 

tumorigenesis and cardiovascular disease. On the one 

hand, MCL exerts its anti-ferroptotic effects, in part, by 

orchestrating iron homeostasis, reducing lipid 

peroxidation, and reinforcing endogenous antioxidant 

capacity. Specifically, MCL/ACT001 upregulates the 

abundance of glutathione (GSH), glutathione peroxidase 

4 (GPX4), and the cystine/glutamate transporter 

SLC7A11, thereby limiting oxidative damage, preserving 

mitochondrial function, and restraining lipid peroxide 

accumulation [11]. In addition, MCL disrupts the 

KEAP1/NRF2 complex, promoting NRF2 nuclear 

translocation. Molecular docking studies suggest that 

Arg483 on KEAP1 may serve as a binding site for MCL. 

NRF2 inhibition and the KEAP1-R483S mutation 

eliminate the anti-ferroptotic property of MCL in 

macrophages [11]. Conversely, MCL promoted 

ferroptosis in tumor cells by decreasing SLC7A11 

expression, increasing the levels of iron transport protein 

TFRC, and elevating intracellular iron levels [16]. 

MCL is a dual-function modulator of cell death, with 

its promoting or inhibitory effects determined by cellular 

and pathological conditions. MCL exhibits selective 

cytotoxicity toward tumor cells characterized by 

metabolic reprogramming, redox imbalance, constitutive 

activation of pro-survival signaling pathways, including 

PI3K/Akt/mTOR, STAT3, NF-κB, and aberrant 

expression of critical molecular targets, including 

GAPDH, IKKβ, and Drp1. These effects induce 

programmed cell death. Conversely, at concentrations 

generally below 10 µM, MCL exerts cytoprotective 

effects in normal cells. Under stress conditions, MCL 

activates the NRF2-mediated antioxidant defense system. 

This activation promotes NRF2 nuclear translocation and 
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its binding to antioxidant response elements, resulting in 

upregulation of antioxidant enzymes, including 

superoxide dismutase (SOD), catalase, and heme 

oxygenase-1. The enhanced ROS accumulation mitigates 

oxidative damage to cellular membranes, DNA, and 

mitochondria, thereby inhibiting normal cell death. This 

functional duality underpins the diverse biological effects 

and highlights its therapeutic potential. 

 

2.3 Oxidative stress 

 

Oxidative stress denotes a disruption of redox 

homeostasis wherein pro-oxidant forces overwhelm the 

antioxidant defense system [57]. Mitochondria serve as 

the primary intracellular source of reactive oxygen species 

(ROS) and represent a central hub in cellular stress 

responses. Oxidative stress is a major driver of 

macromolecular damage and plays a critical role in the 

aging process. It is progressively acknowledged as a 

causative contributor to a spectrum of age-associated 

pathologies. Emerging evidence indicates that MCL 

interacts strongly with oxidative stress pathways, 

modulates cellular redox balance, and exerts therapeutic 

effects. MCL inhibits mitochondrial ROS production 

[35]. Transcriptome sequencing revealed that MCL was 

implicated in regulating the GSH pathway, including 

upregulation of GSH-related genes.  

MCL enhanced catalase, glutathione S-transferase, 

SOD, and GPX enzymatic activities; elevated the 

GSH/GSSG ratio; and attenuated lipid peroxidation as 

evidenced by reduced MDA levels [30, 35, 58, 59]. 

Furthermore, MCL decreased NOX1 and NOX4 

expression in diabetic rats [30]. Emerging evidence 

demonstrated that the antioxidant properties of MCL are 

conferred through NRF2 pathway activation [30, 34, 59]. 

Furthermore, MCL directly binds to KEAP1, thereby 

facilitating NRF2 nuclear translocation [11]. Conversely, 

MCL/ACT001 exerts its anticancer effect by facilitating 

oxidative stress [60]. ACT001 decreases cyclin B1/CDC2 

expression and triggers G2/M phase arrest by enhancing 

ROS production in U118 MG cells [61]. The effect of 

MCL/ACT001 on redox balance, whether cytoprotective 

or cytotoxic, depends on cell type, oxidative baseline, and 

drug concentration, requiring careful dose optimization 

and patient stratification in future trials. 

 

2.4 Mitochondrial dysfunction 

 

Mitochondrial dysfunction is characterized by reduced 

mitochondrial respiratory capacity, depolarized 

membrane potential, and excessive ROS generation. It 

represents a key driver of organismal senescence and 

contributes to diverse age-associated pathologies. It 

triggers oxidative stress, disrupts metabolic homeostasis, 

activates inflammatory responses, and promotes cellular 

senescence, thereby contributing to progressive tissue 

functional decline and serving as a central element of 

cellular damage accumulation during aging [62]. 

Elucidating and ameliorating mitochondrial dysfunction 

is essential for enhancing mitochondrial integrity, 

maintaining cellular homeostasis, and prolonging health 

span. Mitochondrial-targeted interventions are a highly 

promising therapeutic strategy for ameliorating age-

associated pathologies [63]. There are accumulating 

findings to support an integral role for MCL in regulating 

mitochondrial dysfunction.  

In vitro studies revealed that MCL was implicated in 

the mitochondrial unfolded protein response (UPRmt) 

activation through LONP1 and ClpP regulation. 

Additionally, MCL enhances mitochondrial membrane 

potential [35]. Conversely, in GBM and leukemia cells, 

MCL elicited mitochondrial impairment. On the one 

hand, the GSH depletion induced by MCL impairs the 

tricarboxylic acid (TCA) cycle in malignant cells. MCL 

treatment substantially inhibits the activities of key 

metabolic enzymes within the TCA cycle, including 

fumaric acid hydratase, isocitrate dehydrogenase 2, 

oxoglutarate dehydrogenase, and citrate synthase. MCL 

markedly reduced the levels of metabolic intermediates, 

including succinate, fumarate, and malate, in the TCA 

cycle. On the other hand, MCL is involved in 

mitochondrial respiratory chain dysfunction. MCL 

improves the mitochondrial oxidative phosphorylation 

process and activates AMPK signaling. In addition, MCL 

increases intracellular and mitochondrial ROS levels, 

decreases mitochondrial membrane potential, and alters 

mitochondrial morphology [60, 64]. Another study 

revealed that MCL dose-dependently enhanced Drp1 

expression in breast cancer cells. Confocal microscopy 

examination revealed a transformation of mitochondria 

from elongated to rounded and shortened shapes 

subsequent to treatment, indicative of mitochondrial 

fission [49]. Overall, MCL preserves mitochondrial 

function by maintaining membrane potential, limiting 

excessive ROS synthesis, and preventing activation of the 

mitochondrial apoptotic cascade, including cytochrome c 

release and caspase activation. Conversely, its anticancer 

activity relies on the induction of mitochondrial 

dysfunction. These observations highlight the therapeutic 

potential of MCL against mitochondrial‑related 

pathologies. 

 

2.5 Autophagy 

 

Autophagy is an evolutionarily conserved lysosomal 

degradation pathway through which cells remove 

dysfunctional or superfluous components to maintain 

intracellular homeostasis. Autophagic activity declines 
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with age, leading to the accumulation of dysfunctional 

organelles and aggregated proteins, which precipitate 

diverse pathophysiological states, including malignancy, 

autoimmune disorders, renal injury, cardiomyopathy, 

diabetes mellitus, and neurodegenerative conditions [65, 

66]. Autophagy is tightly associated with cellular 

senescence and aging. The treatments for extending 

longevity, including mTOR signaling inhibition and 

calorie restriction, activate autophagy [67]. Emerging 

evidence indicates that MCL and ACT001 act as 

important regulators of autophagy through multiple 

pathways, including intracellular signaling pathways, 

including the MEK4/MAPK signaling pathway [68], 

ROS/MEK/ERK signaling pathway [64], Akt/mTOR 

[69], AMPK/mTOR pathway [19, 70], and 

NRF2/PINK1/Parkin axis [50], exerting therapeutic 

effects in various age-related diseases. MCL/ACT001 

administration upregulated autophagy-related gene 7 

(ATG7), p-Beclin-1, Beclin-1, and LC3-II expressions 

[16, 19, 20, 53]. Besides, MCL promoted mitophagy by 

restraining NLRP3 inflammasome activation through the 

regulation of the NRF2/PINK/1/Parkin axis [50]. 

ACT001 induced autophagic activity through the 

regulation of Akt/mTOR and ROS/MAPK pathways [69]. 

Conversely, MCL alleviated hepatic stellate cells 

autophagy through modulation of the TrxR1/2-mediated 

ROS/MEK/ERK axis [16]. Collectively, these findings 

suggest that MCL/ACT001 may exert the effects of 

alleviating age-related diseases through autophagy and 

mitophagy. 

 

3. Role of MCL/ACT001 in age-related cardio-

cerebral diseases 

 

Age-related diseases represent a major global health 

challenge that significantly affects the well-being and 

quality of life of older populations. With population 

aging, the escalating prevalence and incidence of these 

conditions have imposed substantial burdens on 

healthcare systems. Owing to its pleiotropic mechanisms 

of action, MCL/ACT001 holds promise as a therapeutic 

candidate for a broad spectrum of age-associated diseases, 

including cardiovascular diseases, neurodegenerative 

disorders, fibrosis, metabolic diseases, and tumors (Table 

1, Fig. 4). 

 
Figure 4. Roles of MCL/ACT001 in age-related diseases. The figure was created using BioRender. 

3.1 Atherosclerosis 

 

Advanced age represents a major risk factor for 

atherosclerotic cardiovascular disease [71]. It is 

characterized by lipid accumulation and plaque formation 

within the arterial intima, leading to chronic, systemic, 

and inflammatory disease, and is the primary cause of 

cardiovascular disease development globally [72]. 

Throughout atherosclerosis, progressive lipid 

accumulation and necrotic core expansion compromise 

plaque stability, predisposing to plaque rupture and 

thrombotic events. Despite advances in lipid-lowering 

and anti-inflammatory therapies, a substantial subset of 

patients continues to experience myocardial infarction 
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[73]. Consequently, identifying novel therapeutic targets 

and pharmacological agents for atherosclerosis is 

imperative. 

 

Table 1. Summary of preclinical studies on MCL/ACT001 mechanism in age-related diseases. 

 

Disease 

Group 
Diseases Drug 

In vivo dose 

concentration 

In vitro dose 

concentration 
Mechanisms Ref. 

Cardiovascular 

Atherosclerosi

s 
MCL 

100 mg/kg/day 

in ApoE−/− mice 

10 uM in RAW264.7 

cell 

Alleviated atherosclerosis 

through inhibiting macrophage 

ferroptosis via KEAP1/NRF2 

axis 

[11] 

Myocardial 

ischemia/reper

fusion injury 

MCL 

100 mg/kg/day 

in Sprague-

Dawley rats 

/ 

Alleviated myocardial 

ischemia/reperfusion injury via 

KEAP1/NRF2 pathway 

[77] 

Ischemic 

stroke 
MCL 

A single dose of 

10 mg/kg in 

C57BL/6 mice 

10 uM in Bone 

marrow-derived 

macrophages 

Reduced lesion volumes and 

improved neurological function 

by interfering PKM2-P65 

interaction and inhibiting 

inflammasome activation 

[83] 

Neurological 

Alzheimer’s 

disease 
MCL 

10 and 

20 mg/kg/day in 

C57BL/6J mice 

12 uM in BV2 cell 

Improved cognitive impairment 

by inhibiting 

neuroinflammation via NF-κB 

and PI3K/Akt pathways 

[23] 

Parkinson’s 

disease 

ACT001 
20 mg/kg/day in 

Balb/c mice 
/ 

Reduced motor dysfunction 

and dopaminergic 

neurodegeneration through 

increasing Bcl-2 and the 

pAkt/Akt ratio and decreasing 

Bax and Caspase3 activation in 

the substantia nigra and 

striatum 

[88] 

ACT001 
20 mg/kg/day in 

Balb/c mice 
/ 

Alleviated movement 

impairment and cognitive 

deficit by suppressing NLRP3-

mediated neuroinflammation 

[89] 

Traumatic 

brain injury 
ACT001 

100 mg/kg/day 

in C57BL/6 

mice 

10 μM in BV2 cell and 

1-2 μM in primary 

microglia cell 

Attenuated motor function 

defects through modulating 

Akt/NF-κB/NLRP3 pathway 

[93] 

Neuropathic 

pain 
ACT001 

50 mg/kg/day in 

Sprague-

Dawley rats 

100 μM in BV2 

Attenuated peripheral nerve 

injury through inhibition of 

TLR4 signaling via targeting 

co-receptor MD2 

[95] 

Fibrotic 

Renal fibrosis 

MCL 

ACT001 

25 mg/kg/day 

ACT001 in 

C57BL/6 mice 

1.25, 2.5, 5, or 10 μM 

MCL in mouse tubular 

epithelial cell 

Improved renal function and 

structure by regulating 

Mtdh/BMP/MAPK pathway 

[12] 

MCL 

ACT001 

25 mg/kg/day 

ACT001 in 

C57BL/6 mice 

2.5, 5, and 10 μM 

MCL in mouse tubular 

epithelial cell 

Alleviated renal fibrogenesis 

through disrupting the IL-

11/IL-11Rα1 interface and 

consequently blocking STAT3 

and ERK1/2/Mtdh pathways 

[21] 

Peritoneal 

fibrosis 

MCL 

ACT001 

12.5, 25, and 50 

mg/kg/day 

ACT001 in 

C57BL/6 mice 

1.25, 2.5, 5 μM MCL 

in HMrSV5 cell 

Ameliorated peritoneal fibrosis 

by activating autophagy 
[20] 

MCL 

ACT001 

25 mg/kg/day 

ACT001 in 

C57BL/6 mice 

1.25, 2.5, 5 μM MCL 

primary rat peritoneal 

mesothelial cell and 

HMrSV5 cell 

Inhibited the fibrotic responses 

through impeding BRG1 from 

recognizing and attaching to 

histone H3 lysine 14 

acetylation via bound to the 

asparagine (N1540) of BRG1 

[43] 

Hepatic 

fibrosis 
MCL 

10 and 20 

mg/kg/day in 

C57BL/6 mice 

4, 8, 12 μM in LX-2 

cell 

Ameliorated hepatic fibrosis 

via the TrxR1/2-mediated 

ROS/MEK/ERK pathway 

[64] 
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MCL 
60 mg/kg/day in 

C57BL/6 mice 
/ 

Mitigated CCl4-induced liver 

injury and fibrosis by 

activation of SIRT1 

[110] 

Pulmonary 

fibrosis 

ACT001 / 
0-10 μM in primary 

lung fibroblasts 

Reduced fibroblast activity in 

idiopathic pulmonary fibrosis 

by inhibition of NF-κB 

[114] 

ACT001 

50 and 100 

mg/kg/day in 

Sprague-

Dawley rats 

/ 

Attenuated radiation-triggered 

EMT through suppressing ROS 

generation and downregulating 

TGF-β1 expression, 

[17] 

Metabolic 

Diabetes ACT001 
10 mg/kg/day in 

C57BL/6 mice 
/ 

Ameliorated insulin resistance 

by repressing hepatic 

gluconeogenesis through 

down-regulating glucose-6-

phosphatase and FoxO1 

expression 

[119] 

Diabetic 

complications 

MCL 

20 and 40 

mg/kg/day in 

Sprague-

Dawley rats 

/ 

Mitigated diabetic nephropathy 

via NRF2/Keap1 activation and 

TLR4/MyD88/NF-κB 

inhibition 

[30] 

MCL 

12.5, 25, and 50 

mg/kg/day in 

db/db mice 

2.5, 5, and 10 μM in 

AML12 and LO2 cells 

Alleviated hepatic steatosis via 

PPARγ-mediated NF-кB and 

AMPK/mTOR pathways 

[19] 

ACT001 

200 mg/kg/day 

in C57BL/6 

mice 

/ 

Attenuated obesity-associated 

kidney disease through 

modulation of the GPR43 and 

AMPK signaling pathways 

[120] 

Metabolic 

associated 

fatty liver 

disease 

ACT001 

200 mg/kg/day 

in C57BL/6 

mice 

/ 

Reduced hepatocyte injury and 

dyslipidemia by regulating the 

gut-microbiota/bile-acid/FXR 

axis 

[125] 

Non-alcoholic 

steatohepatitis 
ACT001 

100, 200, and 

400 mg/kg/day 

in C57BL/6 

mice 

/ 

Alleviated liver steatosis, 

inflammation and fibrosis by 

inhibiting oxidative stress and 

NLRP3 inflammasome 

activation 

[127] 

Osteoporosis MCL 
30 mg/kg/day in 

C57BL/6 mice 

5, 10, and 20 μM in 

osteoclasts 

Protected against estrogen 

deficiency-induced bone loss 

via inhibiting osteoclast bone 

resorption 

[44] 

Inflammatory 

Rheumatoid 

arthritis 
MCL 

30 mg/kg/day in 

DBA/1 mice 
/ 

Reduced paw swelling and 

inhibited joint cartilage 

degeneration 

[22] 

Ankylosing 

spondylitis 
MCL 

20 and 50 

mg/kg/day in 

Balb/c mice 

/ 

Alleviated disease progression 

by repressing NLRP3-driven 

pyroptosis, restoring Th1/Th2 

equilibrium and interrupting 

the NF-κB signaling cascades 

[135] 

Malignant  Glioblastoma 

ACT001 / 

7.5, 15, and 30 μM in 

U118MG, U251, 

SF126, SHG44, and 

GL261 cell lines 

Inhibited human glioma cell 

proliferation by directly 

binding to IKKβ and driving 

ROS-mediated G2/M phase 

arrest and cell apoptosis 

[61] 

ACT001 

100 and 400 

mg/kg/day in 

C57BL/6 mice 

20, 40, and 80 μM in 

U251MG, TJ905, 

SNB19, LN18, TJ179, 

GL261, and HMO6 

cell lines 

Reduced PD-L1 expression 

through suppressing the 

phosphorylation of STAT3 in 

glioblastoma 

[140] 

ACT001 / 
10-400 μM in 

U118MG cell 

Suppressed GBM proliferation, 

invasion and migration by 

modulating PAI-1/PI3K/Akt 

signaling  

[141] 

MCL 

ACT001 

400 mg/kg/day 

ACT001 in 

Balb/c mice 

5-40 μM in U118MG, 

U251MG, and U87MG 

cell lines 

Induced glioblastoma cell death 

via covalently bind to Cys247 

of GAPDH, initiating non-

[47] 
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glycolytic related functions in 

GAPDH 

ACT001 
100 mg/kg/day 

in NUDE mice 

5 and 10 μM in GSC 

1123 and R39 cells 

Suppressed glioma-like stem 

cell proliferation and glioma 

spheres formation by targeting 

AEBP1/PI3K/Akt signaling 

[143] 

ACT001 / 5 μM in U118MG 

Prevented the progression of 

gliomas via the MDK/c-Myc 

complex 

[144] 

Hepatocellular 

carcinoma 

MCL 
20 mg/kg/day in 

NUDE mice 

10, 30, 60, 90 µM in 

Huh7, HepG2, QGY-

7703, Bel-7404, 

Hep3B, and 

PLC/PRF/5 cell lines 

Suppressed liver cancer cell 

growth through promoting 

apoptosis and disrupting F-

actin cytoskeleton 

[146] 

MCL 
25 mg/kg/day in 

C57BL/6 mice 

10, 20, and 30 µM 

HepG2, Hepa 1-6, 

LO2, Huh7 and Huh7R 

cells 

Inhibited tumor growth by 

eliciting ROS-mediated ERS 

driven immunogenic cell death 

[18] 

Lung cancer 

ACT001 
100 mg/kg/day 

in NUDE mice 

5, 10, 20, and 50 μM in 

A549 and NCI-H820 

Attenuated stem-like properties 

of lung cancer by targeting and 

inducing Olig2 ubiquitination 

degradation 

[149] 

ACT001 
200 mg/kg/day 

in NUDE mice 

10-1000 μM for NCI-

H1703, EBC-1, NCI-

H226, NCI-H1975, 

PC9, LTEP-A2, and 

HCC827 cells 

Repressed the proliferation and 

G1/S transition of NSCLC cells 

through upregulating NKTR 

expression 

[150] 

ACT001 

400 mg/kg/day 

in C57BL/6 

mice 

12 μM for H1299 and 

12.7 μM for H1975 

Inhibited tumor progression via 

suppressing the 

phosphorylation of STAT1 and 

STAT3 

[151] 

MCL / 

5, 10, and 20 μM for 

H1299 and Calu-1 

cells 

Enhanced radiosensitive of 

p53-deficient non-small cell 

lung cancer through promoting 

HIF-1α Degradation 

[152] 

ACT001 
200 mg/kg/day 

in NUDE mice 

5, 10, 20, and 40 μM 

for NCI-H1688 and 

NCI-H446 cells 

Suppressed small cell lung 

cancer progression via the p-

PGK1/p-PDHK axis 

[154] 

Breast cancer 

MCL 

ACT001 

400 mg/kg/day 

ACT001 in 

NUDE mice 

5, 10, and 20 Μm 

MCL for MCF7 and 

T47D 

Inhibited cell proliferation by 

restraining ROS/AKT/ASAH1 

pathway by stabilizing NRF2 

[38] 

ACT001 / 

10 and 15 μM for 

T47D, 2.5 and 5 μM 

for MCF7 and ZR7530 

Prevented and reversed 

tamoxifen resistance via 

inhibition of NF-κB activation 

[156] 

MCL 
400 mg/kg/day 

in NUDE mice 

5, 10, 20, and 40 μM 

for MCF-7 cell 

Ameliorated KLF4-driven 

cisplatin resistance by 

downregulating glutathione 

biosynthesis  

[157] 

Prolactinoma 

ACT001 

100 mg/kg/day 

in NUDE mice 

and 200 

mg/kg/day in 

Fischer 344 rats 

10, 20, and 50 μM for 

GH3 and MMQ cells 

Inhibited pituitary tumor 

growth through inducing 

autophagic cell death via 

MEK4/MAPK pathway 

[68] 

ACT001 
100 mg/kg/day 

in NUDE mice 

20 μM for GH3 and 

MMQ cells 

Reversed resistance of 

prolactinomas through 

targeting AMPK-mediated 

EGR1 and mTOR pathways 

[70] 

Hematologic 

malignancy 

ACT001 

1, 3, and 10 

μg/mL in 

Zebrafish 

0-70 μM for HL-60, 

KG-1a, K562, HL-

60/ADR, KG-1a/ADR, 

K562/ADR, SW1990, 

and SH-SY5Y cells 

Suppressed leukemia via 

activation pyruvate kinase M2 
[14] 

MCL 

ACT001 

400 mg/kg/day 

ACT001 in 

NUDE mice 

0-20 μM MCL for 

U118MG, U251MG, 

HL60, and KG1A cells 

Promoted cell apoptosis by 

targeting redox and metabolic 

circuit 

[60] 
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ACT001 
400 mg/kg/day 

in NSG mice 

10, 20, and 30 μM for 

U2932 and SU-DHL2 

cells 

Inhibited primary central 

nervous system lymphoma 

tumor growth through 

increasing the anti-tumor effect 

of T cells 

[163] 

Gastroenteric 

tumor 

MCL / 

10, 20, and 40 μM for 

MIA PaCa-2 and HT-

29 cells 

Suppress ed pancreatic ductal 

adenocarcinoma growth by 

modulating the EGFR-Akt-Bim 

and MAPK axes 

[16] 

MCL 

ACT001 

50 mg/kg/day 

ACT001 in 

NUDE mice 

0-40 μM MCL for 

AGS and N87 cells 

Repressed gastric cancer cell 

proliferation and promoted 

apoptosis via regulation of 

IL6/STAT3 pathway 

[165] 

 

Macrophage death plays a central role in plaque 

progression and necrotic core formation, contributing to 

lesion instability [74]. Therefore, targeting programmed 

macrophage death in atherosclerosis and pharmacological 

interventions against it may be potential strategies for 

stabilizing vulnerable plaques and preventing 

atherosclerosis progression. MCL administration 

significantly attenuated atherosclerotic plaque formation, 

diminished plaque burden and lipid accumulation, and 

enhanced collagen deposition within the lesion [11, 75]. 

Compared to high-fat diet controls, the MCL intervention 

group demonstrated significantly increased GPX4 and 

xCT levels in macrophages localized to the atherosclerotic 

root. On the one hand, MCL administration attenuated 

inflammatory responses, as evidenced by decreased TNF-

α, IL-1β, and IL-18 levels and elevated IL-4 and IL-10 

concentrations. On the other hand, MCL markedly 

decreased iron deposition in atherosclerotic plaques and 

serum iron levels, with significant reductions in MDA and 

4-HNE levels and elevated SOD and GSH levels in the 

aorta, suppressing ferroptosis in macrophages and 

alleviating oxidative damage. Furthermore, dyslipidemia, 

defined primarily by increased circulating levels of 

atherogenic lipids or lipoproteins, is a critical contributor 

to cellular senescence and atherogenesis. Additionally, 

MCL treatment improves the lipid profile in 

atherosclerotic mice, with decreased serum TC, TG, and 

LDL-C levels and elevated HDL-C levels. Moreover, the 

aging process is closely associated with an increase in IL-

6 levels in the murine aorta. This increase in IL-6 

exacerbates inflammation and interacts with impaired 

mitochondrial function in the vasculature, establishing a 

vicious cycle that hastens atherogenesis [71]. This 

positive feedback loop is detrimental to vascular health, 

as it perpetuates inflammation and mitochondrial 

dysfunction, which are key drivers of atherosclerotic 

plaque formation and progression. Interestingly, MCL 

treatment effectively attenuates this pathological process 

by significantly reducing IL-6 levels, thereby presenting a 

promising therapeutic strategy for limiting atherosclerotic 

progression. 

 

3.2 Myocardial ischemia/reperfusion (I/R) injury 

 

Ischemic heart disease remains a leading cause of global 

morbidity and mortality. Percutaneous coronary 

intervention is the primary therapeutic strategy for acute 

myocardial infarction. Although recent optimizations in 

revascularization techniques have significantly decreased 

mortality among patients with acute myocardial 

infarction, the reperfusion process can induce additional 

cardiomyocyte death and irreversible myocardial damage, 

a phenomenon known as I/R injury [76]. Emerging 

evidence suggests that MCL exerts cardioprotective 

effects against myocardial I/R injury. Liu et al. reported 

that MCL treatment significantly attenuated I/R-induced 

cardiac injury in rats, as evidenced by reduced myocardial 

necrosis, myofiber disruption, and cardiomyocyte 

structural deformation, accompanied by suppression of 

inflammation and oxidative stress. Furthermore, MCL 

normalized serum levels of cardiac biomarkers, including 

CK-MB, cTnI, and BNP. Mechanistically, MCL 

suppressed cardiomyocyte apoptosis by regulating the 

apoptotic pathway, specifically by enhancing Bcl-2 and 

suppressing cleaved caspase-3 and Bax levels [77]. 

 

3.3 Stroke 

 

Age is the most significant non-modifiable risk factor for 

stroke. With increasing global life expectancy, age-

associated brain disorders, including stroke and dementia, 

have become leading causes of mortality and long-term 

disability, posing a substantial burden to public health [78, 

79]. Integrative analysis of the aging process implicates 

immunosenescence as a key mechanistic driver of age-

related cerebral injury and diseases [80].  

Stroke is the major cause of chronic disability and 

mortality globally. In China, the number of adults affected 

by stroke reached approximately 17.8 million in 2020, 

whereas in the United States, the prevalence is projected 

to increase from 2.7% in 2020 to 3.8% by 2050 [79, 81]. 

The global projections suggest the annual economic toll 

of stroke already exceeds 890 billion dollars and could 

nearly double by 2050 [82]. The abrupt loss of cerebral 
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blood flow in acute ischemic stroke induces neuronal 

death and a subsequent post-injury neuroinflammation 

that exacerbates the initial tissue injury. This 

neuroinflammatory cascade is now recognized as a central 

driver of ischemic brain injury, with macrophages acting 

as key determinants of the destructive milieu. 

Accordingly, targeting post-stroke neuroinflammation 

has emerged as a promising therapeutic avenue. MCL 

exerts anti-inflammatory effects through modulation of 

macrophage function. Notably, MCL can cross the blood–

brain barrier and preferentially accumulates in neural 

tissue, supporting its potential utility in cerebral ischemia. 

Wang et al. demonstrated that post-stroke MCL 

administration markedly reduces infarct volume and 

improves neurological outcomes in mice at 3 and 14 days 

after injury [83]. Additionally, MCL administration 

enhances recovery of neurological functions after 

ischemic stroke. Rotarod assessment revealed that MCL-

treated mice exhibited better persistence. Cognitive 

performance probed with the novel-object recognition 

paradigm indicated that MCL-treated animals devoted 

significantly more time to investigating the unfamiliar 

object than their vehicle-treated littermates. Likewise, in 

the Morris water maze, they located the hidden platform 

with shorter escape latencies [83]. 

 

3.4 AD 

 

AD is a progressive neurodegenerative disorder of the 

central nervous system, characterized by irreversible 

cognitive deterioration and behavioral impairment. 

Epidemiological data indicate that over 55 million 

individuals worldwide live with AD or related dementia. 

In the absence of curative or preventive interventions, this 

figure is projected to increase to 78 million by 2030 and 

139 million by 2050 [84]. AD accounts for approximately 

60%–70% of dementia cases in individuals aged ≥ 65 

years, imposing substantial social, psychological, 

physical, and economic burdens on patients, caregivers, 

and health systems. Given global population aging, the 

incidence of AD is expected to increase markedly, 

highlighting the need for efficacious treatments and 

supportive care frameworks. Increasing evidence 

implicates chronic neuroinflammatory processes as 

fundamental to AD pathogenesis, wherein microglia, the 

innate immune sentinels of the central nervous system, 

play a crucial role. Microglia-mediated inflammatory 

response forms a central axis linking amyloid-β 

deposition, tau pathology, and neuronal demise, thereby 

driving disease progression [85]. 

Among the major signaling pathways implicated in this 

process, NF-κB and PI3K/Akt act as critical regulators of 

glial activation and pro-inflammatory cytokine release in 

the AD brain [86]. MCL alleviated neuroinflammation by 

repressing NF-κB and PI3K/Akt pathways and improved 

cognitive impairment in the AD mouse model (Fig. 5) 

[23]. On the one hand, AD mice exhibited impairments in 

fleeting and enduring memory, whereas MCL treatment 

significantly ameliorated these cognitive deficits across 

temporal domains. On the other hand, spatial 

disorientation, another main clinical symptom of AD, was 

similarly ameliorated. In the Morris water maze, AD mice 

exhibited prolonged escape latency during the positioning 

navigation stage compared with MCL-treated 

counterparts. During the probe trial, treated AD mice 

stayed in the target quadrant, and the frequency of 

crossing the platform area was substantially lower than 

that of MCL-treated mice. In addition, cortical and 

hippocampal dentate gyrus and CA1 regions of MCL-

treated mice carried significantly lighter Aβ plaque 

burdens compared with AD mice. Moreover, MCL was 

significantly implicated in the inhibition of central and 

peripheral inflammation [23]. Administration of MCL 

significantly suppressed glial cell activation and 

proliferation in AD mice. Additionally, a significant 

decrease was observed in the levels of various 

chemokines, including CXCL1, G-CSF, GM-CSF, IL-1α, 

IL-4, MIP-1α, and MIP-1β [23]. Peripherally, MCL 

treatment exposure markedly reduced circulating 

inflammatory cells, including white blood cells, 

neutrophils, monocytes, and lymphocytes. 

 

3.5 Parkinson’s disease (PD) 

 

PD is the second most common neurodegenerative 

disorder in the aging population, with its global 

prevalence projected to approximately double over the 

next 30 years [87]. Neuroinflammation is implicated in 

PD progression. Accumulating evidence positions 

ACT001 as a promising neuroprotectant for PD. L-DOPA 

remains the main drug for PD treatment. However, long-

term administration is associated with significant side 

effects. ACT001 synergizes with low-dose L-DOPA (5 

mg/kg), achieving comparable motor improvement to 

high-dose L-DOPA (8 mg/kg) in the MPTP-induced PD 

mouse model and attenuating dyskinesia risk. 

Mechanistically, ACT001 attenuated α-synuclein, 

astrocyte activation, and IL-1β overexpression in the 

substantia nigra and striatum of PD mice. Additionally, 

ACT001 enhanced Bcl-2 expression and the p-Akt/Akt 

ratio and decreased Bax level and caspase-3 activity, 

thereby promoting dopaminergic neuron survival through 

inhibition of neuroinflammation and apoptosis [88]. 

Moreover, Liu et al. reported that ACT001 treatment 

reduced nigral dopaminergic degeneration and striatal 

dopamine depletion and ameliorated motor deficits and 

circadian rhythm disruption by inhibiting MPTP-induced 
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microglial activation, inflammation, oxidative stress, and 

NLRP3 activation [89]. 

 
Figure 5. Potential mechanisms of MCL/ACT001 in age-related brain diseases. Given its diverse mechanisms of action, 

MCL/ACT001 holds promise as a therapeutic candidate for age-related brain conditions. ACT001 reduced microglia-mediated 

neuroinflammation after traumatic brain injury by inhibiting the AKT/NF-κB/NLRP3 pathway. Additionally, MCL interfered with 

the PKM2-P65 interaction and inhibited inflammasome activation in macrophages after ischemic stroke. Moreover, ACT001 

inhibited the activation of the NLRP3 inflammasome in MPTP-induced PD mice and suppressed the loss of dopaminergic neurons. 

Besides, ACT001 inhibited TLR4 signaling through targeting co-receptor MD2 and attenuated neuropathic pain. Additionally, 

ACT001 abolished MPTP-induced α-synuclein overexpression, astrocyte activation, and IL-1β production in the substantia nigra 

and striatum of the mouse brain. In addition, ACT001 improved MPTP-induced PD by repressing apoptosis and inflammation. The 

figure was created using BioRender. 

3.6 Other brain diseases 

 

Experimental autoimmune encephalomyelitis is a well-

established murine model of central nervous system 

inflammation that simulates the symptoms of multiple 

sclerosis and exhibits microglia with strong aging-

associated transcriptional characteristics [90]. In this 

model, ACT001 disrupted the pathogenic feed-forward 

crosstalk between Th17 cells and microglia by 

suppressing microglial STING/NF-κB pathway signaling 

activation, thereby attenuating autoimmune inflammation 

and ameliorating experimental autoimmune 

encephalomyelitis outcomes [91]. 

Traumatic brain injury is a neurological condition 

caused by external force, resulting in structural damage 

and/or physiological dysfunction of the brain, and 

represents a major cause of global mortality and long-term 

morbidity [92]. TBI is commonly associated with 

intracranial hemorrhage, cerebral edema, and neuronal 

injury, all of which contribute to persistent neurological 

impairment. Increasing evidence suggests that ACT001 

has significant therapeutic potential in the management of 

neurological disorders. Specifically, ACT001 attenuates 

trauma-induced microglial cell activation, preserves 

blood-brain barrier integrity after brain injury, and 

restores tight junction protein expression, including ZO1 

and occludin, thereby improving neurological and motor 

function defects. In vitro studies revealed that ACT001 

mitigated angiolysis induced by activated microglia and 

facilitated partial restoration of angiogenic capacity in 

bEnd.3 cells. Functionally, these effects are associated 

with the Akt/NF-κB/NLRP3 pathway [93]. 

Neuropathic pain, defined as pain arising from a 

lesion or disease of the somatosensory system, affects 

approximately 3% to 17% of the general population and 

remains clinically challenging because of its 
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heterogeneous etiology, absence of objective diagnostic 

markers, and frequent resistance to conventional 

analgesics [94]. ACT001 targeted MD2 to interfere with 

the TLR4/MD2/MyD88 axis, thereby inhibiting 

downstream NF-κB and MAPK signaling cascades and 

attenuating pro-inflammatory cytokine production. 

Besides, ACT001 alleviated nerve injury-induced sensory 

abnormalities and downregulated Iba-1 and GFAP in the 

spinal dorsal horn [95]. Collectively, current evidence for 

MCL/ACT001 in age-related cardio-cerebral diseases 

consists primarily of in vitro cell studies and animal 

models, with no published human trials to date. 

 

 
Figure 6. Potential mechanisms of MCL/ACT001 in age-related fibrosis. Renal fibrosis is a pathologic process that leads to 

irreversible renal failure without effective treatment. MCL competitively inhibited the binding of IL-11 with IL-11Rα1, 

suppressing the activation of STAT3 and ERK1/2-Mtdh pathways, and inhibiting renal tubular EMT and interstitial fibrosis 

induced by IL-11. Besides, MCL ameliorated renal fibrosis by suppressing the Mtdh/BMP/MAPK pathway. Hepatic fibrosis is 

a major global health issue without an optimal drug treatment. MCL ameliorated hepatic fibrosis through suppressing autophagy 

via the TrxR1/2-mediated ROS/MEK/ERK pathway. Progressive peritoneal fibrosis is a global public health concern affecting 

patients undergoing peritoneal dialysis. MCL is bound to the asparagine (N1540) of BRG1, blocking the recognition and binding 

of BRG1 to the acetylation of histone H3 at lysine 14, repressing fibrotic responses and the TGF-β1-Smad2/3 signaling pathway. 

Idiopathic pulmonary fibrosis is a progressive fibrotic lung disease of unknown etiology and poor prognosis. ACT001 can 

inhibit NF-κB, reducing the activity of fibroblasts in idiopathic pulmonary fibrosis. The figure was created using BioRender. 

4. Role of MCL/ACT001 in age-related fibrosis 

 

Fibrosis is a pervasive, age-associated pathological 

process and a pathogenic factor in the functional failure of 

multiple aging-related organs and chronic disease [96, 

97]. The progressive accumulation of senescent cells 

plays a central role in tissue degeneration, chronic 

inflammation, and subsequent fibrotic disease across 

diverse organs [98]. Pathological fibrosis is characterized 

by excessive ECM deposition and is generally regarded as 

an aberrant and imbalanced tissue repair process [99]. 

Once the tempo of matrix production exceeds the counter-

rhythm of physiological degradation, parenchyma is 

replaced by a stiff, avascular scar that distorts architecture 

and culminates in organ failure [100]. Epidemiologically, 

the global cumulative incidence of fibrosis disease is 

estimated at approximately 4968 cases per 100000 

individuals annually, constituting approximately 45% of 

mortalities in developed countries [101]. Targeting the 

fibrogenic cascade represents a generic, high-value 

therapeutic strategy that transcends individual organ 

specialties. Recently, preclinical studies indicate that 
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MCL/ACT001 can attenuate ECM accumulation in the 

kidney [21], peritoneum [20], liver [64], and lung [35]. 

Here, we synthesize current evidence regarding the role of 

MCL/ACT001 in age-related fibrosis and clarify its 

underlying mechanisms (Fig. 6). 

 

4.1 Renal fibrosis 

 

The aging kidney is defined by the buildup of senescent 

cells and chronic low-grade inflammation, which fuel 

renal fibrosis and result in functional decline [102]. Renal 

fibrosis is the convergent pathway where chronic kidney 

disease progresses to end-stage renal failure. Within the 

renal tubular interstitium, scar tissue slowly crowds out 

the interstitium, glomerulosclerosis, tubular atrophy, 

capillaries vanish, and chronic interstitial inflammation 

[103]. One in every ten adults has chronic kidney disease, 

a condition that silently causes 1.2 million deaths annually 

[104]. Renal tubular epithelial cells (RTECs), the primary 

constituents of the renal parenchyma, are increasingly 

considered the primary initiators of fibrotic processes 

[105]. During renal fibrosis pathogenesis, RTECs 

undergo EMT, a process defined by phenotypic shifts 

including the downregulation of adhesion molecules such 

as E-cadherin and the upregulation of mesenchymal 

markers including α-SMA and vimentin. 

In unilateral ureteric obstruction (UUO) and 

ischemia–reperfusion injury renal fibrosis models, daily 

administration of ACT001 markedly reduced serum 

creatinine and urea nitrogen levels, attenuated renal 

collagen deposition, downregulated α-SMA and 

fibronectin expression, and restored E-cadherin 

expression, indicating its improvement of renal function 

and structure [12]. In vitro, MCL dose-dependently 

downregulated the increase of α-SMA and fibronectin 

induced by TGF-β1 and reversed it by E-cadherin 

reduction, confirming its direct intervention effect on 

RTECs EMT. Mechanistically, MCL directly inhibited 

the expression of the profibrotic mediator Mtdh, 

dismantling its downstream BMP/MAPK axis, thereby 

suppressing renal tubular EMT. This effect can be 

abrogated by Mtdh overexpression, indicating that Mtdh 

is a crucial molecular target of MCL in the kidney. 

Specifically, Mtdh overexpression decreased BMP7 and 

BMPR1a expression and elevated p-Smad1/5/9 levels 

[12, 41]. IL-11 is an essential profibrotic effector 

operating downstream of TGF-β1 [106, 107]. Li et al. 

reported that IL-11 and IL-11Rα1 were markedly elevated 

in UUO-induced renal fibrosis [21]. Virtual molecular 

docking studies demonstrated that MCL stabilizes within 

the hydrophobic cavity of IL-11 by forming hydrogen 

bonds with active site residues ARG77, PRO132, and 

ASP134 through its hydroxyl and carbonyl groups. This 

interaction significantly disrupted the binding stability 

between IL-11 and IL-11Rα1. Consistently, ACT001 

significantly reduced IL-11 and IL-11Rα1 expression and 

mitigated the UUO-induced renal fibrosis. 

Mechanistically, MCL competitively occupies the IL-11 

ligand-binding interface, preventing IL-11 from engaging 

IL-11Rα1 and thereby inhibiting STAT3 and 

ERK1/2/Mtdh signaling and alleviating IL-11-induced 

EMT and renal fibrogenesis [21]. These results refine the 

understanding of molecular mechanisms driving renal 

fibrosis and unveil a readily translatable therapeutic 

strategy for this intractable condition. 

 

4.2 Peritoneal fibrosis 

 

Peritoneal dialysis is a widely used renal replacement 

therapy for approximately 3.8 million patients with end-

stage kidney disease globally [108]. Peritoneal fibrosis 

(PF) is a common complication of long-term peritoneal 

dialysis, leading to peritoneal damage and loss of 

peritoneal ultrafiltration. The hallmark features of PF 

include mesothelial-mesenchymal transition, chronic 

inflammatory response, and aberrant angiogenesis. 

Accordingly, there is a critical need for effective novel 

therapeutic strategies to prevent and mitigate peritoneal 

dialysis-related PF. Emerging studies demonstrated that 

MCL/ACT001 can alleviate PF. On the one hand, 

ACT001 treatment prevented PF in the animal peritoneal 

dialysis model. Prophylactic administration of ACT001 

blunted the anticipated increase in α-SMA, fibronectin, 

and collagen I and restored E-cadherin, thereby reducing 

the PM thickness in the anterior abdominal wall of mice 

treated with peritoneal dialysis fluid. On the other hand, 

delayed ACT001 treatment, initiated after fibrotic lesions 

were already established, prevented PF progression [20]. 

MCL inhibited ECM deposition and reversed EMT by 

activating autophagy. Genetic silencing of ATG7 

abolished the protective effect, indicating that autophagy 

activation is an obligate step in MCL-mediated 

antifibrotic effects. Another study identified an additional 

mechanism of action. MCL alleviated the PF caused by 

BRG1 overexpression and inhibited the TGFβ1-Smad2/3 

signaling pathway [43]. Mechanistically, MCL targeted 

the asparagine (N1540) of BRG1, thereby preventing its 

interaction with the H3K14ac site on histone H3, 

inhibiting the fibrotic responses. Mutation of N1540 to 

alanine abolishes MCL binding and negates its inhibitory 

effects on BRG1-driven ECM production. 

 

4.3 Hepatic fibrosis 

 

Hepatic fibrosis is a common pathological hallmark of 

chronic liver injury. Globally, approximately 844 million 

individuals are affected by chronic liver disease, with an 

estimated 2 million deaths annually [109]. As most 
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patients present with established liver fibrosis/hyperplasia 

at the time of diagnosis, there is a critical need for 

therapeutic agents capable of halting or reversing fibrotic 

progression. Accumulating evidence suggests that 

MCL/ACT001 exerts protective effects against the 

progression of hepatic fibrosis. In the experimental 

model, ACT001 significantly reduced inflammatory 

infiltrates and hepatocyte degeneration, restored hepatic 

lobular architecture, and decreased collagen fiber 

deposition in the liver fibrosis model. Additionally, MCL 

improved liver function, as indicated by reduced serum 

levels of alanine aminotransferase, aspartate 

aminotransferase, and hydroxyproline, and 

downregulation of collagen type I alpha 1 and fibronectin 

expression in liver tissue [64]. Activated hepatic stellate 

cells (HSCs) are the principal mediators of hepatic 

fibrogenesis. MCL targets HSCs through multiple 

mechanisms. First, it induces G2/M phase cell cycle arrest 

by reducing CDK1 and c-Myc levels, thereby inhibiting 

HSC proliferation. Second, MCL downregulated ECM 

components and promoted collagen degradation by 

elevating MMP-1, -3, and -14 mRNA, inhibiting HSC 

activation [64]. Besides, MCL disrupts mitochondrial 

function, as evidenced by decreased mitochondrial 

membrane potential and structural alterations, which in 

turn activate MEK/ERK signaling and promote 

autophagy. Furthermore, MCL has been shown to 

attenuate carbon tetrachloride (CCl4)-induced liver injury 

and fibrosis through activation of SIRT1 signaling[110]. 

 

4.4 Pulmonary fibrosis 

 

Pulmonary fibrosis includes a group of chronic interstitial 

lung disorders characterized by the progressive ECM 

remodeling and replacement of functional parenchyma, 

leading to alveolar destruction, reduced lung compliance, 

impaired gas exchange, and respiratory failure and death 

[111]. Idiopathic pulmonary fibrosis, the common form, 

affects approximately 3 million individuals globally, with 

an increasing incidence with advancing age [112]. 

Fibroblasts are dysregulated in IPF. NF-κB signaling 

mediates fibroblast-to-myofibroblast transition (FMT), 

associated with fibroblast accumulation in IPF tissue, and 

drives ECM deposition [113, 114]. Therefore, NF-κB 

inhibition is a rational strategy to attenuate pulmonary 

fibrosis. Pharmacological blockade of NF-κB with 

ACT001 in primary IPF fibroblasts suppresses cell 

proliferation and viability, reduces fibronectin deposition, 

and inhibits TGF-β1-driven FMT and IL-6 production 

[114]. Similar, although less pronounced, effects were 

observed in age-matched normal fibroblasts. Relative to 

normal fibroblasts, IPF fibroblasts exhibit increased 

sensitivity to ACT001, requiring three-fold lower 

concentrations to inhibit TGFβ1-driven FMT and ten-fold 

lower doses to inhibit FBS-induced NF-κB 

phosphorylation. These differential responses suggest a 

therapeutic window in which ACT001 preferentially 

targets pathological fibroblasts and spares normal cells, 

thereby enhancing its therapeutic index for IPF and 

minimizing off-target effects. In addition to IPF, ACT001 

has demonstrated efficacy in radiation-induced 

pulmonary fibrosis (RIPF), a severe complication of 

thoracic radiotherapy characterized by progressive 

fibrotic remodeling of irradiated lung tissue [115]. The 

pathogenesis remains poorly understood, and effective 

clinical interventions are lacking. Consequently, RIPF 

carries a dismal prognosis. A recent study demonstrated 

that ACT001 attenuated radiation-triggered EMT and 

ECM accumulation, limiting fibrotic remodeling. 

Mechanistically, ACT001 suppressed ROS generation 

and subsequently downregulated TGF-β1 expression, 

highlighting ACT001 as a potential preventive and 

therapeutic agent for RIPF [17]. 

 

5. Role of MCL/ACT001 in age-related metabolic 

diseases 

 

Advancing age is the principal risk factor for metabolic 

disorders, including type 2 diabetes mellitus (T2DM) and 

metabolic dysfunction-associated fatty liver disease 

(MAFLD). Aging is accompanied by a preferential 

redistribution of adipose tissue to the visceral 

compartment, a shift closely associated with insulin 

resistance and the pathogenesis of T2DM, fatty liver 

disease, and metabolic complications [116]. 

Accumulating evidence indicates that MCL/ACT001 

effectively lowers hyperglycemia, ameliorates metabolic-

related hepatic and renal dysfunction, and exerts robust 

anti-inflammatory and anti-oxidative actions, 

highlighting its potential to attenuate age-related 

metabolic disturbances (Fig. 7). 

 

5.1 Diabetes 

 

The prevalence of T2DM increases progressively with 

age, peaking in adults aged 75–79 years [117]. In 2021, 

approximately 529 million people were living with 

diabetes globally, with a particularly high burden among 

those aged 65 years [118]. Safety concerns associated 

with conventional antidiabetic therapies have intensified 

interest in identifying safer and more effective 

alternatives. Emerging evidence indicates that ACT001 

exerts beneficial metabolic effects by reducing blood 

glucose, insulin levels, and body weight and improving 

glycemic dysregulation and insulin resistance conditions 

in high-fat-diet-induced T2DM mice. ACT001 reduced 

hepatic gluconeogenesis by down-regulating glucose-6-

phosphatase (G6Pase) and FoxO1 expression [119]. 
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Additionally, lipogenic drivers fatty acid-binding protein 

4 (FABP4) and PPARγ were significantly reduced, 

whereas SREBP1c was increased, suggesting a metabolic 

shift away from lipid storage. Histologically, ACT001 

ameliorated high-fat-diet-induced hepatic injury; 

hepatocyte nuclear crowding and large lipid droplets were 

significantly reduced; adipocyte size normalized; and 

liver integrity improved. Moreover, ACT001 improved 

circadian rhythm through upregulation of core clock 

genes, including CRY1, CRY2, PER1, and PER2, 

stabilizing whole-body metabolic homeostasis [119]. 

 
Figure 7. Potential mechanisms of MCL/ACT001 in age-related metabolic diseases. MCL effectively lowers hyperglycemia, 

ameliorates metabolic-related hepatic and renal dysfunction, and exerts robust anti-inflammatory and anti-oxidative actions, 

positioning it as a promising therapeutic option for mitigating age-related metabolic dysfunction. ACT001 markedly reduces blood 

glucose levels in diabetic mice, primarily by downregulating the expressions of phosphoenolpyruvate carboxykinase 2 (PEPCK) and 

glucose-6-phosphatase (G6Pase). Besides, ACT001 decreased the level of FABP4. Moreover, MCL ameliorated diabetic kidney 

disease through inhibiting Mtdh-mediated renal inflammation in type 2 diabetic db/db mice. Additionally, MCL alleviated hepatic 

steatosis in db/db mice through suppressing inflammation and promoting autophagy via PPARγ-mediated NF-κB and AMPK/mTOR 

signaling. Furthermore, ACT001 exerted a multifactorial therapeutic effect on MAFLD, potentially linked to the regulation of the 

gut microbiota-bile acids (BAs)-farnesoid X receptor (FXR)-fibroblast growth factor 15 (FGF15) pathway. The figure was created 

using BioRender. 

Beyond glycemic regulation, MCL markedly 

attenuates diabetic microvascular complications. MCL 

treatment significantly restores serum electrolyte balance 

and lipid profiles of T2DM rats, improves kidney function 

metrics, and reduces NGAL and KIM-1 levels. 

Mechanistically, MCL bolstered antioxidant defenses by 

activating the KEAP1/NRF2 axis and inhibiting NOX1 

and NOX4 expression and concurrently exerting anti-

inflammatory actions through the inhibition of the 

TLR4/MyD88/NF-κB cascade, resulting in diminished 

TNF-α, IL-6, IL-1β, and IFN-γ levels and elevated IL-10 

[30]. Additionally, ACT001 conferred renoprotection by 

transcriptionally repressing Mtdh and enhancing its 

ubiquitin-proteasomal degradation, reducing proteinuria, 

histological injury, and renal inflammation [10]. 

Furthermore, MCL decreased body and liver weight, food 

consumption, circulating lipids, transaminases, and 

hepatic lipid accumulation and alleviated steatosis in 

db/db mice. These effects were mediated by PPAR-γ 

upregulation, which suppressed NF-κB-mediated 

inflammation and activation of AMPK/mTOR-dependent 

autophagy, thereby alleviating hepatic steatosis [19]. 
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Additionally, ACT001 ameliorated colitis and enhanced 

the intestinal mucosal barrier through the modulation of 

the GPR43 and AMPK signaling pathways, decreased 

renal lipid deposition, suppressed oxidative stress and 

inflammation, and attenuated obesity-related kidney 

disorder [120]. 

 

5.2 MAFLD 

 

The term “non-alcoholic fatty liver disease” has been 

replaced by “MAFLD” following international consensus 

recommendations [121]. MAFLD affects approximately 

38% of the global population and represents a primary 

contributor to the global rates of chronic liver disease-

related sickness and mortalities [122]. Advancing age is a 

major risk factor. With the demographic shift, MAFLD in 

older adults will become a dominant public-health 

challenge, imposing heavy clinical and economic burdens 

[123]. Accordingly, it is imperative to determine feasible 

and cost-effective drug treatment targets for MAFLD. 

Preclinical evidence suggests that ACT001 has significant 

therapeutic potential for MAFLD treatment. ACT001 

markedly ameliorates high-fat-diet-induced hepatocyte 

injury and dyslipidemia. Histologically, it reduced hepatic 

collagen deposition, decreased lipid vacuoles, and 

downregulated serum alanine aminotransferase, aspartate 

transaminase, total cholesterol, and triglycerides. 

ACT001 alleviated MAFLD by regulating linoleic acid 

and glutathione metabolic pathways, implicating lipid 

metabolism and oxidative stress as key mechanistic nodes 

[124]. Niu et al. demonstrated that ACT001 ameliorated 

MAFLD through the gut-microbiota/bile-acid/FXR axis, 

restoring intestinal-barrier integrity [125]. 16S rDNA 

sequencing revealed partial rebalancing of dysbiosis, with 

increased relative Clostridium and Erysipelo-

trichaceae_Clostridium abundance. 

Additionally, ACT001 promoted the generation of 

unconjugated bile acids and the accumulation of specific 

bile acid species, including 23-Nor-deoxycholic acid and 

lithocholic acid-3-sulfate, in the ileum. These changes 

downregulated the FXR/fibroblast growth factor 15 

signaling pathway, contributing to reduced hepatic lipid-

lowering and improved metabolic homeostasis. 

Non-alcoholic steatohepatitis (NASH) is an advanced 

stage of non-alcoholic fatty liver disease defined by 

hepatic steatosis exceeding 5% plus lobular inflammation 

and hepatocyte injury, irrespective of the presence or 

absence of fibrosis [126]. ACT001 markedly reduced 

liver steatosis, inflammation, and fibrosis and suppressed 

NLRP3 activation and oxidative stress; however, its 

precise molecular basis remained unclear. Isotope 

labeling and relative and absolute quantification 

technique analysis identified 381 differentially expressed 

proteins (162 up-, 219 down-regulated) between NASH 

and ACT001-treated mice[127]. Functional enrichment 

analysis revealed that these proteins are primarily 

involved in pathways related to transcriptional regulation, 

JAK/STAT and PI3K/Akt axes, EGFR-tyrosine-kinase 

inhibition, oxidative phosphorylation, autophagy, 

NAFLD pathways, diabetic cardiomyopathy, 

thermogenesis, and ROS-driven carcinogenesis. Among 

these, COL6A2, APOA1, MAVS, PPIB, and CES2A 

were identified as novel putative targets through which 

ACT001 exerts its anti-NASH efficacy. 

 

5.3 Osteoporosis 

 

Aging is a major determinant of bone deterioration [128]. 

Osteocyte function is hindered by the accumulation of 

senescent cells and chronic low-grade inflammatory 

responses, leading to progressive bone mineral loss, 

micro-architectural degradation, and increased fracture 

risk. Osteoporosis is the decrease in bone mineral density 

and the gradual bone tissue degeneration, which increases 

the incidence of fractures and osteoporosis [129]. The 

lifetime fracture risk associated with osteoporosis is as 

high as 40%, and the 12-month additional mortality rate 

can reach up to 20%. Recent studies indicate that MCL 

exerts protective effects against estrogen deficiency-

induced bone loss in mice by suppressing 

osteoclastogenesis and osteoclast absorption through the 

P38 MAPK signaling pathway [44]. Micro-CT revealed 

that MCL treatment increased bone mineral density, bone 

volume/bone surface area, trabecular number, and 

trabecular thickness and reduced trabecular separation. 

Consistently, serum CTX-1 and histomorphometric 

parameters N.Oc/BS and Oc.S/BS were markedly 

decreased, suggesting suppressed osteoclastic resorption 

without adverse effects on bone formation indices. 

Moreover, MCL suppressed the transcription of genes 

associated with osteoclastogenesis, notably Trap, 

Cathepsin K, NFATc1, C-fos, and DC-STAMP [44]. 

 

6. Role of MCL/ACT001 in age-related immune 

diseases 

 

6.1 Rheumatoid arthritis (RA) 

 

RA is a systemic autoimmune disease that affects 

approximately 0.25%–1% of the global population and is 

associated with a reduction in life expectancy of 1–10 

years [130, 131]. Beyond polyarticular pain, RA 

frequently complicates cardiovascular and pulmonary 

systems and accelerates severe disability. Accelerated 

biological aging has been established as a risk factor for 

age-related morbidities, increasing RA risk [132]. 

Preclinical studies indicate that MCL can alleviate RA. 

MCL treatment markedly decreased paw swelling in RA 
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mice and inhibited joint cartilage degeneration [22]. In 

addition, MCL upregulated the serum levels of 

complement component 5a, macrophage colony-

stimulating factor, and tissue inhibitor of 

metalloproteinase-1 in arthritis mice. Moreover, Liu et al. 

developed a dual-functional nanoplatform (Janus-CPS), 

consisting of CeO2-Pt nanoenzyme components and the 

periodic mesoporous organosilica subunits, enabling 

efficient MCL loading and delivery into the mesopores of 

the periodic mesoporous organosilica subunits, achieving 

synergistic anti-inflammatory and anti-oxidative action 

that significantly enhances RA therapeutic efficacy, 

positioning MCL as a promising oral or nano-delivered 

candidate for mitigating RA-related joint damage [133]. 

 

6.2 Ankylosing spondylitis (AS) 

 

AS is a chronic inflammatory disease characterized by 

chronic inflammation and aberrant new bone formation. 

Increasing evidence implicates oxidative stress and 

mitochondrial dysfunction as key contributors to disease 

development [134]. MCL is involved in attenuating AS by 

blocking NLRP3-driven pyroptosis, restoring Th1/Th2 

equilibrium, and interrupting the NF-κB signaling 

cascades [135]. In murine models of AS, MCL treatment 

significantly reduced serum concentrations of IL-1β, IL-

6, IL-18, TNF-α, and IFN-γ and simultaneously 

suppressed NLRP3 and caspase-1 expression. 

Mechanistically, MCL blocked NLRP3 activation and 

inhibited the NF-κB pathway by reducing p-p65 levels 

and elevating p-IκBα. 

 

7. Role of MCL/ACT001 in age-related cancers 

 

Aging and cancer are closely associated processes [136]. 

Carcinomas and most malignancies, including GBM, 

lymphomas, melanomas, leukemias, and sarcomas, 

generally do not exhibit symptoms until after the age of 

50, with incidence increasing steadily to 85 years [137]. 

Senescent-cell accumulation drives systemic 

degeneration, promotes age-related comorbidities, and 

facilitates tumor progression [138]. Conversely, lifestyle 

measures that delay biological aging have been associated 

with reduced cancer risk [139]. Natural products are life-

saving therapeutics. Accumulating data indicate that 

MCL/ACT001 suppressed the onset of several cancers, 

including GBM, hepatocellular carcinoma (HCC), lung 

cancer, and breast cancer, by inducing apoptosis, 

inhibiting cellular proliferation, blocking tumor growth 

and metastasis, reducing drug resistance, mitigating 

chemotherapy/radiation side effects, and potentiating 

conventional anticancer regimens. 

 

 

7.1 GBM 

 

GBM is nearly uniformly fatal, with a median survival of 

14.6–16.8 months and a 2-year rate of 13%–26%. Despite 

surgery and radiochemotherapy, virtually all patients 

relapse. Although ACT001 readily crosses the blood–

brain barrier and has demonstrated clinical efficacy 

against GBM, its precise molecular and cellular 

mechanism remains incompletely defined. In vitro studies 

demonstrated that ACT001 suppressed GBM cells 

proliferation. Mechanistically, ACT001 directly binds to 

IKKβ, suppressing its phosphorylation and thereby 

inhibiting its canonical NF-κB, increasing ROS levels, 

and driving ROS-mediated G2/M phase arrest and cell 

apoptosis [61]. Additionally, ACT001 interacts with 

STAT3, inhibiting its phosphorylation and PD-L1 

expression, which reduces M2 macrophage infiltration 

and boosts T cell responses [140]. Cellular thermal-shift 

assays have identified PAI-1 as a direct target of ACT001. 

Through modulation of the PAI-1/PI3K/Akt signaling 

axis, ACT001 suppresses GBM proliferation, invasion, 

and migration [141]. GAPDH is elevated in GBM and 

functions as a critical driver of disease development. 

GAPDH knockdown diminished MCL-mediated GBM 

cell growth suppression. MCL is covalently bound to 

Cys247 of GAPDH, initiating non-glycolytic-related 

functions in GAPDH to enhance glioma cell death. 

Notably, MCL left GAPDH enzymatic function 

unaffected and facilitated the nuclear import of the 

GAPDH/Siah1 complex [47]. Glioma-like stem cells, a 

subpopulation of GBM cells involved in tumor initiation, 

radiochemotherapy resistance, and recurrence, are 

targeted by ACT001 [142]. Moreover, ACT001 

suppressed the proliferation of glioma-like stem cells and 

the formation of glioma spheres by targeting 

AEBP1/PI3K/Akt signaling [143]. Temozolomide (TMZ) 

is the standard-of-care chemotherapeutic for gliomas, but 

acquired resistance invariably limits its efficacy. ACT001 

therapy significantly enhanced TMZ-resistant glioma 

cells’ sensitivity to TMZ, enhancing cell death and 

inhibiting cell proliferation. MDK is a potential biomarker 

for GBM, and targeting MDK may be beneficial for 

glioma treatment. Mechanistically, ACT001 enhanced the 

c-Myc degradation by targeting the MDK/c-Myc complex 

and controlled the Wnt/β-catenin signaling through MDK, 

preventing glioma progression [144]. 

Furthermore, combined treatment may be more 

effective than single treatment. Studies demonstrated that 

GBM cannot be completely eradicated solely by ACT001 

and MCL. Therefore, combining ACT001 with other 

therapies may be valuable. SHP099 is an efficient and 

orally available SHP-2 inhibitor that can inhibit multiple 

cancer progression. Hou et al. reported that combined 

SHP099 and ACT001 treatment markedly reduced p-
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AKT levels and glioma-like stem cell proliferation 

compared with monotherapy [143]. Moreover, this 

combination regimen diminished AEBP1, Ki-67, and 

hNestin expression and tumor burden and prolonged 

survival compared with ACT001 monotherapy. 

 

7.2 HCC 

 

Globally, primary liver cancer is the eighth most common 

neoplasm and the third leading cause of cancer-related 

deaths, with HCC accounting for approximately 80% of 

cases [145]. Although curative hepatectomy followed by 

systemic or loco-regional chemotherapy remains the 

mainstay treatment, recurrence is frequently due to the 

emergence of drug resistance and tumor escape 

mechanisms. Identification of effective anticancer targets 

coupled with the discovery of their potential modulators 

represents a compelling strategy for advancing future 

oncology therapeutics. Experimental studies have 

demonstrated that MCL significantly suppresses HCC cell 

proliferation, invasion, and cancer stemness [146]. After 

4 h of treatment with MCL, mitochondrial ROS are 

markedly elevated, followed by intense apoptosis at 8 h. 

Morphologically, untreated Huh7 cells exhibit stretched 

filamentous F-actin cables and evenly distributed 

mitochondria. MCL treatment induced F-actin 

fragmentation and disorganization, accompanied by 

mitochondrial aggregation. These data revealed that MCL 

disrupted the F-actin cytoskeleton, triggered abnormal 

mitochondrial aggregation, provoked mitochondrial 

dysfunction, and consequently induced apoptosis. 

Pretreatment with the NAC antioxidant markedly 

attenuated MCL-induced apoptosis [146]. Immunogenic 

cell death (ICD), a distinctive, immunity-activating type 

of apoptosis, provides a means to eliminate residual 

disease and generate durable anti-tumor memory [147]. 

ICD facilitates the clinical efficacy of chemotherapy 

drugs by enhancing long-term cancer immune responses. 

ICD inducers are recognized as promising and potential 

strategies in HCC. Additionally, MCL triggered ICD-

related damage-related molecular patterns, including 

HMGB1 release, ATP secretion, CRT expression, and 

increased HSP90 levels. MCL caused tumor regression, 

promoted dendritic cell maturation, and enhanced CD4⁺ 

and CD8⁺ T cell responses, reshaping the immune 

microenvironment and inhibiting tumor growth without 

damaging heart, liver, spleen, or lung tissue. Additionally, 

tumor angiogenesis is significantly associated with the 

tumor immune microenvironment. MCL dose-

dependently suppresses angiogenesis in zebrafish models. 

The extent of MCL-induced ICD effects is closely 

dependent on ROS-mediated ERS. Post-MCL treatment, 

the endoplasmic-reticulum lumen swelling or expansion 

and calcium-binding protein, p-eIF2α, ATF4, Grp78, and 

CHOP increase in a dose- and time-dependent manner 

[18]. Scavenging ROS abolished MCL-induced ERS, 

whereas TrxR knockdown synergistically amplifies it. 

Therefore, MCL functions as a redox- immunogenic cell 

death–inducing agent with promising therapeutic 

potential for HCC. 

 

7.3 Lung cancer 

 

Lung cancer remains the leading cause of cancer-related 

morbidity and mortality globally, with non-small cell lung 

cancer (NSCLC) accounting for approximately 85% of 

cases [148]. Lung cancer stem cells represent a distinct 

subpopulation responsible for tumor initiation, 

recurrence, metastasis, and poor prognosis, presenting a 

formidable therapeutic obstacle. Consequently, the 

selective eradication of lung cancer stem cells represents 

a compelling therapeutic strategy. ACT001 directly binds 

to Olig2, enhancing its ubiquitin-dependent degradation 

and suppressing CD133 promoter activity, thereby 

reducing stem-like properties of lung cancer [149]. 

Besides, ACT001 inhibits NSCLC cell proliferation and 

G1/S phase transition through upregulation of NKTR 

[150]. Moreover, ACT001 markedly attenuated PD-L1 

expression by inhibiting p-STAT1 and p-STAT3, 

enhancing T cell activation and promoting apoptosis 

[151]. Furthermore, MCL promotes ubiquitin-dependent 

degradation of HIF-1α, inhibiting HIF-1α and its 

downstream target vascular endothelial growth factor, 

making p53-deficient NSCLC cells more sensitive to 

radiotherapy [152]. MCL and ACT001 may serve as an 

effective radiosensitizer to augment the efficacy of 

radiation therapy in NSCLC. 

Small-cell lung cancer (SCLC) remains a treatment-

resistant malignancy, with a bleak 5-year overall survival 

rate of 12%–30% [153]. Tumor cells alter their 

metabolism toward aerobic glycolysis, leading to the 

accumulation of tumor metabolites, including lactic acid, 

and establishing the tumor's immune microenvironment. 

Consequently, targeting this metabolic pathway presents 

a compelling strategy to rejuvenate anti-tumor immunity. 

Studies demonstrated that ACT001 inhibits lactic acid 

production by targeting phosphoglycerate kinase 1 

(PGK1), thereby affecting its downstream p-PGK1/p-

PDHK axis, diminishing M2 macrophage infiltration, and 

augmenting M1 macrophage functionality [154]. 

Mechanistically, ACT001 covalently binds to Cys316 of 

PGK1, thereby inhibiting PGK1 activity and suppressing 

mitochondrial pyruvate metabolism. These findings 

indicate that MCL/ACT001 may possess potential 

therapeutic value and good application prospects in lung 

cancer. 
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7.4 Breast cancer 

 

Breast cancer remains the most common malignancy in 

females and the leading cause of cancer-related mortality, 

accounting for over 15% of global cancer deaths. 

Approximately 70% of cases are estrogen-receptor-

positive breast cancer. Endocrine therapy serves as a 

primary intervention for estrogen receptor-positive breast 

cancers, with tamoxifen being the most commonly 

prescribed endocrine agent. Approximately 50% of the 

patients demonstrate clinical tamoxifen resistance [155]. 

Under tamoxifen stimulation, the resistant breast cancer 

cells MCF7 and T47D exhibited a high oxidative state and 

hyperactive amidohydrolase 1. MCL activated the cellular 

antioxidant system through the NRF2/KEAP1 pathway 

and suppressed amidohydrolase 1 via the ROS/AKT axis, 

thereby inhibiting cell proliferation [38]. In addition, 

ACT001 inhibited and reversed tamoxifen resistance by 

directly inhibiting NF-κB activation [156]. Besides, MCL 

ameliorated KLF4-driven cisplatin resistance by 

downregulating glutathione biosynthesis [157]. Triple-

negative breast cancer, accounting for approximately 15% 

of all breast cancer cases, is notably aggressive [158]. Liu 

et al. demonstrated that ACT001 upregulated pro-

apoptotic Bax, inducing apoptosis in 4T1 TNBC cells, and 

simultaneously inhibited p-NF-κB and IκB-α, resulting in 

decreased GM-CSF secretion, fewer myeloid-derived 

suppressor cells, and diminished angiogenesis [159]. 

Collectively, MCL/ACT001 targets oxidative, 

inflammatory, and drug resistance pathways in various 

breast cancer subtypes, providing rational combination 

strategies to circumvent chemoendocrine resistance and 

enhance breast cancer outcomes. 

 

7.5 Other cancers 

 

Prolactinoma is the predominant subtype of pituitary 

adenoma. Although 75%–90% of patients with 

prolactinomas experience clinical benefit from dopamine-

agonist therapy, a distinct subset exhibits negligible or no 

response to these agents, highlighting the need for 

alternative therapeutic strategies. Cai et al. reported that 

ACT001 potently suppressed proliferation and tumor 

growth by activating MEK4-mediated p38/JNK 

phosphorylation, inducing autophagic cell death with 

hallmark features of LC3-II accumulation and 

autophagosome formation [68]. Moreover, ACT001 

mitigated dopamine-agonist resistance by increasing 

intracellular ROS and enhancing the AMP/ATP ratio, 

consequently activating AMPK signaling. Specifically, 

ACT001 countered cabergoline resistance in GH3 cells 

through mTOR inhibition and autophagy induction, 

whereas bromocriptine resistance in MMQ cells is 

mitigated through EGR1-mediated apoptosis [70]. 

Acute myeloid leukemia (AML) is a clonal 

malignancy of the hematopoietic system that disrupts the 

normal hematopoietic process and culminates in bone 

marrow failure and mortality. Approximately 4.1 new 

cases are reported annually for every 100,000 people, 

increasing significantly after age 65 [160]. ACT001 

decreased the leukemic-stem-cell fraction (CD34⁺CD38⁻) 

in primary AML samples and demonstrated potent 

therapeutic efficacy [161]. In addition, MCL selectively 

activated PKM2 by covalently binding Cys424, 

promoting irreversible tetramer formation, blocking 

lysine433 acetylation, and hindering nuclear translocation 

of PKM2, thus markedly inhibiting leukemic-cell 

proliferation and leukemogenesis [14]. Furthermore, Guo 

et al. reported that the oxidative stress caused by MCL-

induced GSH depletion culminates in mitochondrial 

damage and leukemia cell apoptosis [60]. Primary central 

nervous system lymphoma is a highly aggressive subtype 

of non-Hodgkin lymphoma that predominantly affects 

older adults [162]. ACT001 markedly suppressed tumor 

growth by downregulating PD-1/PD-L1 signaling [163]. 

Pancreatic ductal adenocarcinoma (PDAC) remains a 

major oncological challenge, resulting in over 400,000 

lives annually, with a 5-year survival rate below 10% and 

increasing. MCL/ACT001 dose-dependently suppressed 

PDAC growth, inhibiting migration, enhancing apoptosis, 

and increasing intracellular ROS levels [164]. 

Mechanistically, MCL demonstrated anti-tumor efficacy 

by modulating the EGFR-Akt-Bim axis and activating the 

MAPK pathway to induce ferroptosis, paraptosis, and 

autophagy in colonic and pancreatic cancer cells [16]. On 

the one hand, MCL is implicated in regulating ferroptosis 

by decreasing SLC7A11, increasing TFRC, and elevating 

intracellular iron levels. On the other hand, MCL 

facilitated paraptosis by diminishing Alix and increasing 

ATF4 and CHOP expression. Additionally, MCL induced 

autophagy, as indicated by increased levels of Beclin-1, 

p-Beclin-1, and ATG7 [16]. Moreover, MCL inhibits 

gastric cancer cell proliferation and facilitates apoptosis 

through the IL6/STAT3 axis, suppressing tumor growth 

[165].  

Collectively, by inhibiting NF κB, ACT001 reduces 

the DNA repair capacity of cancer cells following 

chemoradiotherapy, resulting in synergistic 

radiosensitization. Moreover, by inhibiting STAT3 

activation, ACT001 synergizes with immune checkpoint 

inhibitors. Both signaling pathways participate in various 

inflammation-related chronic pathological processes and 

in the onset of and resistance to primary and metastatic 

cancers. Beyond regulating T cell activity and the tissue 

microenvironment by inhibiting NF-κB and STAT3 

signaling, ACT001 stimulates the NRF2 signaling 

pathway to diminish ROS levels, thereby protecting 

normal tissues, including lymphocytes. 
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8. Therapeutic potential of MCL/ACT001 for age-

related diseases 

 

8.1 Pharmacokinetics and stability of MCL/ACT001 

 

MCL, a naturally occurring guaianolide sesquiterpene 

lactone, is derived from Michelia compressa and Michelia 

champaca plants. Additionally, it can be synthesized from 

parthenolide. Its derivative, DMAMCL, is produced as a 

dimethylamino Michael adduct of MCL. ACT001 denotes 

the fumarate salt variants of DMAMCL and is an 

investigational compound presently undergoing clinical 

evaluation. Compared to MCL, DMAMCL and ACT001 

demonstrate superior stability, increased efficacy, and 

diminished cytotoxicity toward normal cells. 

Furthermore, ACT001 and DMAMCL gradually and 

continuously release MCL in vivo for up to 8 h. This 

sustained-release profile preserves therapeutically 

relevant plasma concentrations and facilitates efficient 

blood–brain-barrier penetration [161]. Notably, 

DMAMCL demonstrates markedly reduced activity in 

vitro [161]. These compounds possess an α-methyl-γ-

lactone pharmacophore, with the exocyclic methyl 

lactone moiety functioning as a Michael acceptor. This 

group participates in hetero-Michael addition with 

intracellular thiols (glutathione) and, as previously 

established, allows the compounds to covalently target 

proteins possessing accessible cysteine residues [166, 

167]. 

Toxicological studies in BALB/c mice demonstrated 

excellent oral safety. Single gavage doses up to 500 mg/kg 

or 1000 mg/kg daily for 7 consecutive days resulted in no 

histopathological alterations in lung, heart, kidney, liver, 

and spleen. The maximum tolerated dose of DMAMCL 

administered by intravenous injection was approximately 

200 mg/kg. The significant differences in maximum 

tolerated dose between oral and intravenous routes can be 

attributed to divergent pharmacokinetic profiles of 

DMAMCL. Intravenous administration resulted in 

distinct peak-and-trough plasma concentration 

fluctuations, whereas oral administration enabled 

sustained absorption and gradual release [161]. 

Accordingly, oral DMAMCL/ACT001 exhibits 

convenient administration and high tolerability, 

supporting its clinical development across systemic and 

central nervous system indications [167]. 

 

8.2 Early-stage therapeutic potential and clinical 

development status of ACT001 

 

In the previous sections, we have systematically examined 

the current preclinical evidence. We summarized the 

early-stage therapeutic potential and clinical development 

status of ACT001, with clinical evidence primarily 

presented in Table 2, which provides a comprehensive 

overview of ACT001 clinical trials. ACT001 is a 

promising therapeutic candidate for GBM, having 

obtained orphan drug designation from the United States 

FDA in 2017 and the EMA in 2018. Furthermore, in 2022, 

the FDA expanded this designation to encompass diffuse 

midline glioma. As one of the few clinically accessible 

immunomodulators that readily crosses the blood–brain 

barrier, its development focuses on brain tumors, fibrosis, 

and neuroinflammatory disorders. 

In the Phase I clinical trial (ACTRN 

12618001934235), ACT001 exhibited a favorable safety 

profile and significant anti-tumor activity in patients with 

diffuse midline gliomas [168]. Subsequent interim 

findings from a Phase II trial demonstrated that combining 

ACT001 with radiotherapy was well tolerated. Notably, 

preliminary evidence of therapeutic efficacy was 

observed in approximately 50% of efficacy-evaluable 

patients with diffuse intrinsic pontine glioma [169]. In 

patients with malignant glioma receiving doses of 400 mg 

twice daily or lower, the drug exhibited favorable 

bioavailability and preliminary signs of anti-tumor 

activity [170, 171]. Furthermore, a Phase II trial 

examining the combination of ACT001 and TMZ in 

recurrent GBM revealed that ACT001 treatment restored 

TMZ sensitivity in these patients [172]. Moreover, a 

Phase Ib/IIa trial (ChiCTR2000037739) evaluated the 

efficacy and safety of ACT001 combined with whole-

brain radiation therapy in 45 patients with solid tumors 

and brain metastases. The study cohort comprised 38 

patients with lung cancer, comprising 14 cases of NSCLC 

and 22 cases of SCLC; 7 patients with breast cancer, and 

2 patients with other malignancies. The results revealed 

that ACT001 seems to ameliorate the adverse events 

associated with whole-brain radiation therapy and reduce 

the intracranial tumor metastasis load [173]. Furthermore, 

for patients with progressive fibrosing interstitial lung 

disease (fILD), including IPF, the current treatment 

options are limited, and specific patient groups cannot 

tolerate the approved treatment methods. A Phase II study 

(ACTRN12619001643167) evaluating the tolerability 

and safety of ACT001 in the treatment of adult patients 

with fILD and IPF included 44 cases (35 cases with IPF 

and 9 with fILD). All patients had received at least one 

administration. The study population had a mean age of 

70.0 years, with male patients comprising 75.0% of the 

cohort. An interim analysis in week 52 involving 40 

efficacy patients (4 fILD and 7 IPF in Arm 1 and 3 fILD 

and 26 IPF in Arm 2) revealed that the average baseline 

FVC% pred was 75.3%. Overall, ACT001 treatment 

reduced the deterioration rate of pulmonary function test 

indicators within 52 weeks. In multiple subgroups of 

patients with IPF and fILD, approximately 50% of the 

patients exhibited stabilization of their condition [174]. 
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This 52-week exposure significantly exceeded the 12–28-

week durations of global IPF phase II studies, providing a 

more robust assessment of efficacy and safety and 

markedly reducing the risk of further clinical trials. These 

data robustly advocate for ACT001 progression into 

extensive, controlled trials to confirm its therapeutic 

potential in pulmonary fibrosis. 

 

Table 2. Clinical trials of ACT001. 

 

Registration number Condition Administration dosage Phase 

ChiCTR-OIC-17013604 Glioblastoma Not reported I 

ChiCTR2000031254 
Recurrent neuromyelitis optica spectrum 

disorder-related optic neuritis 

200 mg/day, 400 mg/day, 800 

mg/day, 1200 mg/day 
I/IIa 

ChiCTR2000031532 Solid tumors and brain tumors 
376 mg/m2/day, 470mg/m2/day, 

590mg/m2/day 
I/IIa 

ChiCTR2000035315 Recurrent glioblastoma 400 mg BID II 

ChiCTR2000037739 Brain metastases from solid tumors 200mg BID, 400 mg BID Ib/IIa 

ChiCTR2300067517 Myelofibrosis Not reported II 

ChiCTR2300069129 Lung cancer patients with brain metastasis 400 mg BID IIb/III 

ChiCTR2300074598 Diffuse intrinsic pontine gliomas Not reported II 

ChiCTR2500108747 Brain metastasis of small cell lung cancer 400 mg BID III 

ACTRN12619001643167 
Progressing fibrosing interstitial lung 

disease and idiopathic pulmonary fibrosis 
400 mg/day II 

ACTRN12621001172897 Solid tumors 400 mg/day I 

ACTRN12621000093886 Brain metastases from solid tumors 400 mg BID II 

ACTRN12618001934235 Brain and solid tumors 

118 mg/m2 BID, 425mg/m2 BID, 

530 mg/m2 BID, 700 mg/ m2 BID, 

875 mg/m2 BID 

I 

ACTRN12616000228482 Solid tumors 
Daily doses of 200 mg, 400 mg, 800 

mg and 1200 mg 
I 

NCT06838676 
Diffuse intrinsic pontine gliomas and 

H3K27-altered high grade glioma 
875 mg/m2 BID II 

NCT05053880 Recurrent glioblastoma multiforme 
200mg BID, 400mg BID, and 

800mg BID 
Ib/IIa 

NCT06894225 Recurrent glioblastoma 400 mg BID II 
 

In age-related cancers, ACT001 demonstrates pro-

oxidant, pro-apoptotic, and pro-ferroptotic properties that 

impede tumor growth. Conversely, in age-related 

metabolic disorders, cardiovascular diseases, and 

neurodegenerative diseases, MCL/ACT001 demonstrates 

antioxidant and cytoprotective properties that mitigate 

disease progression. This dichotomy presents a major 

practical concern as the therapeutic window may be 

limited and highly context-dependent, especially in older 

individuals with baseline frailty, redox imbalance, or 

compromised organ function. Nevertheless, during 

preclinical and early-stage clinical studies, multiple 

reports on MCL/ACT001 have demonstrated 

radiosensitizing effects in various animal models of 

cancers, including lung cancer, glioma, and osteosarcoma, 

and exhibit protective effects on normal tissues by 

mitigating radiation-induced inflammation and 

subsequent fibrosis. Beyond regulating T cell activity and 

the tissue microenvironment by inhibiting NF‑κB and 

STAT3 signaling, ACT001 activates the NRF2 signaling 

pathway to diminish ROS levels, thereby protecting 

normal tissues, including lymphocytes. For instance, in a 

phase 2b clinical trial of ACT001 combined with whole-

brain radiotherapy for brain metastases from solid tumors, 

ACT001 mitigated the suppressive effect of 

chemoradiotherapy on lymphocytes. Furthermore, the 

protective effect of ACT001 on normal cells is reflected 

in a clinical trial combining ACT001 with TMZ for 

recurrent GBM treatment [172]. The incidence rates of 

grade 3 lymphopenia and grade 4 thrombocytopenia were 

significantly lower than those observed when TMZ was 

used alone. Moreover, two out of six patients achieved a 

survival period of ≥ 4 years, and the 3-year long-term 

survival rate was also significantly higher than the 

reported 1/437 [175]. Although the anticancer activity of 

MCL/ACT001 relies on its pro-oxidant and pro-apoptotic 

actions in malignant cells, its protective effects on normal 

tissues, including reducing radiation-induced fibrosis or 

chemotherapy‑induced cytopenias, depend on antioxidant 

and anti-inflammatory mechanisms. This dichotomy 

increases the possibility that the same agent may have 

different effects depending on cell type, disease stage, and 

baseline physiological status. Therefore, MCL/ACT001 

may possess extensive application prospects. 
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9. Conclusions and future perspectives 

 

As the global population ages, the increasing prevalence 

of age-related pathologies has become a significant public 

health crisis. The unique ability of MCL/ACT001 to 

regulate inflammation, oxidative stress, autophagy, 

mitochondrial function, and neuroprotection makes these 

compounds highly promising candidates for therapeutic 

intervention against age-related disease. The primary 

mechanism of action of MCL/ACT001 lies in its potent 

and specific inhibition of NF-κB and STAT3. For 

instance, by selectively inhibiting IKKβ kinase activity, 

the abnormal NF-κB activation can be effectively 

suppressed, resulting in significant attenuation of 

inflammatory responses that propel the aging process and 

various age-associated pathologies. This intervention 

markedly downregulated pro-inflammatory factors and 

thereby disrupted the paracrine damage of the tissue 

microenvironment caused by senescent cells, indirectly 

slowing tissue degeneration and functional decline. A 

substantial body of preclinical evidence has convincingly 

demonstrated the potential clinical efficacy of 

MCL/ACT001 in addressing several age-related 

conditions. In AD and PD mouse models, ACT001 

markedly reduced neuroinflammation and enhanced 

cognitive and motor functions. Its superior blood-brain 

barrier permeability constitutes a key benefit for central 

nervous system-targeted applications. Moreover, 

ACT001 was beneficial in enhancing insulin resistance 

and MAFLD, consistent with the fundamental role of 

inflammation in metabolic disorders. ACT001, 

formulated as a water-soluble prodrug of MCL, 

demonstrates substantially improved bioavailability. A 

concluded phase I/IIa trial in patients with GBM has 

preliminarily established favorable human tolerability and 

safety, laying the groundwork for clinical expansion into 

aging-related diseases. Although MCL/ACT001 exhibits 

great potential in age-related disease, translation of 

MCL/ACT001 into an effective anti-aging or disease-

modifying intervention requires systematic clarification 

of its overall regulatory effect on the complex network of 

aging pathways, including NF-κB, NRF2, autophagy, 

mitochondrial dysfunction, and epigenetic regulation. 

Furthermore, investigating and validating blood or 

imaging biomarkers that can sensitively reflect ACT001 

efficacy in clinical trials, including specific combinations 

of senescence-associated secretory phenotype factors, 

inflammation-related metabolites, and neuroimaging 

biomarkers, is essential for evaluating the targeted effect 

and early efficacy in humans. Combining strong 

preclinical efficacy and initial human safety data positions 

MCL/ACT001 for rapid advancement into mechanistic 

and proof-of-concept clinical studies for age-related 

diseases. 

Despite significant advancements in clarifying the 

mechanistic foundations and therapeutic potential of 

MCL and ACT001, several critical questions remain 

unresolved and require further investigation. First, 

investigating the optimal dosage regimen. In the Phase I 

dose-escalation study, ACT001 was administered at 

increasing doses of 100, 200, 400, 600, 900, and 1,200 mg 

twice daily. The treatment was well tolerated during the 

study, with no dose-limiting toxicities or ACT001-related 

severe adverse events observed [176]. ACT001 exhibited 

a plasma half-life of approximately 3–4 h, with no 

evidence of drug accumulation after multiple 

administrations. The available safety data revealed that 

the primary adverse events associated with ACT001 were 

Grade 1–2 gastrointestinal disturbances, including 

vomiting and abdominal distension, weight loss, and 

reduced lymphocyte counts. A significant translational 

challenge stemming from the dual actions of 

MCL/ACT001, pro-oxidant, pro-apoptotic, and pro-

ferroptotic in malignant cells versus antioxidant and 

cytoprotective in normal tissues, is that the therapeutic 

window may be limited and highly context-dependent. 

This issue is particularly relevant for older adults, who 

frequently present with baseline oxidative stress, 

mitochondrial dysfunction, and reduced organ reserve. 

 In such individuals, unintended drug accumulation in 

non-target tissues or administration at supra-

pharmacological doses may induce harmful pro-oxidant 

effects, potentially exacerbating age-related frailty or 

causing off-target toxicity. Currently, most preclinical 

studies have been conducted in young animals, which fail 

to accurately reflect the clinical realities of geriatric 

patients with multiple comorbidities. Therefore, we 

recommend that subsequent preclinical evaluations of 

MCL/ACT001 explicitly include aged animal models 

(18–24-month-old mice) exhibiting relevant 

age-associated diseases, including metabolic syndrome, 

chronic kidney disease, or cardiac dysfunction. Such 

studies should include dose-finding arms, 

pharmacokinetic analyses in aged tissues, and monitoring 

of redox biomarkers to establish a safe and effective 

dosing window. Moreover, in older adults, physiological 

changes including elevated gastric pH, decreased 

gastrointestinal motility, reduced hepatic blood flow, and 

diminished glomerular filtration rate may lead to 

increased peak plasma concentrations and prolonged 

elimination half-lives of ACT001. Leveraging the 

established experience with low-dose aspirin in 

cardiovascular disease prevention, future studies should 

examine the efficacy of low-dose ACT001 in mitigating 

cognitive decline or enhancing vascular function. Besides, 

standardized dosing regimen studies and comprehensive 

pharmacokinetic analyses are required to establish the 

optimal therapeutic window for MCL and ACT001 in 
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specific age-related indications. Second, evaluating 

combination therapies. How can MCL/ACT001 be 

optimally integrated with established standard-of-care 

therapies, including metformin, rapamycin analogs, and 

statins, with particular attention to improve therapeutic 

outcomes of concomitant agents or ameliorate their 

associated adverse effects?  

A systematic preclinical assessment of combination 

matrices, succeeded by carefully designed clinical trials, 

will be essential to establish actionable therapeutic 

protocols. Third, creating targeted drug delivery systems 

to augment site-specific accumulation and further 

enhance safety profiles. Although ACT001 demonstrated 

favorable blood-brain barrier penetration, how can we 

achieve selective enrichment in other tissues, including 

bone, myocardium, and renal parenchyma, and minimize 

systemic exposure? Future efforts should prioritize the 

development of targeted delivery platforms, including 

liposomes, polymeric nanoparticles, and extracellular 

vesicles. By effectively encapsulating ACT001 within 

these functional vectors, active or passive targeted 

delivery can be achieved, facilitating precise enrichment 

at pathological sites. This targeted biodistribution profile 

would maximize therapeutic efficacy at the pathological 

site and minimize collateral exposure to healthy organs, 

thereby decreasing the incidence and severity of dose-

limiting toxicities and related adverse events. 

Additionally, do inflammatory signatures, including high-

sensitivity C-reactive protein, IL-6, and senescence-

associated secretory phenotype factor profiles, or frailty 

indices effectively stratify patient subpopulations most 

likely to respond to MCL/ACT001 therapy? Creating and 

validating predictive biomarker algorithms could 

markedly improve clinical trial efficiency by identifying 

responders early, especially by tracking long-term 

modulation of key inflammatory markers. Addressing 

these outstanding questions will be crucial in realizing the 

comprehensive therapeutic potential of MCL/ACT001 as 

a multifaceted intervention against age-related diseases 

and for establishing evidence-based frameworks for their 

clinical application. 
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