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Abstract 

Distinct molecular pathways of cell death drive the progression of neurological patholo-

gies. Targeting the signaling cascades induced by oxidative stress and inflammation 

within these pathways is central to developing cytoprotective therapies against apoptosis, 

ferroptosis, and excitotoxicity. In recent years, the flavonoid icariin has emerged as a 

promising candidate, showing significant potential to intercept these specific cell death 

mechanisms. However, while the current literature highlights icariin’s general neuropro-

tective effects, evidence regarding its precise interaction with distinct cell death modalities 

remains fragmented. This review synthesizes current knowledge to clarify the molecular 

logic by which icariin modulates these specific pathways in neurological models. 
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1. Introduction 

The aging of the population has been accompanied by a rising incidence of age-re-

lated and metabolic disorders, such as Parkinson’s disease, Alzheimer’s disease, age-re-

lated macular degeneration, and type 2 diabetes [1]. These conditions place a substantial 

economic burden on health care systems and highlight the urgent need for innovative 

therapeutic strategies focused not only on treatment but also on prevention [2,3]. How-

ever, the therapeutic management of neurodegenerative disorders remains a critical phar-

macological challenge, largely due to the multifactorial nature of neuronal cell death. Ef-

fective intervention requires agents capable not only of crossing the blood–brain barrier 

but also of simultaneously modulating distinct deleterious signaling cascades that drive 

disease progression. 

Neuronal loss and the cognitive deficits associated with neurodegenerative patholo-

gies involve events related to inflammation, oxidative stress, and apoptosis [4–8]. 
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Aberrant redox signaling in oxidative stress damages organelles, proteins, lipids, and 

DNA; this cellular damage is consistent with post-mortem findings in patients with Alz-

heimer’s, Parkinson’s and Huntington’s disease [9]. Oxidative stress can trigger specific 

cell death pathways, including apoptosis and ferroptosis. In apoptosis, mitochondrial 

membrane damage leads to a decrease in membrane potential, promoting the intrinsic 

cascade, a known marker in major neurodegenerative diseases such as Alzheimer, Par-

kinson, and amyotrophic lateral sclerosis [10]. Conversely, ferroptosis is driven by hy-

droperoxides initiating chain reactions facilitated by transition metals like iron. This re-

sults in the generation of highly reactive lipid radicals, a process closely linked to Parkin-

son’s disease [11]. On the other hand, neuroinflammation creates an environment favora-

ble for cell death [12]. The inflammatory response varies according to pathology, ranging 

from microglial and glial activation in Alzheimer’s disease to leukocyte migration in 

stroke or amyotrophic lateral sclerosis [13]. Chronic glial activation can drive both oxida-

tive stress and inflammatory cell death, such as pyroptosis [13]. Other signaling pathways, 

such as endoplasmic reticulum stress, also promote neurodegeneration and interplay with 

apoptosis to drive Parkinson’s and Alzheimer’s disease progression [14,15]. Moreover, 

lysosomal dysfunction impairs the autophagy-dependent recycling of macronutrients and 

organelles, further contributing to neuronal death in multiple neurodegenerative diseases 

[16,17]. In this context, prenylated flavonoids have emerged as privileged scaffolds for 

neurodrug discovery due to their favorable lipophilicity and multimodal activity [18]. 

Traditional medicine provides a valuable repository of bioactive compounds derived 

from herbs and roots that have been used for millennia to treat a wide variety of diseases. 

A well-known example is Herba Epimedii, widely used in traditional Chinese medicine for 

treating headaches, muscle weakness, and contracture in countries such as China, Korea, 

and Japan [19]. Icariin (ICA, C33H40O15) (Figure 1), the major bioactive constituent of 

Herba Epimedii (Epimedium spp.), represents a prime flavonoid candidate [20]. ICA, first 

identified in 1990 through chromatographic and spectroscopic methods, belongs to the 

class of prenylated flavonoids [21]. Despite its traditional use, the clinical translation of 

ICA in Western markets faces significant regulatory hurdles. A recent analysis of the Eu-

ropean market highlights that Epimedium species are frequently found in products lacking 

proper authorization [22]. Unlike widespread botanicals such as Ginseng, Epimedium is 

currently absent from many recommendation documents worldwide, confining it to a bor-

derline status between food supplement and medicine. To bridge the gap from an unreg-

ulated botanical to a targeted therapeutic, a precise understanding of its molecular mech-

anisms could facilitate translation [22]. 

Preclinical studies have shown that ICA exerts a wide spectrum of biological effects, 

including antioxidant, antitumor, anti-inflammatory, and protective activities [23]. In the 

central nervous system (CNS), ICA has been reported to counteract neuronal apoptosis, 

attenuate cognitive decline in experimental models of Parkinson’s and Alzheimer’s dis-

ease [24,25], and protect against diverse neuronal insults [24]. These beneficial effects are 

associated with its polyphenolic nature, which enables redox regulation by balancing re-

active oxygen (ROS) and reactive nitrogen species (RNS) [24,26]. Beyond its antioxidant 

properties, recent evidence suggests that ICA’s neuroprotective potential also involves the 

release of neurotrophic factors [27,28], activation of pro-survival signaling pathways 

[24,29], and modulation of sirtuin family proteins, key regulators of cellular metabolism 

and stress response [30–32]. Moreover, ICA has been reported to inhibit apoptosis by re-

ducing endoplasmic reticulum stress [24,31,33], suppressing glial reactivity [24,34], and 

restoring autophagic activity under pathological conditions [24,35]. Importantly, it can 

also interfere with ferroptosis, an iron-dependent and caspase-independent mode of reg-

ulated cell death [36]. 
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Figure 1. Molecule of Icariin (ICA). 

The effects observed with ICA are consistent with findings reported for other flavo-

noids. Prunin, for example, has been shown to modulate several cellular pathways, pre-

senting differently in healthy versus cancerous cells [37]. Many flavonoids can alleviate 

inflammation and oxidative stress, as well as activate apoptotic processes in tumors (anti-

cancerous) while inhibiting it in healthy cells [38–40]. Although the anti-inflammatory 

mechanisms of polyphenolic flavonoids are not completely elucidated, their activity has 

been correlated with the inhibition of inflammatory signaling and reductions in proin-

flammatory mediators [41,42]. The antioxidative effects of flavonoids, on the other hand, 

have been linked to their role as ROS scavengers, lowered mitochondrial ROS production, 

and effective activation of nuclear factor erythroid 2-related factor 2 (Nrf2) [43–46]. As 

natural flavonoids, the actions of ICA are expected to present fewer negative side effects 

[37,47,48]. Taken together, these findings highlight ICA as a promising natural compound 

with multimodal actions in the CNS. This review synthesizes fragmented preclinical evi-

dence to map these specific molecular targets (Supplementary Material S1), providing the 

mechanistic validation necessary to support its future therapeutic standardization. 

Pharmacokinetics of Icariin 

The pharmacokinetic profile of ICA represents a critical determinant of its biological 

activity and constitutes a major source of variability across experimental models. Im-

portantly, pharmacokinetic constraints impose limitations on the interpretation of ICA’s 

neuroprotective effects, particularly in studies addressing CNS outcomes. ICA exhibits 

low oral bioavailability due to its diglycosylated structure, which limits direct intestinal 

absorption [20,49,50]. Following oral administration, ICA undergoes rapid systemic clear-

ance, with reported half-lives ranging from approximately 1 to 3 hours depending on the 

route of administration [20,49,50]. Intravenous delivery results in a rapid decline in 

plasma concentrations, with a half-life of approximately 0.5 h [51], whereas intragastric 

administration yields bioavailability values close to 12% and a half-life of approximately 

1 h [52,53]. These data consistently indicate that ICA is rapidly eliminated from systemic 

circulation. 
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Tissue distribution studies indicate that ICA accumulates preferentially in peripheral 

organs such as the liver, lung, spleen, heart, kidney, brain and reproductive tissues, while 

its direct penetration into brain tissue appears limited [50]. This restricted CNS exposure 

suggests that the neuroprotective effects observed in preclinical models may not solely 

depend on high concentrations of the parent compound within brain parenchyma. Instead, 

these effects are likely shaped by the contribution of bioactive metabolites, indirect mod-

ulation of peripheral immune and inflammatory signaling, and cumulative low-level ex-

posure capable of influencing glial and redox-sensitive pathways in the CNS. 

A defining feature of ICA pharmacokinetics is its extensive intestinal and hepatic 

metabolism. Following oral administration, ICA is predominantly converted into bioac-

tive metabolites, including icariside I, icariside II, and icaritin, through the combined ac-

tions of intestinal enzymes, gut microbiota β-glucosidases, and efflux transporters such as 

P-glycoprotein [49,54–57]. Notably, the intestine represents the primary site of ICA bio-

transformation, with approximately 90% of the orally administered compound metabo-

lized prior to systemic circulation, whereas intravenous administration results in minimal 

conversion [58,59]. These metabolites can subsequently undergo conjugation reactions, 

generating glucuronidated derivatives such as icaritin-7-O-glucuronide and icaritin-3-O-

rhamnoside-7-O-glucuronide, which may exhibit distinct pharmacodynamic properties 

[57]. This metabolic complexity has important implications for the interpretation of exper-

imental findings. The reported neuroprotective effects attributed to ICA may reflect, at 

least in part, the actions of its metabolites rather than the parent molecule itself. Moreover, 

differences in dose, route of administration, formulation, and treatment duration across 

studies likely represent compensatory strategies to overcome rapid clearance and limited 

brain distribution, contributing to heterogeneity in the molecular pathways reported to 

be modulated by ICA. 

Several formulation-based approaches have been explored to improve ICA bioavail-

ability, including complexation with hydroxypropyl-β-cyclodextrin and liposomal encap-

sulation in propylene glycol systems [54,60]. These strategies increase systemic exposure, 

tissue distribution, and area under the curve, nearly doubling peak plasma concentrations 

in some models [60]. However, improvements in brain penetration remain modest, with 

increases of approximately 2%, and clearance rates largely unchanged [54,60]. These find-

ings reinforce the notion that ICA-mediated CNS effects may involve indirect mechanisms, 

such as modulation of peripheral inflammation, systemic oxidative stress, or sustained 

low-level exposure rather than acute high brain concentrations. 

While pharmacokinetic data consistently indicate rapid degradation and low oral bi-

oavailability of ICA [50], the definition of an effective dose is also dependent on the target 

tissue and its associated biological barriers. Recent studies reveal a marked dose–response 

stratification between central and non-central targets, underscoring the impact of tissue 

distribution on pharmacological efficacy. For example, neuroprotection in models involv-

ing CNS dysfunction required relatively high oral doses (up to 100 mg/kg), as reported in 

models of encephalopathy-associated neural injury [61], whereas significant cytoprotec-

tion in ocular tissues, such as prevention of lens opacification, was achieved at substan-

tially lower doses (20 mg/kg) [62]. This discrepancy suggests that, although ICA exerts 

potent biological effects at low systemic concentrations, achieving efficacy in CNS-related 

models likely requires higher doses, reflecting limitations in neuronal tissue exposure ra-

ther than intrinsic pharmacodynamic inefficacy. Accordingly, variability in effective doses 

across experimental models should be interpreted in light of pharmacokinetic constraints, 

including clearance rate, metabolic conversion, and tissue accessibility, rather than as in-

consistencies in molecular mechanisms. 

Altogether, pharmacokinetic data of ICA reveal rapid degradation, low oral bioavail-

ability, and limited distribution to neural tissues [50]. Nevertheless, numerous studies 

https://doi.org/10.3390/ijms27052247


Int. J. Mol. Sci. 2026, 27, 2247 5 of 42 
 

https://doi.org/10.3390/ijms27052247 

employing oral administration of ICA in animal models consistently demonstrate neuro-

protective effects, including the attenuation of inflammation [34,63], oxidative stress 

[64,65], and apoptosis [66,67], suggesting that effective biological activity can be achieved 

despite pharmacokinetic constraints when appropriate dose regimens are applied. 

2. Anti-Inflammatory Actions of ICA 

Inflammation is a fundamental biological response of the immune system to harmful 

stimuli such as pathogens, damaged cells, or irritants. In its acute form, it is a short-lived, 

localized process essential for defense and tissue repair, allowing for the elimination of 

the cause of injury and initiating recovery [68]. However, dysregulated or persistent in-

flammation contributes to disease onset and progression, including neurodegenerative 

disorders, by disrupting cytokine signaling, intracellular pathways, and glial homeostasis 

[68]. The inflammatory response can also originate from the nervous tissue itself, a re-

sponse of glial cells in pathological conditions that is called neuroinflammation. Under-

standing the molecular and cellular mechanisms that govern inflammatory response is 

therefore crucial for developing therapeutic strategies against neurodegeneration and re-

storing homeostasis. 

ICA has shown promising therapeutic potential in neurodegenerative conditions, 

particularly in settings where immune-mediated inflammation is a key driver of progres-

sive neuronal and glial degeneration. Wei and coworkers (2016) demonstrated that ICA 

exerts estrogen-like effects in experimental autoimmune encephalomyelitis, a chronic de-

myelinating inflammatory disease that promotes neurodegeneration in multiple sclerosis, 

through modulation of estrogen receptor alpha and beta (ERα/ERβ) expression, contrib-

uting to preservation of cerebral white matter and attenuation of secondary neuronal 

damage [69]. At the level of the central nervous system, Cong et al. (2020) reported that 

ICA suppresses microglial reactivity and downregulates proinflammatory mediators, in-

cluding tumor necrosis factor alpha (TNF-α) and inducible nitric oxide synthase (iNOS), 

through inhibition of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-

κB) signaling, further limiting inflammation-driven neurodegeneration in encephalomy-

elitis [70]. Supporting these findings, Wang et al. (2022) demonstrated that ICA attenuates 

glial-mediated inflammation in a C57BL/6 mouse model of autoimmune uveitis, a condi-

tion capable of inducing secondary neurodegenerative changes in central nervous system 

structures such as the retina [71]. In this context, ICA shifted microglial activity toward a 

less reactive, tissue-protective profile via peroxiredoxin-3 (PRDX3), a mitochondrial en-

zyme involved in hydrogen peroxide (H₂O₂) detoxification, whose silencing abolished 

ICA’s anti-inflammatory effects [71]. Consistently, Shen et al. (2015) showed that ICA in-

duces systemic immune modulation in the same model by suppressing T helper 1 (Th1) 

and T helper 17 (Th17) differentiation, which was associated with reduced blood–brain 

barrier (BBB) permeability and improved clinical outcomes [72]. Corroborating with these 

findings, Pokkula and Thakur (2021) demonstrated that oral ICA administration in Wistar 

rats subjected to a sciatic nerve injury reduced proinflammatory cytokines, Interleucin-6 

(IL-6) and TNF-α, in sciatic nerve homogenates [73]. These molecular changes were ac-

companied by a significant reduction in pain scores. Further, ICA-loaded nanofibers re-

duced inflammation markers (TNF-α, Hypoxia-Inducible Factor 1 Alpha [HIF-1α], IL-6, 

and Interleukin 1-β [IL-1β]) in rat sciatic nerve homogenates [74]. 

In models of cognitive impairment and neurodegenerative disease, ICA consistently 

suppresses inflammatory pathways that exacerbate neuronal loss and synaptic dysfunc-

tion. In postoperative cognitive dysfunction and Alzheimer’s disease models, ICA im-

proves cognitive performance by reducing hippocampal inflammation, inhibiting micro-

glial activation, and limiting neuronal injury through suppression of Toll-like receptor 4 

(TLR4)/NF-κB signaling [75]. Additionally, ICA inhibits cGAS–STING signaling and its 
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downstream effectors TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 

(IRF3), thereby reducing type I interferon production and chronic inflammatory amplifi-

cation, processes closely linked to neurodegenerative progression in Alzheimer’s disease 

[76]. ICA further limits disease pathology by reducing β-amyloid plaque accumulation, 

transforming growth factor beta 1 (TGF-β1) expression, ceramide levels, and microglial 

pyroptosis via downregulation of the cyclooxygenase-2 (COX-2)–NLRP3 inflammasome–

gasdermin D axis [75–78]. A similar mechanistic link between inflammation and neuro-

degeneration is evident in epilepsy, where recurrent seizures promote excitotoxicity, oxi-

dative stress, and chronic microglial activation. In this context, ICA reduces seizure sever-

ity and mortality during the acute phase and improves cognitive performance during the 

chronic phase by promoting microglial polarization toward an anti-inflammatory pheno-

type, thereby limiting inflammation-associated neurodegenerative damage [79]. ICA also 

exerts robust neuroprotective effects in ischemic and vascular-related neurodegeneration. 

In cerebral ischemia and vascular dementia models, where hypoxia-induced inflamma-

tion and oxidative stress drive progressive neuronal loss, ICA improves neurological out-

comes, reduces cerebral edema, and suppresses microglial activation and proinflamma-

tory cytokine production [34,80]. These anti-inflammatory effects are accompanied by res-

toration of synaptic and neurotrophic signaling, including increased brain-derived neu-

rotrophic factor (BDNF), tropomyosin receptor kinase B, extracellular signal-regulated ki-

nases (ERK), cAMP response element-binding protein (CREB), synaptophysin, postsyn-

aptic density protein 95 (PSD-95), glutamate ionotropic receptor NMDA type subunit 2B 

(GluN2B), and calcium/calmodulin-dependent protein kinase II (CaMKII) expression, 

supporting neuronal survival and synaptic plasticity in degenerative contexts [81]. 

The anti-inflammatory and neuroprotective effects of ICA are, in several contexts, 

mediated by activation of nuclear factor erythroid 2–related factor 2 (Nrf2), a transcription 

factor critically involved in cellular survival and redox homeostasis. In BV-2 microglial 

cells, ICA suppressed lipopolysaccharide-induced production of proinflammatory medi-

ators and glial activation in an Nrf2-dependent manner, while pharmacological inhibition 

of heme oxygenase 1 (HO-1) abolished these effects, highlighting the central role of the 

Nrf2/HO-1 axis [82]. Consistently, ICA reduced dopaminergic neurotoxicity and glial-

driven neuroinflammation in a 6-hydroxydopamine-induced Parkinson’s disease model 

through Nrf2-dependent mechanisms [83], and similar anti-inflammatory and functional 

benefits were observed in models of spinal cord injury, where ICA treatment correlated 

with significant motor recovery [64,84]. Mechanistically, accumulating evidence indicates 

that ICA-mediated Nrf2 activation is regulated upstream by sirtuin 1 (SIRT1). In an amy-

otrophic lateral sclerosis model, inhibition of SIRT1 abolished ICA-induced Nrf2 activa-

tion and reversed motor improvements, demonstrating a functional dependence on the 

SIRT1/Nrf2 axis [85]. Supporting this hierarchical relationship, independent studies 

showed that pharmacological or genetic disruption of SIRT1 or Nrf2 signaling negated 

neuroprotective effects elicited by other compounds, confirming SIRT1 as an upstream 

regulator of Nrf2-mediated cytoprotective responses [86,87]. Notably, ICA does not alter 

Nrf2 mRNA expression but increases nuclear Nrf2 protein levels [82,83], indicating a post-

transcriptional mechanism involving enhanced protein stability and nuclear translocation. 

Collectively, these findings support a model in which ICA attenuates glial-driven neu-

roinflammation and neurodegeneration by modulating the SIRT1/Nrf2/HO-1 axis, 

thereby restoring the balance between antioxidant and proinflammatory signaling path-

ways, including crosstalk with NF-κB, and highlighting this pathway as a promising ther-

apeutic target in neuroinflammation-driven neurodegenerative diseases (Figure 2) [87]. 
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Figure 2. ICA’s effect on the inflammatory response. ICA exerts both local and systemic anti-inflam-

matory effects, reducing inflammatory cytokines, regulating the hypothalamic–pituitary–adrenal 

axis (HPA), regulating blood–brain barrier (BBB) disruption, attenuating Th1 and Th17 responses 

and microglial activation in a peroxiredoxin 3 (PRDX3) and Nrf2-dependent manner. At the molec-

ular level, ICA reduces the production of inflammatory cytokines and promotes the activation of 

IGF-1R receptors, leading to decreased expression of nuclear factor kβ (Nf-kβ), inducible nitric oxide 

synthase (iNOS), cyclooxygenases (COX) and Interleukin 1-β (IL-1β), while increasing the phos-

phorylation of extracellular signaling-regulated kinases (ERKs) and protein kinase B (Akt), thereby 

contributing to the attenuation of the inflammatory response. In addition, ICA has been shown to 

mediate other inflammatory responses by reducing the formation of NOD-like receptor protein 3 

(NLRP3), expression of X-box binding protein 1 (XBP1), and activation of Glucose-Regulated Pro-

tein 78 (GRP-78), protein kinase RNA-like endoplasmic reticulum kinase (PERK), and inositol-re-

quiring enzyme 1 alpha (IRE1α). These effects have also been associated with the modulation of 

estrogen receptor α and β (ERα and ERβ) receptors, contributing to reduced inflammatory demye-

lination. 

In addition to the SIRT1/Nrf2/HO-1 axis, ICA also engages insulin-like growth factor 

1 receptor (IGF-1R)–dependent signaling to limit neuroinflammation and excitotoxic 

damage. Icariin and icaritin suppressed lipopolysaccharide-induced expression of TNF-

α, IL-1β, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS), while en-

hancing basal phosphorylation of ERK1/2 and protein kinase B (AKT) [88]. Concomi-

tantly, ICA upregulated the astrocytic glutamate transporters GLT-1 and GLAST, sup-

porting improved glutamate clearance and neuronal protection. Importantly, all anti-in-

flammatory and regulatory effects were abolished by pharmacological IGF-1R inhibition, 

confirming IGF-1R–dependent signaling [88]. 

Taken together, these findings demonstrate that ICA targets neurodegeneration by 

converging on key inflammatory and oxidative pathways that link chronic glial activation 

to neuronal dysfunction. By suppressing proinflammatory signaling cascades such as NF-

κB, cGAS–STING, and NLRP3 inflammasome activation, while simultaneously enhancing 

SIRT1/Nrf2/HO-1–mediated cytoprotective responses, ICA restores the balance between 

inflammatory and antioxidant signaling, preserving neuronal integrity and function in 
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neurodegenerative conditions driven by sustained neuroinflammation [34,61,70–73,75–

77,80,88,89]. Table 1 shows information from all the studies related to this topic. 

Table 1. Effects of ICA on Inflammation in Neurodegenerative models. 

Disease Model 
Animal Model 

/Cell 

Dose/ 

Concentration 

Administration, 

Time of Exposure 
Observed Effect Ref. 

AD 

APP/PS1-21 

transgenic mice 

(C57BL/6J) 

100 mg/kg 
Gavage; daily for 

10 days 

Reduced neuroinflammatory reaction; 

decreased TGF-β1 immunoreactivity in 

cortex/hippocampus and Iba-1 levels. 

[77] 

MS (EAE) C57BL/6 mice 25 mg/kg 
Oral; daily from 

day 5 to 15 

Inhibited Th1 and Th17 cell differentia-

tion; suppressed inflammatory infiltra-

tion in the CNS. 

[72] 

Ischemic Stroke 
Sprague Dawley 

Rats (MCAO) 
10 and 30 mg/kg 

Gavage; twice/day 

for 3 days 

Decreased pro-inflammatory cytokines 

IL-1β and TGF-β1 in the cortex; 

blocked NF-κB activation via up-regu-

lation of PPARα/γ. 

[90] 

MS (EAE) 
C57BL/6 (fe-

male) 

50, 150, 300 

mg/kg 

Gavage; daily for 6 

days 

Modulated HPA function and up-reg-

ulated GR (Glucocorticoid Receptor) 

and ERβ; noted increase in IL-17 (serol-

ogy) despite symptom amelioration. 

[69] 

Ischemia (OGD) PC12 cells 10−⁷–10−⁵ mol/L Co-treatment; 2 h 

Reduced HIF-1α, HSP-60, and HSP-70 

expression (inflammatory/stress mark-

ers). 

[91] 

SCI C57BL mice 
20 and 50 

μmol/kg 

Oral; daily for up 

to 42 days 

Attenuated IL-1β, TNF-α, and iNOS 

levels at 24 h and 3 days post-injury in 

the spinal cord homogenate; reduced 

edema. 

[84] 

Neuroinflamma-

tion (LPS) 
C57BL/6J mice 20 mg/kg 

Gavage; daily for 4 

weeks 

Decreased protein and gene expression 

of HMGB1, TNF-α, IL-1β, and RAGE 

in the hippocampus and serum; sup-

pressed HMGB1-RAGE. 

[63] 

PD 
WT and Nrf2 

KO Mice 
60 mg/kg 

Intragastric; daily 

for 10 days 

Decreased TNF-α and iNOS in the sub-

stantia nigra and in glial culture; atten-

uated glia-mediated neuroinflamma-

tion via Nrf2 pathway. 

[83] 

Neuroinflamma-

tion (LPS) 
BV2 Microglia 0.1 μM 

Pre-treatment 

30 min 

Decreased NO, IL-1β, and IL-18 in glial 

culture; inhibited microglia-mediated 

inflammation via Nrf2 activation. 

[82] 

SCI 
Sprague Dawley 

Rats 
30 μmol/kg 

Oral; 1 h post-SCI 

then daily (7 days) 

Reduced biochemical inflammatory in-

dex cytokines; reduced ROS and MDA. 
[64] 

MS (Relapse-Re-

mit) 

SJL/J mice (PLP 

induced) 

12.5 and 25 

mg/kg 

Gavage; daily for 

26 days 

Decreased TNF-α, IL-6, iNOS, TGF-β, 

and NF-κB in the brain and spinal 

cord; reduced microglia activation. 

[70] 

Neuronal In-

flammation 

Primary Astro-

cytes (LPS) 
10 μM 

Pre-treatment 30 

min 

Inhibited TNF-α, IL-1β, COX-2, and 

iNOS via IGF-1 receptor signaling in 

astrocyte primary culture. 

[88] 

Neuropathic 

Pain 

Wistar Rats 

(PSNL) 

50 and 100 

mg/kg 

Gavage; daily for 

21 days 

Decreased TNF-α and IL-6; inhibited 

NR2B and TRPV1 receptors in spinal 

cord. 

[73] 

Ischemic Stroke 
Sprague Dawley 

Rats 
60 mg/kg 

Intragastric; daily 

for 28 days 

Reduced IL-6, TNF-α, and NF-κB in 

the brain; increased PPARα/γ (en-

hanced hypothermia protection). 

[34] 
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Uveitis (EAU) 
C57BL/6J/HMC3 

cells 

10 mg/kg 

(vivo)/0.01–20 

μM (vitro) 

Intragastric (7 

days)/24 h (vitro) 

Shifted microglia from pro-inflamma-

tory to resolutive phenotype; de-

creased TNF-α, COX-2, iNOS; in-

creased IL-10, CD206 in HMC3cell line. 

[71] 

Ischemic Stroke 
Sprague Dawley 

Rats 
10, 20, 40 mg/kg 

Gavage; daily for 4 

days 

Decreased IL-1β in the brain; reduced 

microglial activation and ER stress-me-

diated inflammation. 

[80] 

Epilepsy 
Mice (Pilocar-

pine model) 
20 mg/kg 

i.p.; daily for 7 

days 

Promoted microglial polarization of 

microglia from pro-inflammatory to re-

solutive. 

[79] 

POCD 
Aged Sprague 

Dawley Rats 
60 mg/kg 

Gavage; daily for 7 

days 

Reduced TNF-α, IL-1β, IL-6 in the 

brain (CA1, CA3 and DG); inhibited 

TLR4/NF-κB signaling. 

[75] 

Vascular De-

mentia 

Sprague Dawley 

Rats 

20 mg/kg 

(Oral)/0.6 mg/kg 

(Nano) 

Daily for 28 days 
Reduced IL-1β, IL-6, and TNF-α in the 

Hippocampus. 
[81] 

MS (Cuprizone) 
C57BL/6 

Mice/BV-2 

50 mg/kg 

(vivo)/15 μg/mL 

(vitro) 

i.p. (14 days)/2 h 

pre (vitro) 

Shifted microglia from pro-inflamma-

tory to resolutive; reduced TNF-α, IL-

1β via TLR4/NF-κB; increased IL-10 in 

microglial culture. 

[92] 

Ischemic Stroke N2a cells (OGD) 10 μM During OGD 
Reduced TNF-α, IL-6, and IL-1β in 

N2a cell line. 
[93] 

ALS 

Wistar Rats 

(Methylmer-

cury) 

15 and 30 mg/kg 
Gavage; daily for 

21 days 

Mitigated neuroinflammation; reduced 

TDP-43 accumulation. 
[85] 

Abbreviations: AD (Alzheimer’s Disease), MS (Multiple Sclerosis), EAE (Experimental Autoim-

mune Encephalomyelitis), SCI (Spinal Cord Injury), PD (Parkinson’s Disease), POCD (Postoperative 

Cognitive Dysfunction), ALS (Amyotrophic Lateral Sclerosis), MCAO (Middle Cerebral Artery Oc-

clusion), OGD (Oxygen-Glucose Deprivation), EAU (Experimental Autoimmune Uveitis), LPS (Lip-

opolysaccharide), PSNL (Partial Sciatic Nerve Ligation), TGF-β1 (Transforming Growth Factor beta 

1), Iba-1 (Ionized calcium-binding adapter molecule 1), Th1/Th17 (T helper cells 1 and 17), CNS 

(Central Nervous System), IL-1β/IL-6/IL-10/IL-17/IL-18 (Interleukins), NF-κB (Nuclear Factor 

kappa-light-chain-enhancer of activated B cells), PPARα/γ (Peroxisome Proliferator-Activated Re-

ceptors alpha and gamma), HPA (Hypothalamic-Pituitary-Adrenal), GR (Glucocorticoid Receptor), 

ERβ (Estrogen Receptor beta), HIF-1α (Hypoxia-Inducible Factor 1-alpha), HSP-60/70 (Heat Shock 

Proteins 60 and 70), TNF-α (Tumor Necrosis Factor alpha), iNOS (Inducible Nitric Oxide Synthase), 

HMGB1 (High Mobility Group Box 1), RAGE (Receptor for Advanced Glycation End-products), WT 

(Wild Type), KO (Knockout), Nrf2 (Nuclear factor erythroid 2-related factor 2), NO (Nitric Oxide), 

ROS (Reactive Oxygen Species), MDA (Malondialdehyde), PLP (Proteolipid Protein), COX-2 (Cy-

clooxygenase-2), IGF-1 (Insulin-like Growth Factor 1), NR2B (N-methyl-D-aspartate Receptor Sub-

unit 2B), TRPV1 (Transient Receptor Potential Vanilloid 1), CD206 (Cluster of Differentiation 206), 

TLR4 (Toll-Like Receptor 4), TDP-43 (TAR DNA-binding protein 43, CA1 (Cornu Ammonis area 1), 

CA3 (Cornu Ammonis area 3) DG (Dentate gyrus), and i.p. (Intraperitoneal). 

3. ICA as a Potent Antioxidant Agent 

Multiple animal and cellular models of nervous system disorders consistently 

demonstrate the disruption of redox signaling as a pathological hallmark. Called as oxi-

dative stress, this is defined as a homeostatic imbalance between oxidizing molecules and 

antioxidant defenses, where the prevalence of ROS and NOS, such as hydrogen peroxide 

and peroxynitrite, results in molecular damage [94,95]. Oxidative stress is also frequently 

associated with an enzymatic imbalance, in which the excessive production of radicals by 

enzymes such as such as Nicotinamide Adenine Dinucleotide Phosphate (NADPH) 
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oxidase and the dysfunction of the mitochondrial respiratory chain outweigh the neutral-

ization capacity of endogenous antioxidant enzymes. These include Superoxide Dis-

mutase (SOD), Catalase (CAT), and Glutathione Peroxidase (GSH-Px) [94,96,97]. As a sig-

naling antioxidant response, cell signals activate specific intracellular pathways, mainly 

mediated by the translocation of the transcription factor Nrf2 to the nucleus [98]. There, 

by binding to the Antioxidant Response Element, Nrf2 induces the expression of protec-

tive genes (such as HO-1 and NQO1) [99], restoring cellular balance and preventing reg-

ulated cell death pathways. 

Importantly, a growing body of evidence from cellular and animal models of neuro-

degenerative disorders demonstrates that ICA effectively counteracts oxidative stress-in-

duced neuronal injury through multiple, partially overlapping signaling pathways. 

Across diverse experimental systems, ICA decreases ROS production [26,64,65,82–

85,89,90,92,100–117] and lipid peroxidation (malondialdehyde, MDA) 

[64,84,89,92,102,109,111,117]; preserves endogenous antioxidant defenses, including GSH 

[65,107,111,117], SOD [65,89,109,111,112,117], CAT [89,108], and GSH-Px [111,117]; and 

stabilizes mitochondrial function [65,84,109,112,116]. In addition, ICA modulates critical 

molecular nodes that connect oxidative stress to regulated forms of cell death, such as 

caspase-3 activation [26,84,89,102,107], p53 [107], glycogen synthase kinase-3 beta (GSK-

3β)/Tubulin-associated unit (Tau) [112,114], sirtuins [65,108,117], and Nrf2 [82,83,106,117]. 

In vivo studies using senescence-accelerated mice (SAMP8) have shown that chronic 

ICA treatment enhances the activity of SOD and GSH-Px in brain tissue [111]. Similarly, 

in haloperidol-induced Parkinson’s models, ICA significantly increased the activity of 

glutathione S-transferase, CAT, and SOD in neuro-glial cells [108]. It is important to note, 

however, that the efficacy of ICA may be context-dependent. For instance, in certain cer-

ebral ischemia models, ICA monotherapy showed limited efficacy [104], whereas its com-

bination with Panax notoginseng resulted in a synergistic reduction of oxidative stress 

markers [118]. This suggests that while ICA is a potent antioxidant modulator, its effec-

tiveness can be influenced by the specific pathological environment or the presence of 

synergistic compounds. 

Beyond systemic effects, in vitro studies suggest that ICA directly influences the an-

tioxidant response of neurons. In PC12 cells treated with diabetic encephalopathy metab-

olites, ICA increased SOD activity and reduced MDA accumulation [109]. Similarly, in 

primary cortical neurons, ICA upregulated Prx1 mRNA and CAT activity via a SIRT1-

dependent mechanism. Complementing these enzymatic responses, ICA prevents GSH 

depletion in PC12 cultures exposed to H2O2 by inhibiting the c-Jun N-terminal Kinase 

(JNK) and p38 Mitogen-Activated Protein Kinase (MAPK) pathways [107]. In spinal cord 

injury models, ICA’s antioxidant capacity was evidenced by its ability to prevent the re-

duction of GSH levels in neural tissue [64,84]. 

ICA also exerts neuroprotection by directly stabilizing mitochondrial function and 

preventing mitochondria-dependent apoptosis. In models of spinal cord injury and So-

dium Azide (NaN3)-induced stress, ICA restored Mitochondrial Membrane Potential and 

enhanced ATP production [84,112]. ICA helps maintain mitochondrial homeostasis by in-

hibiting the formation of the mitochondrial permeability transition pore. Furthermore, 

ICA acts as an antagonist of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, specifically reducing excessive calcium influx [101]. By preventing this 

calcium overload, ICA averts the subsequent breakdown of Ca2+-dependent regulatory 

processes that typically triggers mitochondrial collapse. Corroborating this evidence, in 

APP/PS1 transgenic rats, ICA reduced intracellular iron accumulation, thereby limiting 

iron-catalyzed ROS generation (Fenton reaction) that typically damages mitochondrial 

membranes [115]. 
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However, ICA can act as a sophisticated signaling modulator in the oxidative stress 

response. The most prominent signaling mechanism for ICA is the activation of the Nrf2 

cascade. In different neurodegeneration models, ICA promoted Nrf2 nuclear transloca-

tion, leading to the expression of HO-1 and NQO1 [82,83,106]. This effect was notably 

absent in Nrf2-knockout models, where ICA’s protective effects were largely abolished. 

Another studies related ICA action against neurotoxicity through the SIRT3/PGC-1α sig-

naling axis [119], demonstrating SIRT-3 as an essential signaling axis for maintaining the 

GSH/GSSG ratio and reducing oxidative damage to mitochondrial membranes by PGC-

1α. In rotenone-induced Parkinson’s models, ICA prevented the suppression of Sirtuin 3 

(SIRT3) and Peroxisome proliferator-activated receptor-gamma coactivator 1-alpha PGC-

1α [65,82]. 

ICA activates the PI3K/Akt/GSK-3β survival pathway to protect neurons from 

NaN3)-induced apoptosis [112]. By inhibiting the c-Jun N-Terminal Kinase (JNK) and p38 

MAPK pathways, ICA prevents DNA oxidation and subsequent cell death [107]. Reinforc-

ing these findings, computational modeling reveals that ICA has a high binding affinity 

for targets associated with Brain-Derived Neurotrophic Factor (BDNF) signaling. This in-

teraction likely enhances neuronal survival and plasticity, while simultaneously inhibit-

ing Receptor for Advanced Glycation Endproducts (RAGE) and Glutamate Ionotropic Re-

ceptor AMPA Type Subunit 1 (GRIA1), both of which are central to redox deregulation 

[110,113]. 

Interestingly, ICA’s neuroprotective profile extends significantly to the glial micro-

environment. In models of neuroinflammation, ICA administration reduced microglial 

populations and inhibited the release of pro-inflammatory mediators. In LPS-stimulated 

BV-2 microglia, ICA bolstered antioxidant capacity by upregulating the Nrf2/HO-1 path-

way, effectively suppressing the “cytokine storm” associated with oxidative stress [92]. 

Crucially, in cuprizone-induced demyelination models, ICA treatment was associated 

with reduced ROS levels and enhanced maturation of oligodendrocyte progenitor cells. 

This suggests that ICA may promote a redox-permissive environment essential for oli-

godendrocyte metabolic health and subsequent remyelination [92]. By mitigating oxida-

tive stress within the glial microenvironment, ICA likely provides an indirect, secondary 

layer of neuroprotection through the preservation of axonal insulation [26,85] (Figure 3). 
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Figure 3. ICA’s antioxidant effects. ICA regulates oxidative stress by acting on multiple targets, 

thereby ameliorating damage caused by oxidative insults such as hypoxia/reperfusion, H₂O₂, and 

NaN3. Furthermore, ICA activates various pathways that maintain mitochondrial homeostasis, such 

as the phosphoinositide 3 kinase (PI3K)/protein kinase B (Akt)/glycogen synthase kinase-3 beta 

(GSK3β) pathway, which inhibits the formation of the mitochondrial permeability transition pore 

(mPTP) and the subsequent influx of calcium to the mitochondria. ICA also inhibits calcium-related 

oxidative stress by targeting AMPA receptors, reducing NMDA receptor activation, and calcium 

influx. This prevents alterations in several calcium-dependent signaling pathways and supports the 

maintenance of mitochondrial function. Furthermore, ICA decreases the accumulation of oxidative 

markers such as malondialdehyde (MDA), nitric oxide (NO), and reactive oxygen species (ROS) by 

promoting the expression and efficiency of antioxidant factors, including PCG-1α, sirtuin 3 (SIRT3), 

superoxide dismutase (SOD), glutathione (GSH), HO-1, and NAD(P)H dehydrogenase 1 (NQO1), 

by promoting the translocation of NRF2 and sirtuin 1 (SIRT1) to the nucleus and the subsequent 

expression of the antioxidant response element (ARE)- and peroxiredoxin (Prx1)-modulated genes. 

Glutathione (GSH) levels are also maintained by the inhibition of the p38/JNK pathway, reducing 

DNA damage and subsequent apoptosis. 

These comparative findings reveal a conserved molecular logic underlying ICA’s ef-

ficacy across distinct pathologies. While both neurons and glia utilize the Nrf2 pathway, 

the outcomes differ while in glia, Nrf2 activation primarily dampens inflammation and 

supports remyelination [85,92], in neurons, it directly inhibits apoptosis and restores re-

dox signaling. The comprehensive neuroprotective action of ICA, incorporating SIRT1 

regulation, mitochondrial stabilization, and glial modulation, positions it as a robust can-

didate for treating diverse CNS neurodegenerative disorders [120,121] (Table 2). 

Table 2. Effects of ICA in Oxidative Stress in Neurodegenerative models. 

Disease Model 
Animal Model 

/Cell 

Dose/ 

Concentration 

Administration, 

Time of Expo-

sure 

Observed Effect Ref. 

H₂O₂ toxicity PC12 cells; H₂O₂ 0.1–10 µM 

Culture me-

dium; 30 min 

pre + 1 h expo-

sure 

Reduced GSH depletion and DNA oxi-

dation; inhibited JNK/p38 MAPK. 
[107] 

AD 

SH-SY5Y neuro-

blastoma; For-

maldehyde 

1–10 µmol/L 
Direct applica-

tion; 4 h 

Reduced Tau phosphorylation via GSK-

3β inhibition. 
[114] 

AD SAMP8 Mice 75 or 150 mg/kg 
Orally; 15 days 

before collection 

Stimulated SOD/GSH-Px; decreased 

MDA and NO. 
[111] 

AD APP/PS1 Mice 120 mg/kg 
Intragastric; 3 

months 

Reduced brain iron levels and pro-in-

flammatory cytokines. 
[38] 

SCI 

Sprague Dawley 

Rats; induced 

injury 

30 µmol/kg 

Oral; 1 h post-

SCI, daily for 7 

days 

Reduced ROS/MDA; augmented 

SOD/GSH; improved locomotion. 
[64] 

Diabetic En-

cephalopathy 

PC12 cells; Dia-

betic Serum 
5/10/20 µM 

Culture me-

dium; 48 h 

Bound to Bax to inhibit mitochondrial 

migration; reduced ROS. 
[109] 

Excitotoxicity 
SH-SY5Y cells; 

Glu 
10−6–10−4 M 

Culture me-

dium; 24 h 

Inhibited P47phox, iNOS, and p-JNK; 

anti-apoptotic. 
[26] 

ALS 
Wistar Rats; 

MeHg+ 
15–30 mg/kg 

Orally; Days 21–

42 

Modulated SIRT-1, Nrf-2, and HO-1; re-

duced TDP-43. 
[85] 

PD 
PC12 cells; 6-

OHDA 
0.005–0.05 µM 

Culture me-

dium; 24 h pre + 

24 h exposure 

Activated Nrf2 signaling; decreased 

Bax/Bcl-2 ratio. 
[106] 
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H₂O₂ toxicity 

Primary neu-

rons (mouse); 

H₂O₂ 

0.6–9.6 µM 

Culture me-

dium; Co-treat-

ment; 1 h 

Upregulated SIRT1-dependent CAT 

and Prx1. 
[108] 

PD (Rotenone) 
PC12 cells/SD 

Rats 

2–4 µM 

(Cell)/15-30 

mg/kg (Animal) 

Oral/Pre; 5 

weeks (Animal) 

Upregulated SIRT3/PGC-1α; restored 

DA neurons loss. 
[82] 

PD 

WT and Nrf2 

KO Mice; 6-

OHDA 

60 mg/kg (Ani-

mal)/0.1 µM 

(Cell) 

Oral (10 

days)/Culture (7 

days) 

Activated Nrf2 signaling; effects lost in 

Nrf2 KO. 
[83] 

MS 
C57BL/6 Mice; 

CPZ Model 

50 mg/kg (Ani-

mal)/15 µg/mL 

(Cell) 

i.p. (14 days)/2 h 

pre (Cell) 

Scavenged ROS; promoted remye-

lination via Nrf2/HO-1. 
[92] 

Vascular De-

mentia 
In silico model N/A 

Molecular Dock-

ing/Dynamics 

Targeted RAGE; effective docking with 

JUN, MAPK14, and IL-6. 
[108] 

AD 
PC12 cells; NaN3 

toxicity 
0.01–1 µM 

Culture me-

dium; 2 h pre-

treatment + 24 h 

NaN3 

Activated PI3K/Akt/GSK-3β; preserved 

MMP. 
[112] 

AD 
Primary neu-

rons 
40–320 µg/mL 

Culture me-

dium; 24 h post-

exposure 

Upregulated CART via MAPK/ERK 

pathway. 
[116] 

AD 
In silico model; 

Aβ42 toxicity 
N/A 

CDOCKER Mo-

lecular Docking 
Capacity to bind BDNF and GRIA1. [75] 

Ischemia 

(Stroke) 

Sprague Dawley 

Rats 
10–30 mg/kg 

Gavage; twice 

daily for 3 days 
Increased PPARα/γ; inhibited NF-κB. [90] 

Ischemia 
Primary neu-

rons (rat); I/R 
5–15 µM 

8–24 h after 

reperfusion 

Lowered ROS; maintained cellular Ca2⁺ 

homeostasis. 
[101] 

Ischemia 

Sprague Dawley 

Rats; induced 

Stroke 

5 mg/kg 

Orally; 7 days 

pre + 14 days 

post 

Reduced CA1 hippocampal apoptosis. [104] 

Epilepsy Long-Evans Rats 75 mg/kg 
i.p.; 1 h before 

insult 

Modulated GluR2/ERK; reduced MDA; 

increased SOD. 
[102] 

SCI 
C57BL Mice; in-

duced injury 
20–50 µmol/kg 

Oral; daily (up 

to 42 days) 

Restored GSH/SOD; downregulated 

Bax/Caspase-3. 
[84] 

Aging C57BL/6J Mice 100 mg/kg 
Gavage; 15 con-

secutive days 

Activated Akt/Nrf2 and Sirtuins; re-

stored youth-like GM. 
[117] 

PD 
BV2 microglia; 

6-OHDA 
0.1 μM 

Culture me-

dium; 30 min 

pretreatment 

Reduced oxidative stress markers, in-

cluding nitric oxide (NO); enhanced nu-

clear translocation of Nrf2, leading to 

increased expression of antioxidant en-

zymes, HO-1 and NQO1; 

Nrf2 silencing reversed ICA effects. 

[82] 

PD 

Primary neuron 

cultures; 6-

OHDA 

0.1 μM 

Culture me-

dium; 30 min 

pretreatment 

Enhanced nuclear translocation of Nrf2, 

leading to increased expression of anti-

oxidant enzymes HO-1 and NQO1. 

[82] 

Abbreviations: H₂O₂ (Hydrogen Peroxide), AD (Alzheimer’s Disease), SAMP8 (Senescence-Accel-

erated Mouse Prone 8), APP/PS1 (Amyloid Precursor Protein/Presenilin 1), SCI (Spinal Cord Injury), 

Glu (Glutamate), ALS (Amyotrophic Lateral Sclerosis), MeHg+ (Methylmercury), PD (Parkinson’s 

Disease), 6-OHDA (6-Hydroxydopamine), WT (Wild Type), KO (Knockout), MS (Multiple Sclero-

sis), CPZ (Cuprizone), i.p. (Intraperitoneal), NaN3 (Sodium Azide), Aβ42 (Amyloid-beta 42), I/R (Is-

chemia/Reperfusion), GSH (Glutathione), JNK (c-Jun N-terminal Kinase), MAPK (Mitogen-Acti-

vated Protein Kinase), GSK-3β (Glycogen Synthase Kinase-3 Beta), SOD (Superoxide Dismutase), 

GSH-Px (Glutathione Peroxidase), MDA (Malondialdehyde), NO (Nitric Oxide), ROS (Reactive 
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Oxygen Species), Bax (Bcl-2-associated X protein), iNOS (Inducible Nitric Oxide Synthase), SIRT-1 

(Sirtuin 1), Nrf-2 (Nuclear Factor Erythroid 2-related Factor 2), HO-1 (Heme Oxygenase-1), TDP-43 

(TAR DNA-binding protein 43), Bcl-2 (B-cell lymphoma 2), CAT (Catalase), Prx1 (Peroxiredoxin 1), 

SIRT3 (Sirtuin 3), PGC-1α (Peroxisome Proliferator-activated Receptor Gamma Coactivator 1-al-

pha), DA (Dopaminergic), RAGE (Receptor for Advanced Glycation End-products), JUN (Jun Proto-

Oncogene), MAPK14 (Mitogen-Activated Protein Kinase 14), IL-6 (Interleukin 6), PI3K (Phospho-

inositide 3-kinase), Akt (Protein Kinase B), MMP (Mitochondrial Membrane Potential), CART (Co-

caine- and Amphetamine-Regulated Transcript), ERK (Extracellular Signal-Regulated Kinase), 

BDNF (Brain-Derived Neurotrophic Factor), GRIA1 (Glutamate Ionotropic Receptor AMPA Type 

Subunit 1), PPARα/γ (Peroxisome Proliferator-Activated Receptor Alpha/Gamma), NF-κB (Nuclear 

Factor Kappa-light-chain-enhancer of Activated B cells), Ca2⁺ (Calcium Ion), GluR2 (Glutamate Re-

ceptor 2), GM (Gut Microbiota), and NQO1 (NAD(P)H Quinone Dehydrogenase 1). 

4. ICA as a Negative Regulator of Apoptosis 

Apoptosis is a tightly regulated form of programmed cell death essential for tissue 

homeostasis; however, its dysregulation is a central driver of neurodegenerative pathol-

ogy. While classically categorized into intrinsic (mitochondrial) and extrinsic (death re-

ceptor) pathways, these signaling cascades do not operate in isolation but instead function 

as an integrated network [122,123]. For example, both pathways converge on the activa-

tion of executioner caspases, such as caspase-3, which orchestrate the final dismantling of 

the cell, including DNA fragmentation [122,123]. Cells possess an adaptive “brake” sys-

tem mediated by Inhibitors of Apoptosis (IAPs), which counterbalance these cell death 

triggers. As reviewed by Marivin et al. (2012), IAPs [such as X-Linked Inhibitor of Apop-

tosis Protein (XIAP) and Cellular Inhibitor of Apoptosis Proteins 1 and 2 (cIAP1/2)] pro-

vide a critical adaptive response to oxidative stress by directly binding to and inhibiting 

processed caspases (3, 7, and 9). This mechanism allows neurons to tolerate transient 

stress without committing to cell death. Consequently, neuroprotective strategies must 

not only block upstream triggers like oxidative stress or ER stress but also reinforce this 

adaptive IAP-mediated threshold [124,125]. 

Apoptotic cell death in the pathogenesis of Alzheimer’s disease is associated with the 

activation of pro-apoptotic mediators, such as caspase-3 and -6, Bcl-2-associated X protein 

(Bax), and p53 upregulated modulator of apoptosis (PUMA), while anti-apoptotic mech-

anisms, such as B-cell lymphoma 2 (Bcl-2), Survivin and B-cell lymphoma-extra-large (Bcl-

xL), are suppressed [126]. Several signaling pathways contribute to this imbalance, most 

notably PI3K/Akt, JNK/MAPK, and mechanistic target of rapamycin (mTOR). For instance, 

oxidative stress and inflammation drive activation of the JNK/MAPK pathway, which 

promotes apoptotic responses [126]. In parallel, impairment of the PI3K/Akt survival 

pathway enhances neuronal vulnerability by activating GSK-3β, thereby facilitating an 

Aβ/JNK/p53-induced cascade that culminates in neurofibrillary tangles (NFT) formation 

[126]. 

ICA demonstrates robust neuroprotective potential in Alzheimer’s disease models 

by mitigating core pathological hallmarks through the modulation of integrated apoptotic 

pathways. In vitro evidence in PC12 cell lines and primary cortical neurons indicates that 

ICA blocks amyloid-beta Aβ-induced neurotoxicity and sodium azide-induced mitochon-

drial dysfunction, resulting in the restoration of glucose metabolism and the reduction of 

tau protein hyperphosphorylation via activation of the PI3K/Akt/GSK3β pathway 

[106,112,114,127,128] (Table 3). These cellular findings are consistent with results from 

multiple in vivo models, including APP/PS1, 3xTg-AD, Tg2576, and SAMP8 mice. In these 

models, chronic ICA administration reduces APP expression and insoluble Aβ1-40 and 

Aβ1-42 levels [29,67,129,130] (Table 3). Specifically in the SAMP8 model, treatment atten-

uates memory impairment and reduces Aβ1-42 levels through the downregulation of 
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BACE1, alongside increasing Bcl-2 expression and reducing Bax levels [67] (Table 3). Col-

lectively, these actions promote the suppression of endoplasmic reticulum stress-induced 

apoptosis and the restoration of the Bax/Bcl-2 ratio, thereby preserving neuronal density 

in the hippocampus [29,129,130] (Table 3). 

Table 3. Effects of ICA on Apoptosis in Neurodegenerative models. 

Disease Model 
Animal Model 

/Cell 

Dose/ 

Concentration 

Administration, 

Time of Expo-

sure 

Observed Effect Ref. 

AD 

PC 12 cells in-

duced by Aβ25–

35 

5–10 µM 

30 min pretreat-

ment/ 6h treat-

ment 

Decreased Aβ25–35-induced cytotoxicity 

and apoptosis rate; inhibiting tau protein 

hyperphosphorylation at Ser396, Ser404 

and Thr205 sites 

[127] 

AD 

PC 12 cells in-

duced by Aβ25–

35 

2.5–20 µM 1 h pretreatment Decreased Aβ25–35-induced apoptosis [128] 

AD 

PC 12 cells in-

duced by so-

dium azide 

(NaN3) 

0.01–1 µM 2 h pretreatment 

Reduced NaN3-induced cell damage; re-

duced the leakage rate of LDH; increased 

the MMP; decrease in glucose concentra-

tion, indicating increased glucose con-

sumption; Tau phosphorylation at the 

Ser396/404 and Thr217 sites significantly 

decreased 

[112] 

AD APP/PS1 mice 60 mg/kg 

Orally adminis-

tered with ICA 

daily for 3 

months 

Reduced neuronal apoptosis by suppress-

ing the ER stress signaling pathway; im-

proved behavioral performance 

[129] 

AD 

APP/PS1/Tau 

triple-transgenic 

mice 

60 mg/kg 

Intragastrically 

administered 

daily for 5 

months 

Memory deficits improved; neuronal and 

synaptic damage mitigated; reduced amy-

loid-β accumulation and tau hyperphos-

phorylation; deficits of proteins in the in-

sulin signaling pathway and their phos-

phorylation levels were significantly re-

versed 

[29] 

AD Tg2576 mice 60 mg/kg 

Orally adminis-

tered daily for 3 

months 

Decreased the levels of Aβ and APP; en-

hanced neurogenesis; improved memory 

function 

[130] 

AD SAMP8 mice 60 mg/kg 

Intragastric ad-

ministration for 

22 days 

Reverse learning and memory impair-

ment; reduce the expression of cytotoxic 

Aβ1-42; increased the expression of anti-

apoptotic protein Bcl-2; decreased the ex-

pression of pro-apoptotic protein Bax 

[67] 

AD 
SH-SY5Y (For-

maldehyde) 
1–10 µM 4 h exposure 

Attenuated apoptotic nuclear disintegra-

tion and cell death 
[114] 

PD 

PC12 cells in-

duced by 6-

OHDA and 

Sprague Dawley 

rats 

0.1 µM/20 

mg/kg 

24 h pretreat-

ment/injection 

in the brain 

ameliorated the development of LID/low-

ered AIM scores attenuated neuroinflam-

mation/ 

[25] 

PD 

Wistar rats in-

duced by 

Haloperidol 

100 mg/kg 

Oral administra-

tion 30 min after 

the 

Decreasing the neurotoxicity via lowering 

lipid peroxidation NO, GSK-3β Contents; 
[131] 
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administration 

of Haloperidol 

daily 

increasing antioxidant biomarkers, TH, 

and recovering monoamines contents 

PD 

C57BL/6 mice 

induced by 

MPTP 

50–200 mg/kg 

3 days pretreat-

ment by intra-

gastric admin-

istration 

Ameliorate the decreased striatum DA 

content; decreased loss of TH-IR neurons; 

reversed changes of Bcl-2, Bax and 

caspase 3 protein expressions 

[132] 

PD 
PC12 cells (6-

OHDA induced) 
0.005–0.05 µM 

24 h pre + 24 h 

exposure 

Inhibited apoptosis via marked decreases 

in Bax/Bcl-2 ratio, cytochrome c release, 

and Caspase-3 cleavage 

[106] 

DE 
PC12 cells in-

duced by AGEs 
10–20 µM 48 h cotreatment 

Inhibit Bax dimer formation and migra-

tion to mitochondria; inhibit apoptosis 

and oxidative stress 

[109] 

Corticosterone-

induced cytotox-

icity 

Primary hippo-

campal neuronal 

cultures from 

Sprague Dawley 

rats 

1–10 µM 2 h pretreatment 

Reduced TUNEL-positive cell numbers; 

improved mitochondrial membrane po-

tential; inhibition of caspase-3 activation 

[133] 

Depression 

Sprague Dawley 

Rats less than 

24h old, Corti-

costerone-in-

duced cell dam-

age 

0.1 and 1 µM 

orally 2h pre-

treatment with 1 

µM corti-

costerone 

Lowered Caspase 3 activation, ROS pro-

duction, increased expression of p-AKT, 

and SOD activity 

[134] 

Cavernous 

nerve crush in-

jury 

12-week-old 

Sprague Dawley 

Rats, submitted 

to nerve crush 

injury. 

1, 5 and 10 

mg/kg 

orally daily sup-

plement or sin-

gle dose 2 h 

prior to sacrifice. 

Decreased nerve fiber loss, nNOS produc-

tion, calponin and lowered expression of 

eNOS. 

[135] 

Neuropathic 

Pain 
Wistar Rats 

10, 50, 100 

mg/kg 

Orally daily for 

21 days after 

surgery 

Decreased expression of TNF-α, IL-6, Bax 

and increased expression of Bcl-2 
[73] 

Epilepsy Long-Evans Rats 75 mg/kg 

Injection 1 h be-

fore induction of 

hypoxia 

Lowered stages of seizure by ameliorat-

ing changes in MDA, SOD, Bax/bcl-2 ra-

tio, and Caspase-3. Ameliorating ERK II 

and GluR2 expression 

[102] 

Schizophrenia 
Sprague Dawley 

Rats 
50 mg/kg 

Orally 3 times 

per day for 2 

weeks 

Regulates the effects of mTOR, ATP1B2 

and miR-144-3p pathway 
[136] 

Hypoxic-is-

chemic brain 

damage 

C57BL/6 neona-

tal mice 
10 mg/kg 

Intraperitone-

ally 20 min be-

fore hypoxia-is-

chemia 

Promoted autophagy in hypoxic–ischemic 

brain-damaged mice, increasing Beclin1 

and IC3-II, reducing p62 activation 

[27] 

Ischemic Stroke 

Mouse neuro-

blastoma N2a 

cells 

1, 5, 10, 20, 40, 

and 80 µM 

15 min, during 

oxygen-glucose 

deprivation 

Ameliorates the Bax/Bcl2 ratio, reduced 

caspase-3, TNF-α, IL-1β, IL-6 and PKM2 
[93] 

Ischemic Stroke 

Sprague Dawley 

microglia and 

Primary cortical 

neurons 

0.25, 0.5 and 1 

mg/mL 

1 h of pretreat-

ment and 2 h of 

treatment 

Inhibited apoptosis induced by OGD/R 

through IRE1/XBP1 signaling pathway 
[137] 

Neonatal hy-

poxic–ischemic 

brain damage 

C57Bl/6J P7 

mouse pups 
10 mg/kg 

intraperitoneally 

20 min before is-

chemia 

Reduced brain cerebral infarct volume 

and improved neurobehavioral recovery 

following hypoxic ischemic injury by 

[138] 
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using Rice Van-

nucci method 

reducing expression of cleaved caspase 3 

and increasing p-Akt 

Middle cerebral 

artery occlusion 

(MCAO 

Cerebral Ische-

mia–Reperfu-

sion (I/R) Injury 

in ICR mice 

60 mg/kg 

Intraperitone-

ally injection 

and 1 h of pre-

treatment 

Ameliorated body weight loss, neurologi-

cal injury, 

infarct volume, and pathological change 

in acute ischemic stroke mice, and pro-

tected against neuronal cell apoptotic 

death, oxidative and 

nitrosative stress, lipid peroxidation, and 

extracellular matrix (ECM) accumulation 

in the brains 

[139] 

MCAO 

Ischemia-Reper-

fusion in middle 

cerebral artery 

and OGD-in-

duced MCAO in 

primary cortical 

neuron culture 

In vivo: 50, 100 

and 200 mg/kg 

In vitro: 80 µM 

In vivo: After 

day 1, 3, 7 of 

MCAO 

In vitro: After 

OGD treatment 

Reduced infarct size, upregulating SIR1 

and PCG-1α expression 
[31] 

MCAO 

Sprague Dawley 

Rats with ische-

mia–reperfusion 

in middle cere-

bral artery 

60 mg/kg 

Daily for 28 

days after 

MCAO surgery 

Increased therapeutic hypothermia effect 

time in 20min, enhancing the inhibitory 

effect of mild hypothermia, lowering the 

expression of TNF-α, IL-6, p-JAK2, p-

STAT3, C-caspase 3, regulating Bax/Bcl 

ratio and increasing PPARα, PPARγ, Nf-

κβ and nuclear Nrf2 

[34] 

Hypoxic is-

chemic brain 

damage 

neonatal SD 

rats, with hy-

poxia induced 

by hypoxia 

chamber 

100 and 200 

mg/kg 

Daily for 7 days 

before hypoxia-

ischemia 

One dose post 

HI induction 

Lowered the expression of NF-κB, p65, 

IL-1β, TNFα, caspase-3 and 9 
[66] 

OGD/R PC12 cells 10 µM 
1 h before hy-

poxia 

Increased cell viability, regulating 

Bax/Bcl-2 ratio, and lowering C-caspase 3, 

GAPDH and LC3-I and II expression 

[140] 

OGD/R PC12 cells 
0.1, 1 and 10 

µM/L 

1 h before hy-

poxia 

Lowered HIF-1α, neuron-specific enolase, 

HSP-60 and HSP-70, increasing cell viabil-

ity 

[91] 

Excitotoxicity 

SH-SY5Y cells 

(Glutamate in-

duced) 

1–100 µM 24 h exposure 

Anti-Apoptotic Signaling: Attenuated 

glutamate-induced apoptosis by inhibit-

ing the JNK/p38 MAPK pathway; re-

duced Bax/Bcl-2 ratio and Cleaved 

Caspase-3/9 

[26] 

Ischemia (I/R) 
Primary Cortical 

Neurons 
5–15 µM 

8–24 h post-

reperfusion 

Prevented apoptosis driven by intracellu-

lar Ca2⁺ overload; reduced ROS-depend-

ent apoptotic signaling 

[101] 

SCI 
C57BL Mice 

(Traumatic) 
20, 50 µmol/kg 

Oral; daily (42 

days) 

Downregulated ER stress apoptotic mark-

ers (CHOP, Caspase-12) and mitochon-

drial markers (Bax, Cyt C); reduced 

TUNEL+ neurons 

[84] 

Iron overload 

apoptosis 

Bone marrow 

mesenchymal 

cell 

10, 50 and 100 

µmol 
24 and 48 h 

Reduced cleaved caspase-3, and apopto-

sis-related proteins while regulating 

Bax/Bcl-2 ratio; Regulates mitochondrial 

stability, reducing cytosolic cytochrome c 

[141] 
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Abbreviations: AD (Alzheimer’s Disease), PD (Parkinson’s Disease), DE (Diabetic Encephalopathy), 

MDD (Major Depressive Disorder), SCI (Spinal Cord Injury), OGD/R (Oxygen-Glucose Depriva-

tion/Reoxygenation), MCAO (Middle Cerebral Artery Occlusion), I/R (Ischemia/Reperfusion), 

PSNL (Partial Sciatic Nerve Ligation), HI (Hypoxia-Ischemia), APP/PS1 (Amyloid Precursor Pro-

tein/Presenilin 1), SAMP8 (Senescence-Accelerated Mouse Prone 8), 6-OHDA (6-Hydroxydopa-

mine), MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), NaN3 (Sodium Azide), Aβ (Amyloid-

beta), AGEs (Advanced Glycation End-products), ER (Endoplasmic Reticulum), MMP (Mitochon-

drial Membrane Potential), LDH (Lactate Dehydrogenase), ROS (Reactive Oxygen Species), MDA 

(Malondialdehyde), SOD (Superoxide Dismutase), NO (Nitric Oxide), TH (Tyrosine Hydroxylase), 

DA (Dopamine), Bcl-2 (B-cell lymphoma 2), Bax (Bcl-2-associated X protein), Caspase (Cysteine-

aspartic protease), Akt (Protein Kinase B), ERK (Extracellular Signal-Regulated Kinase), MAPK (Mi-

togen-Activated Protein Kinase), JNK (c-Jun N-terminal Kinase), GSK-3β (Glycogen Synthase Ki-

nase-3 beta), PPAR (Peroxisome Proliferator-Activated Receptor), NF-κB (Nuclear Factor kappa-

light-chain-enhancer of activated B cells), Nrf2 (Nuclear factor erythroid 2-related factor 2), TNF-α 

(Tumor Necrosis Factor alpha), IL-6 (Interleukin 6), IL-1β (Interleukin 1 beta), nNOS/eNOS (Neu-

ronal/Endothelial Nitric Oxide Synthase), SIRT1 (Sirtuin 1), PGC-1α (Peroxisome proliferator-acti-

vated receptor gamma coactivator 1-alpha), IRE1/XBP1 (Inositol-requiring enzyme 1/X-box binding 

protein 1), TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling), LID (Levo-

dopa-Induced Dyskinesia), AIM (Abnormal Involuntary Movement), and i.p. (Intraperitoneal). 

In the context of Parkinson’s disease, ICA consistently preserves dopaminergic in-

tegrity across various preclinical models by targeting pro-apoptotic factors that drive neu-

ronal loss in the substantia nigra [25,131,133]. Studies utilizing 6-OHDA, Haloperidol, and 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) models demonstrate that ICA ad-

ministration, either alone or combined with levodopa, mitigates the loss of tyrosine hy-

droxylase-positive neurons and attenuates dopamine depletion in the striatum [25,131,133] 

(Table 3). These effects translate into the restoration of motor performance and enhanced 

antioxidant capacity, processes mediated by the activation of PI3K/Akt and MEK/ERK 

signaling pathways, as well as the inhibition of GSK3β activity [25,131,133] (Table 3). In 

PC12 cells, ICA confers cytoprotection against 6-OHDA-induced toxicity by reducing the 

Bax/Bcl-2 ratio and decreasing the proportion of cells in early apoptosis [25] (Table 3). 

Advanced glycation end products (AGEs) are related to the occurrence of diabetic 

encephalopathy, a major complication of diabetes mellitus. Neuron apoptosis is a mecha-

nistic factor on cognitive decline shown in streptozotocin induced animal models [142]. In 

a vitro model PC12 cell exposed to advanced glycation end products, ICA-treated groups 

had fewer apoptotic neurons and an overall reduction in caspase 3 and 9 levels. ICA di-

rectly inhibited Bax translocation to mitochondria, a mechanism central to its neuropro-

tection. Furthermore, ICA attenuated mitochondrial depolarization and restored antioxi-

dant cell capacity, reinforcing its role in oxidative stress and apoptosis regulation [109]. 

Additionally, in primary hippocampal neuronal cell cultures from neonatal Sprague Daw-

ley rats, Liu et al. (2011) reported that ICA suppressed corticosterone-induced apoptosis. 

This protective effect was associated with inhibition of p38/MAPK activation and preven-

tion of mitochondrial dysfunction, including preservation of mitochondrial membrane 

potential and suppression of caspase-3 activity [133]. In a similar model, it was demon-

strated in neuronal primary hypothalamic cell culture that ICA prevented corticosterone-

induced cell death via activation of the PI3-K/Akt pathway [134]. 

Cavernous nerve crush is an established model of axonotmesis [143], in which Wal-

lerian degeneration and apoptosis of nitrergic nerves occur [144,145]. Conversely, in 12-

week-old rats with cavernous nerve injury treated orally with ICA showed no differences 

in apoptosis markers in penile tissue homogenates [135]. However, the ICA-treated group 

exhibited a higher number of nerve fibers stained for neural nitric oxide synthase (nNOS) 
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and upregulated nNOS expression, suggesting that ICA could rescue nitrergic neurons 

[135]. Moreover, in Wistar rats subjected to partial sciatic nerve ligation, chronic oral ICA 

administration reduced Bax and Bcl-2 protein levels and was associated with significant 

attenuation of neuropathic pain. This type of pain is suggested to activate the apoptotic 

pathway; thus, the reduction in these proteins could represent a greater protection of the 

sciatic nerve [73]. 

ICA demonstrated a robust neuroprotective effect against ischemic injury. Across di-

verse in vitro models, including oxygen–glucose deprivation/reperfusion (OGD/R) in 

neuronal cell lines (N2a [93] and PC12 [91,140]) and in primary cortical neurons 

[31,101,137]. In agreement, ICA benefits are also conserved in neonatal hypoxic–ischemic 

brain damage and adult middle cerebral artery occlusion in vivo models [137–139]. Treat-

ment significantly improved cell viability by directly suppressing apoptotic pathways, as 

evidenced by dose-dependent reductions in cleaved caspase-3 and Bax expression, to-

gether with increased Bcl-2 levels [93,139,140]. Mechanistically activating pro-survival 

pathways while simultaneously suppressing proinflammatory and pro-apoptotic path-

ways (Table 3) [34,66,93,137]. In addition, ICA promotes cytoprotective autophagy 

through estrogen receptors (ERα/ERβ) activation and strengthens antioxidant defenses by 

upregulating Nrf2 and PPAR signaling [27]. ICA also exhibited a broader effects linked of 

endoplasmic reticulum stress pathways and pyruvate kinase M2 (PKM2)-dependent sig-

naling [80,137], a conserved antioxidant action reducing ROS production [66,101,139,140], 

restored cytosolic Ca2+ homeostasis [101], and mitigated neuroinflammation 

[34,66,80,91,93,137] through inhibition of microglial activation, thereby preventing multi-

ple apoptotic triggers [80,137]. These molecular changes translate into improved func-

tional outcomes, including reduced infarct volume, diminished cerebral edema, and en-

hanced neurological performance. 

Several apoptosis-related death models demonstrated that ICA can prevent neuro-

degeneration and also offer protection in non-degenerative neurological disorders such 

as depression [85], epilepsy [102] and schizophrenia [136]. ICA exhibits a robust multi-

target neuroprotective profile mainly consistently targeting Bax/Bcl-2 axis and reducing 

caspase-3 activation across different pathological contexts (Figure 4). To mechanistically 

position ICA within the broader flavonoid signaling landscape, it is essential to synthesize 

its effects in contrast to the pro-apoptotic profile often reported in oncology. Recent com-

prehensive analyses describe a conserved pattern in neoplastic cells, where flavonoids 

such as ICA, quercetin [146], prunin [37] and isorhamnetin [120] induce apoptosis by in-

hibiting survival kinases, specifically the PI3K/Akt axis, suppressing NF-κB signaling and 

triggering mitochondrial dysfunction via reactive oxygen species accumulation. However, 

ICA exhibits a pathway-specific divergence in the CNS. Consistent with the neuroprotec-

tive signaling patterns reviewed for structurally related polyphenols, ICA sustains, rather 

than disrupts, PI3K/Akt and ERK1/2 phosphorylation in mature neuronal models [147]. 

This supports the hypothesis that flavonoid-driven modulation of redox and intrinsic 

apoptotic control is context-dependent: while these compounds exploit metabolic vulner-

abilities to eliminate proliferating tumor cells, they reinforce intrinsic survival machinery 

in differentiated neurons. This duality highlights ICA as a promising agent for CNS 

preservation. 
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Figure 4. The influence of ICA on the apoptotic process. The extrinsic pathway is initiated by death 

receptors located on the plasma membrane. These receptors activate caspase-8, which subsequently 

activates caspase-3, culminating in apoptosis. In the intrinsic pathway, internal stimuli induce the 

oligomerization of BAX and BAK, which can be inhibited by ICA, and the Mitochondrial Outer 

Membrane Permeabilization (MOMP), which is inhibited by ICA’s influence over the 

PI3K/Akt/GSK-3β pathway. This oligomerization results in the release of cytochrome c into the cy-

tosol, promoting apoptosome formation and the cleavage of caspase-9, which subsequently acti-

vates caspase-3 to execute apoptosis. Due to ICA’s inhibition of the oligomerization of BAX/BAK, 

the activation of caspases 9 and 3 is also inhibited, preventing apoptosis. The extrinsic pathway may 

also activate the intrinsic pathway through the cleavage of the Bid protein, generating a truncated 

form of this protein that triggers MOMP. Furthermore, ICA may regulate the BAX/Bcl ratio, activate 

the p-ERK pathway, and inhibit p-p38, thereby promoting cell survival. 

5. ICA and Autophagy 

Autophagy is a lysosome-dependent degradation pathway essential for maintaining 

cellular homeostasis and can be classified into macroautophagy, microautophagy, and 

chaperone-mediated autophagy. Macroautophagy depends on the Unc-51-like Autoph-

agy Activating Kinase 1–Autophagy-Related Genes (ULK1-ATG) complex and recruit-

ment of the class III PI3K complex for initiation and elongation of the autophagosome 

membrane [148]. Macroautophagy represents autophagy per se and is responsible for the 

elimination of deleterious proteins and dysfunctional organelles, such as mitochondria. 

The selective removal of damaged mitochondria, a process known as mitophagy, pro-

motes mitochondrial quality control and involves upregulation of PINK1 and Parkin ex-

pression [149], leading to the targeted elimination of dysfunctional mitochondria before 

they can release pro-apoptotic factors [149]. In contrast, during microautophagy, the lyso-

somal membrane undergoes invagination or protrusion to directly engulf cytoplasmic 

contents [148]. Chaperone-mediated autophagy (CMA) targets proteins containing a Ly-

sosomal Targeting Motif (KFERQ), recognized by Heat Shock Cognate Protein 70 (HSC70) 

and translocated into the lysosomal lumen via the Lysosomal-Associated Membrane Pro-

tein 2A (LAMP2A) [150]. 

The autophagic response is activated in the presence of cellular damage as an adap-

tive mechanism for cell survival. However, its role in cell survival is ambiguous and 

https://doi.org/10.3390/ijms27052247


Int. J. Mol. Sci. 2026, 27, 2247 21 of 42 
 

https://doi.org/10.3390/ijms27052247 

associated with autophagic flux. While basal autophagy acts as a cytoprotective mecha-

nism for recycling damaged organelles/dysfunctional proteins [149], excessive or dysreg-

ulated autophagy can drive “autophagy-dependent cell death” [149]. In this context, ther-

apeutic agents must have more than a binary influence on autophagic responses. Current 

evidence indicates that ICA functions as a context-dependent modulator, exerting oppos-

ing effects depending on whether the pathological state involves excessive activation of 

maladaptive autophagy or functional impairment of adaptive autophagy [151]. The out-

come between survival and death is largely governed by the interaction between the au-

tophagy initiator Beclin-1 and the anti-apoptotic protein Bcl-2 [152]. Under basal condi-

tions, Bcl-2 binds to Beclin-1, preventing the assembly of the PI3K-III complex and inhib-

iting autophagy initiation. In conditions of acute stress, such as oxygen–glucose depriva-

tion/reperfusion, this balance is disrupted [140]. 

Conversely, in chronic neurodegenerative models characterized by the accumulation 

of misfolded proteins, ICA appears to stimulate autophagy to facilitate adaptive clearance. 

For example, upregulating p62 in mice brain via gut microbiota manipulation mitigated 

amyloid-β toxicity and improved cognitive function in mice by enhancing autophagic 

clearance [153]. With regard to ICA, treatment has been shown to improve neuronal mor-

phology, cell viability, and behavioral test performance in mice, likely by reducing amy-

loid-β accumulation in APP/PS1 transgenic models and Aβ1-42-treated PC12 cells. How-

ever, the upregulation of autophagy- and mitophagy-related proteins was observed only 

when ICA was combined with ꞵ-Asarone [154]. Notably, in a prenatal stress depression 

model, ICA treatment reduced hippocampal cell death and improved depressive-like be-

havior via modulation of Sirt-1/PGC-1α mitochondrial dynamics. Concurrently, ICA pro-

moted mitophagy by increasing mitochondrial PINK1 and Parkin expression, elevating 

the Microtubule-Associated Protein 1 Light Chain 3, form II and I (LC3II/LC3I) ratio, and 

reducing P62 levels [155]. Interestingly, in Aβ1–42-injected rats, increased LC3 turnover 

was not followed by a decrease in P62, suggesting impaired autophagic flux in this Alz-

heimer’s disease model. In this context, ICA treatment reduced LC3-II, Cathepsin D, and 

Beclin-1 levels, while enhancing Akt and phosphorylated ribosomal protein S6 kinase bet-

1 p-p70S6K activation, a key autophagy regulator, thereby reestablishing autophagic ho-

meostasis [156].  

ROS, largely produced in mitochondria, are well-established inducers of autophagy 

[157]. Keap1 acts as a redox sensor and induces Nrf2 degradation via proteasomal and 

autophagic pathways, thereby enabling its nuclear translocation. Nrf2 promotes the tran-

scription of antioxidant response element (ARE)-driven genes, including p62, which func-

tions as a selective autophagy adaptor by binding both ubiquitinated proteins and LC3, 

thereby accelerating autophagic clearance [158]. In addition, several Atg proteins are sus-

ceptible to cystine oxidation, indicating that ROS can directly modulate autophagic ma-

chinery [159]. ROS may also activate autophagy indirectly through inhibition of the 

PI3K/Akt/mTOR pathway or activation of MAPK signaling cascades, including JNK, p38, 

and ERK [159]. Oxygen–glucose deprivation/reperfusion (OGD/R) is characterized by in-

creased ROS production and cell death [160]. PC12 cells exposed to OGD (2 h) followed 

by 24 h of reperfusion, increased apoptosis, and upregulation of the autophagy markers 

Beclin-1 and LC3-II were observed, suggesting an autophagy-dependent cell death. Pre-

treatment with ICA increased cell viability by upregulating Blc-2 and prevented excessive 

autophagy by reducing Beclin-1 and LC3-II levels. A similar effect was observed when 3-

methyladenine (3-MA), an inhibitor of PI3K and autophagosome formation, was admin-

istered in the same model [161], indicating that ICA attenuates ROS-driven autophagy 

death [140]. In vivo evidence aligns with these findings. In a neonatal C57BL/6 model of 

hypoxic–ischemic brain damage (4 h induction), decreased Beclin-1 and LC3-II expression 

alongside increased p62 levels were observed, consistent with impaired autophagy [27]. 
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ICA pretreatment ameliorated hypoxic–ischemic brain damage pathology by preventing 

these changes and concurrently upregulating the estrogen receptors ERα and ERβ. Im-

portantly, administration of 3-MA abolished ICA’s protective effects, suggesting that ICA 

modulates macroautophagy in this context [27]. Notably, ICA’s effects were absent when 

animals were treated with mitochondrial processing peptidase (MPP) or PHTPP, selective 

antagonists of ERα and ERβ, respectively, indicating that ICA’s actions are at least partly 

mediated through estrogen receptor signaling [27] (Table 4). 

Table 4. Effects of ICA in Other Cell Death Mechanisms in Neurodegenerative Models. 

Disease 

Model 

Cell Death 

Mechanisms 

Animal 

Model 

/Cell 

Dose/ 

Concentration2 

Administration, 

Time of Expo-

sure 

Observed Effect Ref. 

ALS 
Excitotoxicity by 

MeHg+ 
Wistar Rats 15 and 30 mg/kg 

Orally, daily for 

11 days 

Mitigated behavioral, bio-

chemical, neurochemical, and 

gross morphological changes 

characteristic of an ALS-like 

phenotype, inhibited SIRT-1, 

HO-1 and TDP-43; promoted 

Nrf-2 migration to the nu-

cleus 

[85] 

Excitotoxi-

city by Ibo-

tenic Acid 

Excitotoxicity by 

ibotenic acid 

Sprague 

Dawley rats 
20 and 40 mg/kg 

Orally, twice a 

day for 20 days 

Inhibited the phosphoryla-

tion of Erk, JNK,p38; regu-

lated the bcl-2/bax ratio, in-

hibiting apoptosis 

[162] 

Excitotoxi-

city by glu-

tamate 

Excitotoxicity by 

glutamate 

SH-SY5Y 

cells 
10−6, 10−5 10−4 M 

24 h after treat-

ment with gluta-

mate 

Increased p46 and iNOS; 

lowered p-JINK, Bax/Bcl and 

p-P38/P38 ratio and active 

caspase 3 and 9 

[26] 

Ischemic 

stroke 

Endoplasmic 

Reticulum Stress 

Sprague 

Dawley 
10, 20, 40 mg/kg 

4 days/ once a 

day/Not speci-

fied 

Inhibited microglial activa-

tion; 

attenuated neuronal damage; 

suppressed inflammatory 

signaling pathways mediated 

by ERS. 

Decreased IL-1B, reticulum 

stress, IRE1-alpha, p-ERK. 

[80] 

Ischemic 

stroke 

Endoplasmic 

Reticulum Stress 

Microglia 

and cortical 

neurons iso-

lated from 

neonatal 

Sprague 

Dawley rats 

0.25 mg/L 

0.5 mg/L 

1 mg/L 

1 h pretreatment 

+ 2 h co-treat-

ment during 

OGD 

Inhibited the IRE1α-XBP1 

pathway; reduced C-caspase-

3 levels; inhibited apoptosis. 

Inhibited apoptosis by inhib-

iting IRE1α-XBP1, reducing 

C-caspase-3 levels 

[137] 

Spinal cord 

injury 

Endoplasmic 

Reticulum Stress 

Mice 

C57BL/6 

and spinal 

cord cell 

culture 

50 um/kg Once per day 

Reduced ER by upregulating 

PI3k/AKT. 

Reduced ATF6, IRE1, GRP78, 

XBP1 and elF 

[33] 

ER stress 
Endoplasmic 

Reticulum Stress 

APP/PS1 

transgenic 

mice 

60 mg/kg body 

weight 

Orally (gavage), 

3 months 

(chronic treat-

ment in 9-

Improved spatial memory, 

recognition memory; favored 

non-amyloidogenic APP pro-

cessing; reduced downstream 

[129] 

https://doi.org/10.3390/ijms27052247


Int. J. Mol. Sci. 2026, 27, 2247 23 of 42 
 

https://doi.org/10.3390/ijms27052247 

month-old 

mice). 

pro-apoptotic signals (TRB3, 

GADD34, ERO1α mRNA); 

reduced apoptosis; lowered 

caspase activation; restored 

Bax/Bcl-2 balance; preserved 

neuronal density; reduced 

Aβ burden and downregu-

lated APP/BACE1 (β-secre-

tase) while upregulating 

ADAM10 (α-secretase); sup-

pressed GRP78 and 

PERK/eIF2α pathway 

AD Ferroptosis 
APP/PS1 

mice 
5 and 10 mg/mL 

Intragastrically 

administered 

daily for 5 

weeks 

Improved the neurobehav-

ioral, memory, motor abili-

ties; ameliorated neural dam-

age 

[36] 

Hepatic en-

cephalopa-

thy (HE) 

ammonia-gluta-

mate excitotoxi-

city 

Wistar rats 100 mg/kg 
Orally adminis-

tered for 14 days 

Recovered of hepatic enzyme 

activities; improved locomo-

tor and memory functions; 

reduced malondialdehyde, 

calcium, nitric oxide con-

tents; downregulated lactate 

dehydrogenase activities 

[163] 

ER stress 
Endoplasmic re-

ticulum stress 
PC12 cells 0.1 μmol/L 24 h, 48 h, 72 h 

Relieved ERS; reduced apop-

tosis; down-regulated CHOP 

and Grp78 expression 

[164] 

ER stress 
Endoplasmic re-

ticulum stress 

Primary 

hippocam-

pal neurons 

of Sprague 

Dawley 

10, 20, and 50 

nM 
2 h Pretreatment 

Promoted BiP and IFN- γ ex-

pression; suppressed IRE-1α, 

XBP-1, NF-κβ, Il-1β and IL-6 

and TNF-α; increased cell vi-

ability 

[165] 

Ferroptosis 
RSL3-induced 

ferroptosis 
HT22 cells 10 μmol 

24h after incuba-

tion with RSL3 

Failed in preventing death by 

ferroptosis 
[166] 

Esophageal 

cancer 

Primary esopha-

geal epithelial 

cell 

EC109, TE1 

and HET-

1A 

20 40 or 80 μmol 
12, 24 or 36 h in 

incubation 

Inhibited ESCCs growth by 

activating ERS signaling; in-

creased ROS; activated 

caspase 3/9 

[124] 

ER stress 
Tunicamycin in-

duced ER stress 
PC12 cells 

2.5, 5 and 10 

μmol 
24 h 

Increased synoviolin expres-

sion; reduced ER stress-in-

duced cell death 

[20] 

OA 
Chondrocyte 

ferroptosis 

Male Spra-

gue Dawley 

rats and 

Human 

SW1353 

chondro-

cytes 

40 μmol and 80 

mg/kg/d 

24 h for in vitro/ 

28 days for in 

vivo 

Countered the IL-1β-induced 

upregulation of MMPs and 

ADAMTS-5; restored colla-

gen II and SOX9 expression; 

reduced intracellular ROS, li-

pid ROS, MDA; alleviated 

Era-induced ferroptosis; re-

duced articular cartilage 

damage in OA rats 

[167] 

AD Ferroptosis 
APP/PS1 

mice 

5 mg/kg and 10 

mg/kg 

Intragastrically 

administered 

daily 

Improve the neurobehav-

ioral, memory and motor 

abilities of AD mice; lower 

[36] 
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ferroptosis level; enhanced 

oxidative stress resistance 

Rheumatoid 

arthritis 
Ferroptosis 

Lipopoly-

saccharide 

(LPS)-in-

duced syno-

viocytes 

2, 5, 10 µmol 
24 h pretreat-

ment 

Attenuated iron content; In-

creased activity of GPX4, 

MDA, Nrf2m, SLC3a2l and 

SLC7A11 

[168] 

Abbreviations: ALS (Amyotrophic Lateral Sclerosis), MeHg+ (Methylmercury), SIRT-1 (Sirtuin 1), 

Nrf-2 (Nuclear Factor Erythroid 2-Related Factor 2), HO-1 (Heme Oxygenase-1), TDP-43 (TAR 

DNA-Binding Protein 43), MAPK (Mitogen-Activated Protein Kinase), iNOS (Inducible Nitric Ox-

ide Synthase), JNK (c-Jun N-terminal Kinase), Bax (Bcl-2-associated X protein), Bcl-2 (B-cell lym-

phoma 2), OGD/R (Oxygen-Glucose Deprivation/Reoxygenation), ER (Endoplasmic Reticulum), 

IRE1α (Inositol-Requiring Enzyme 1 Alpha), XBP1 (X-box Binding Protein 1), IL-1β (Interleukin 1 

Beta), IL-6 (Interleukin 6), TNF-α (Tumor Necrosis Factor Alpha), PI3K (Phosphoinositide 3-Kinase), 

Akt (Protein Kinase B), ATF6 (Activating Transcription Factor 6), GRP78 (Glucose-Regulated Pro-

tein 78), eIF2α (Eukaryotic Initiation Factor 2 Alpha), APP/PS1 (Amyloid Precursor Protein/Prese-

nilin 1), BACE1 (Beta-site APP Cleaving Enzyme 1), ADAM10 (A Disintegrin and Metalloproteinase 

Domain-containing Protein 10), TRB3 (Tribbles Homolog 3), GADD34 (Growth Arrest and DNA 

Damage-inducible Protein 34), ERO1α (Endoplasmic Reticulum Oxidoreductase 1 Alpha), TUNEL 

(Terminal deoxynucleotidyl transferase dUTP nick end labeling), HE (Hepatic Encephalopathy), 

CHOP (C/EBP Homologous Protein), ROS (Reactive Oxygen Species), OA (osteoarthritis) and ESCC 

(Esophageal Squamous Cell Carcinoma). 

Cellular senescence is driven by multiple mechanisms and exhibits diverse pheno-

types, with autophagy initially proposed as a suppressor of senescence [169]. Experimen-

tally, administration of D-galactose is widely used to induce accelerated cellular senes-

cence in vitro and in vivo [170]. In an acute PC12 cell model, exposure to 200 mM D-ga-

lactose for 48 h significantly reduced cell viability and increased senescence markers such 

as p21 and senescence-associated β-galactosidase. These changes were accompanied by 

marked changes in autophagy-related proteins, including an increased LC3II/I ratio, de-

creased p62 levels, and the upregulation of Atg7, Atg5, and Beclin-1 proteins, suggesting 

an abnormal activation of autophagy flux. This dysregulation was likely a consequence of 

mitochondrial dysfunction, mitochondrial permeability transition pore (mPTP) opening, 

and ROS accumulation. Treatment with ICA effectively mitigated these effects by reduc-

ing ROS generation, autophagy marker expression, and cell death. Notably, the protective 

action of ICA seemed to be dependent on its ability to attenuate mPTP permeability and 

consequently promote autophagic homeostasis [171]. In vivo studies using the SAMP8 

and ceramide-based senescence mice model further support ICA’s anti-senescent effects. 

Chronic ICA administration improved memory performance and reduced senescence 

markers such as SA-β-Gal and p21 in a p53-mediated process [172]. Moreover, ICA treat-

ment reduced p62 and LC3-II protein expression, decreasing autophagosome formation 

and suggesting that ICA prevents senescence not by enhancing, but by modulating au-

tophagic flux [35]. Collectively, these findings suggest that ICA may exert neuroprotective 

effects by fine-tuning autophagy to prevent maladaptive overactivation rather than by 

broadly increasing autophagic activity. More detailed information from studies related to 

this topic is found in Table 4. 

6. Excitotoxicity and ICA 

Excitotoxicity arises from an imbalance in excitatory–inhibitory neurotransmission, 

most commonly due to excessive glutamate, which leads to overstimulation of the 

postsynaptic neurons. This process triggers an abnormal influx of calcium ions and the 
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activation of pro-apoptotic pathways involving p53, JNK/p38, and caspase-3 [107]. Expo-

sure to high glutamate concentrations results in neuronal injury, a phenomenon strongly 

implicated in the pathogenesis of neurodegenerative diseases [173]. Recent evidence iden-

tifies ICA as a potential neuroprotective agent against excitotoxic cell death. In human 

SH-SY5Y neuroblastoma cells exposed to 10 mM glutamate, ICA treatment conferred 

dose-dependent protection by restoring antioxidant defenses, limiting intracellular cal-

cium accumulation, upregulating phosphorylated ERK, CREB, and CaMKIIα, and reduc-

ing apoptosis-related protein expression [26]. Beyond glutamate-induced toxicity, ICA 

also demonstrated neuroprotection against other excitotoxic insults. In a methylmercury-

induced model of amyotrophic lateral sclerosis, a motor neuron degenerative disease, ICA 

enhanced the expression of SIRT-1, Nrf-2, and HO-1 while decreasing TNF-α and IL-1β 

levels [85]. Similarly, in ibotenic acid-induced excitotoxicity, ICA increased the Bcl-2/Bax 

ratio and suppressed phosphorylation of Erk 1/2, JNK, and p38 proteins, all members of 

the MAPK family [162]. In another study using albino Wistar rats, ICA ameliorated am-

monia–glutamate-induced excitotoxicity via its antioxidant properties and stimulation of 

the NO/cGMP pathway [163]. Collectively, these studies show how ICA can be a powerful 

agent against excitotoxicity and its death pathways. 

7. ICA Regulates Endoplasmic Reticulum Stress Under  

Pathological Conditions 

The endoplasmic reticulum is a dense, membrane-bound organelle that plays a piv-

otal role in calcium storage and in the synthesis of lipids and proteins, accounting for the 

production of more than one-third of all cellular proteins [174]. Within its lumen, newly 

synthesized proteins undergo proper folding and, frequently, post-translational modifi-

cations before being transported to their final destinations. Under pathological conditions 

such as oxidative stress, nutrient deprivation, or inflammation, the protein-folding capac-

ity of the endoplasmic reticulum (ER) can become overwhelmed, leading to the accumu-

lation of misfolded or unfolded proteins. This accumulation triggers a condition known 

as ER stress, which, in turn, activates the unfolded protein response (UPR), a signaling 

network able to restore ER homeostasis. The unfolded protein response enhances the ER’s 

folding capacity and reduces the burden of new protein synthesis through three primary 

sensors: PERK (protein kinase RNA-like endoplasmic reticulum kinase), IRE1α (inositol-

requiring enzyme 1 alpha), and ATF6 (activating transcription factor 6) [175]. Under stress 

conditions, the dissociation of chaperones such as binding immunoglobulin protein 

(BiP)/GRP78 from these sensors enables their activation. IRE1α and PERK undergo trans-

autophosphorylation, initiating signaling cascades that activate transcription factors in-

cluding XBP1 and ATF4, respectively. PERK further attenuates global translation via 

phosphorylation of the initiation factor eIF2α, thereby reducing the load of emerging pol-

ypeptides entering the ER. In addition, IRE1α mediates regulated IRE1-dependent decay 

(RIDD), which degrades mRNA in order to reduce ER stress levels. ATF6, in turn, is trans-

ported to the Golgi apparatus, where it is cleaved by site-1 and site-2 proteases (S1P and 

S2P), releasing a soluble cytosolic fragment that functions as a transcription factor [176]. 

ER stress can also be counterbalanced by endoplasmic reticulum-associated degradation 

(ERAD) and reticulophagy. In the former case, misfolded or unfolded proteins are trans-

ported from the endoplasmic reticulum lumen to the cytosol through membrane-associ-

ated transporters, where they are ubiquitinated and subsequently degraded by pro-

teasomes. In reticulophagy, segments of the endoplasmic reticulum containing unfolded 

or misfolded proteins are delivered to and fused with lysosomes, where they are subse-

quently degraded by acidic hydrolases [175,177]. However, if ER stress persists or be-

comes excessive, adaptive responses give way to apoptotic signaling. For example, these 

sensors share the ability to increase CHOP (C/EBP-homologous protein) expression. 
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CHOP is a transcription factor that regulates the expression of pro-apoptotic proteins such 

as BAX, Bcl-2-interacting mediator of cell death (BIM), and PUMA, while suppressing 

anti-apoptotic proteins, including BCL-2 and BCL-XL, thereby promoting activation of the 

intrinsic apoptotic pathway [175,178]. Prolonged activation of IRE1α converts it into a sig-

naling scaffold through its association with TNF-associated factor 2 (TRAF2) and ASK1, 

leading to JNK and p38 activation and the induction of mitochondria-dependent cell 

death via modulation of pro-apoptotic proteins such as BAX, BAK, BIM, and BH3-inter-

acting domain death agonist (BID) [178]. The recruitment of TRAF2 by IRE1α also results 

in the dissociation of TRAF2 from caspase-12, which is localized at the ER membrane. 

Once released from TRAF2, caspase-12 undergoes facilitated activation, triggering the ac-

tivation of caspase-9 and caspase-3 in a cytochrome c- and apoptotic protease activating 

factor 1 (Apaf-1)-independent manner. In addition, caspase-12 can be cleaved by calpains 

activated by calcium release from the endoplasmic reticulum lumen during ER stress [178]. 

Although prolonged ER stress is a classical inducer of apoptotic cell death, a growing 

body of evidence indicates that ER-induced cell death may also proceed through ferrop-

tosis (see Section 8). In this context, an imbalance in calcium and iron homeostasis induced 

by ER stress culminates in the production of ROS and the execution of ferroptosis [177]. 

Thus, pharmacological or molecular attenuation of ER stress represents a promising 

therapeutic strategy across a broad spectrum of diseases. Although relatively underex-

plored, current evidence indicates that the neuroprotective effects of ICA against neuronal 

loss are mediated, at least in part, through the inhibition of ER stress. ICA has been re-

ported to attenuate ER stress in several experimental contexts, including models of Alz-

heimer’s disease [129], MCAO [80], SCI [33], OGD/R [137], and pharmacologically-in-

duced ER stress [130,164]. Across these models, ICA treatment led to a marked reduction 

in the expression of key ER stress markers and associated apoptotic mediators, including 

GRP78, phosphorylated PERK (p-PERK), IRE1α, phosphorylated eIF2α (p-eIF2α), ATF4, 

XBP1, CHOP, and cleaved caspase-12 [129,130,164]. 

In rat hippocampal and cortical neuron cultures in which ER stress was triggered by 

corticotropin-releasing hormone (CRH) or OGD/R, ICA treatment effectively prevented 

ER stress progression by inhibiting NF-κB activation and, consequently, reducing the as-

sociated inflammatory response [137,165]. In PC12 cells, ICA administration for 24 hours 

activated the transcription factor NFE2L1, leading to increased expression of synoviolin, 

an ER-anchored E3 ubiquitin ligase responsible for degrading misfolded proteins [130]. 

This ICA-induced upregulation of synoviolin conferred significant protection against ER 

stress-mediated apoptosis, an effect that was abolished when synoviolin expression was 

silenced via siRNA [130]. 

Another molecular target implicated in ICA’s regulation of ER stress is the PI3K/Akt 

signaling pathway. In a mouse model of SCI, ICA administration (50 μmol/kg/day) pre-

vented injury-induced upregulation of IRE1α, ATF6, XBP1, eIF2α, GRP78, and CHOP. 

The ER stress induced by thapsigargin in cultured spinal cord neurons was also blocked 

by pretreatment with ICA in a PI3K/AKT pathway-dependent manner. The PI3K inhibitor 

LY294002 abolished ICA’s protective effect, indicating that the suppression of ER stress 

and the promotion of cell survival by ICA are dependent on PI3K/Akt signaling [33]. In 

addition to modulating intracellular signaling, ICA may directly interact with ER stress-

related proteins. Molecular docking analyses demonstrated ICA’s ability to bind to the 

active sites of GRP78, IRE1α, and PERK, with calculated binding free energies of -8.87, -

9.80, and -10.35 kcal/mol, respectively. ICA formed hydrogen bonds with Asp34 and 

Thr37 of GRP78; Glu651 and Cys645 of IRE1α; and Asp955, Cys891, and Met934 of PERK. 

These interactions suggest that ICA can directly regulate these key ER stress sensors, 

thereby suppressing ER stress-induced injury in models of ischemic stroke [80] (Figure 5). 

For more detailed information about studies discussed in the present topic, see Table 4. 
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Figure 5. ICA acts on multiple molecular targets to prevent apoptosis induced by ERS (endoplasmic 

reticulum stress). Misfolded or unfolded proteins in the ER are retrotranslocated to the cytosol and 

ubiquitinated (Ub) by synoviolin. ICA stimulates NFE2L, which may further promote synoviolin 

expression. Excess accumulation of misfolded proteins in the ER activates the unfolded protein re-

sponse (UPR) sensors ATF6, PERK, and IRE1α. ATF6 translocates to the Golgi apparatus, where it 

is cleaved into its active form (ATF6f), whereas PERK and IRE1α are activated through autophos-

phorylation. Activation of both sensors leads to increased CHOP (C/EBP-homologous protein). 

CHOP promotes the transcription of pro-apoptotic factors, such as BAX, BIM, and PUMA, while 

suppressing anti-apoptotic proteins, including Bcl2 and Bcl-XL. ICA inhibits IRE1α and ATF6 acti-

vation by activating the pAkt pathway, PERK activation, and CHOP expression, while increasing 

Bcl2 and reducing BAX expression. IRE1α can also form a signaling platform with ASK1 and TRAF2. 

ASK1 activates p38 MAPK and JNK, promoting CHOP expression and apoptosis. The dissociation 

of TRAF2 from procaspase-12 located in the ER membrane favors its activation, thereby promoting 

the proteolytic cleavage of caspases. ICA can inhibit caspase-12 activation and block apoptosis 

through this pathway. ER calcium release into the cytosol increases ROS production and promotes 

calpain activation. Calpain promotes the conversion of procaspase-12 into active caspase-12, which 

subsequently activates caspase-9 and caspase-3, leading to apoptosis. Furthermore, ICA promotes 

the nuclear translocation of Nrf2, enhancing antioxidant and anti-apoptotic responses. 

Together, these findings indicate that ICA may exert its beneficial effects in CNS cells 

by preventing ER stress triggered by different insults, thereby advancing understanding 

of this flavonoid’s mechanism of action. However, further studies are needed to better 

elucidate the molecular mechanisms underlying ER stress inhibition. 

8. Role of ICA in Ferroptosis 

Ferroptosis is a non-apoptotic, regulated form of cell death that plays a pivotal role 

in degenerative diseases and malignancies [179]. It is an iron-dependent process charac-

terized by extensive peroxidation of polyunsaturated fatty acids (PUFAs) within mem-

brane phospholipids, leading to membrane destabilization and rupture independently of 

caspase activation [179,180]. The iron metabolism plays an important role in the execution 

of ferroptosis. Extracellular iron bound to transferrin is internalized via endocytosis 

through its interaction with Transferrin Receptor 1 (TfR1). Within endosomes, ferric iron 
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(Fe3+) is reduced to ferrous iron (Fe2+) and exported to the cytosol by metal transport pro-

teins (such as divalent metal transporter 1 (DMT1)) [179,181,182]. Subsequently, Fe2+ is 

sequestered within ferritin for storage, a process facilitated by interactions with poly(rC)-

binding proteins [179]. This cytosolic Fe2+ is central to ferroptotic mechanisms, as it fuels 

the Fenton reaction, generating ROS such as peroxyl and hydroperoxyl radicals. These 

radicals catalyze the peroxidation of PUFAs, triggering a self-propagating chain reaction 

across the plasma membrane. Additionally, this process can be initiated by non-enzymatic 

Fenton-type reactions or enzymatically via lipoxygenases [179,183]. 

Another hallmark of ferroptosis is the reduction in antioxidant enzymes, particularly 

glutathione peroxidase 4 (GPX4), an enzyme that converts phospholipid peroxides into 

lipid alcohols, with expression controlled by selenium and GSH [184]. GSH is an essential 

cofactor for peroxidases, inhibiting lipid peroxidation and limiting the Fenton reaction by 

reducing hydroxyl radicals. GSH biosynthesis is regulated by cysteine metabolism, which 

involves cysteine acquisition via system Xc− or de novo synthesis through the trans-sul-

furation pathway [179,185]. Once inside the cell, cysteine is processed by glutamate–cys-

teine ligase (GCL) and GSH synthetase (GSS) to generate the γ-glutamyl-cysteinyl-glycine 

tripeptide. In this way, ferroptosis inducers like erastin and sulfasalazine inhibit system 

Xc−, preventing cystine import, while RAS-selective lethal 3 (RSL3) and statins induce fer-

roptosis via GPX4 inhibition [186,187]. 

Overexpression of ferritin heavy chain 1 (FTH1) in PC12 cells exposed to 6-OHDA, 

classically used to reproduce in vivo models of Parkinson’s disease, blocks ferroptosis and 

improves cell viability [188]. In a ferroptosis model induced by RSL3 in murine hippo-

campal HT22 cells, several flavonoids conferred protection. In contrast, ICA failed to pre-

vent ferroptotic loss of cell viability, although only a single dose of 10 μM was tested, and 

higher concentrations may be required to prevent cell death [166]. Nevertheless, emerging 

evidence suggests a potential link between ICA and Mouse Double Minute 2 

(MDM2)/Mouse Double Minute X (MDMX), negative regulators of p53 that promote fer-

roptotic death by altering membrane lipid composition. Inhibition of the MDM2/MDMX 

complex has been shown to lead to an accumulation of monounsaturated lipids, reduced 

CoQ10, and modify acylcarnitines and tri/diacylglycerols [189]. Network pharmacology 

analyses have identified MDM2 as a putative ICA target [36]. In APP/PS1 Alzheimer’s 

disease mice (10 months old), both ICA treatment and MDM2 knockdown prevented 

memory impairment, reduced intracellular iron accumulation, and restored antioxidant 

capacity [36]. Moreover, ICA and its glycosides effectively inhibit lipid peroxidation [190]. 

Specifically, ICA alone mitigates iron overload-induced mitochondrial damage through 

the modulation of ERK1/2/JNK-MAPK and PI3K/AKT/mTOR signaling pathways in bone 

marrow stromal cells [141,191]. Although the available evidence remains sparse, these 

findings collectively suggest that ICA may prevent ferroptotic cell death in neurodegen-

erative contexts, potentially through mechanisms involving iron homeostasis, antioxidant 

restoration, and MDM2 modulation. Further investigation into how ICA modulates fer-

roptosis-related markers—specifically ferritin, TfR1, GPX4, and the system xc−—is re-

quired to elucidate its therapeutic mechanism, as existing studies suggest its active role in 

regulating these pathways [167,168]. 

9. Conclusions 

Traditional knowledge represents an invaluable resource for the identification of bi-

oactive molecules with therapeutic potential, many of which are now globally available 

as dietary supplements, reflecting the widespread adoption of these practices. However, 

confirmation of these promising effects with scientific studies is important to ensure ade-

quate, secure, and efficient use in patients across different disease contexts. ICA, a poly-

phenolic compound present in Epimedium-based formulations, has demonstrated broad 
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systemic protective effects in a wide range of experimental models. In this review, we 

synthesized the molecular mechanisms through which ICA modulates neural cell death 

pathways. ICA attenuates neuroinflammation by reducing the expression of inflamma-

tory mediators, including TNF-α, IL-1β, IL-6, iNOS, and COX-2, and by suppressing key 

signaling cascades such as NF-kB and TLR4. Interestingly, ICA also seemed to modulate 

the immune system systemically, by inhibiting Th1 and Th17 cell differentiation and sup-

pressing inflammatory infiltration in the CNS. Therefore, ICA’s anti-inflammatory impact 

appears to be robust, modulating local and systemic responses. In this context, more stud-

ies are necessary to better describe and to confirm the contribution of systemic or local 

inflammatory modulations to ICA’s neuroprotective benefits in neurodegenerative dis-

eases. In parallel, ICA counteracts oxidative stress by consistently reducing ROS, NO, and 

lipid peroxidation, while promoting Nrf2 nuclear translocation and the upregulation of 

antioxidant enzymes such as HO-1 and NQO1. This antioxidant response exhibits exten-

sive crosstalk with inflammatory signaling and contributes to the modulation of excitotox-

icity, ferroptosis, ER stress, and autophagy. 

Preclinical evidence consistently indicates a robust neuroprotective effect of ICA 

against apoptosis in different models that mimic CNS pathologies. Its action is predomi-

nantly associated with the modulation of anti- and pro-apoptotic proteins, such as Bcl-2 

and BAX, respectively. Additional evidence suggests that icariin inhibits apoptosis by re-

ducing ER stress. However, other regulatory factors of the apoptotic pathway may also be 

modulated by ICA but have not yet been investigated. In this context, inhibitors of apop-

tosis proteins (IAPs), which suppress caspase activity, could potentially be upregulated 

by ICA. Another pro-apoptotic member of the Bcl-2 family that has gained increasing at-

tention in recent years is Bcl-2-related ovarian killer (BOK). BOK is localized to the endo-

plasmic reticulum membrane and is capable of inducing ER stress-dependent apoptosis 

as well as mitochondrial outer membrane permeabilization independently of BAX and 

BAK. Therefore, evaluating the potential effects of ICA on BOK may provide novel and 

relevant insights into the mechanisms underlying the flavonoid’s modulation of cell 

death. 

Another emerging topic in the literature is the inhibitory effect of ICA on ferroptosis-

induced cell death. Evidence in the CNS remains limited and requires further investiga-

tion. There are currently no data demonstrating that ICA regulates components of system 

Xc−, a cystine transporter essential for glutathione synthesis, nor are there data regarding 

its effects on proteins involved in iron metabolism, such as ferritin and transferrin. Fer-

roptosis depends on polyunsaturated fatty acids in biological membranes, which are in-

corporated into these structures through specific enzymatic pathways. It is plausible that 

the inhibition of ferroptosis by ICA involves the regulation of these critical molecular tar-

gets required for the initiation of this form of cell death. Accordingly, investigating these 

pathways is essential to better understand the relationship between ICA and ferroptosis. 

ICA further enhances cell survival by activating pro-survival signaling pathways, 

most notably PI3K/Akt/GSK-3β axis, with multiple studies indicating a strong depend-

ence on SIRT-1 activation. As discussed here, computational modeling studies suggest 

that ICA can directly bind to proteins extremely important in neurodegenerative diseases, 

such as BDNF-related signals, RAGE, and glutamate ionotropic receptor AMPA type sub-

unit 1. Therefore, besides the consistent antioxidant, anti-inflammatory, and anti-apop-

totic signaling properties in the nervous system, ICA could promote neuroprotection by 

directly modulating key targets of neurodegeneration. However, the interpretation of 

these effects is complicated by the lack of standardization across experimental models, 

heterogeneous routes of administration, and wide variability in dosing regimens. Im-

portantly, these limitations should be considered within a pharmacokinetic–pharmacody-

namic framework. Low oral bioavailability, rapid systemic clearance, and limited neural 
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tissue distribution impose constraints on ICA’s application as a conventional CNS-tar-

geted therapeutic agent. The apparent requirement for higher doses in CNS-related mod-

els, compared with peripheral or ocular targets, likely reflects pharmacokinetic barriers 

rather than reduced intrinsic efficacy. In this context, extensive metabolism and the gen-

eration of bioactive derivatives, such as icariside I, icariside II, and icaritin, may substan-

tially contribute to the neuroprotective effects attributed to ICA in vivo. 

Despite the limitations of the preclinical evidence, the data are robust and support 

ICA as a promising candidate for neurodegenerative disorders. However, clinical re-

search in neurodegenerative disease contexts remains largely unexplored. To date, only a 

single uncontrolled clinical study has reported a reduction in depressive symptoms in 

patients with bipolar disorder and comorbid alcohol use disorder following ICA admin-

istration [132]. Moreover, current clinical and translational studies rarely address the con-

tribution of ICA metabolites or define outcome measures relevant to CNS disorders. 

Collectively, current evidence indicates that ICA does not operate as a single-target 

neuroprotective agent but rather as a pleiotropic modulator whose efficacy is shaped by 

dose, tissue accessibility, metabolic conversion, and cellular context. Future investigations 

should therefore move beyond descriptive efficacy and prioritize direct comparisons be-

tween ICA and its major metabolites, dose-dependent and tissue-specific analyses, and 

pharmacokinetically informed experimental designs. Addressing these challenges will be 

essential to translate robust preclinical neuroprotection into clinically meaningful appli-

cations. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ICA Icariin 

SIRT3 Sirtuin 3 

PRDX3 Peroxiredoxin 3 

ROS Reactive Oxygen Species 

RNS Reactive Nitrogen Species 

BBB Blood–brain barrier 

PD Parkinson’s Disease 

AD Alzheimer’s Disease 

ER Endoplasmic Reticulum 

CNS Central Nervous System 

Nrf2 Nuclear Factor Erythroid 2–Related Factor 2 

SIRT1 Sirtuin 1 

Prx1 Peroxiredoxin 1 

ARE Antioxidant Response Element 

ERα/ERβ Estrogen Receptor Alpha/Beta 

PERK Protein Kinase RNA-like ER Kinase 

GRP-78 Glucose-Regulated Protein 78 

IRE1α Inositol-Requiring Enzyme 1 Alpha 

XBP1 X-Box Binding Protein 1 

Bcl-2 B-cell Lymphoma 2 

Bax Bcl-2-Associated X Protein 

PGC-1α PGC-1 Alpha 

C57BL/6 C57 Black 6 

SJL/J Swiss Jim Lambert/Jackson 

TNF-α Tumor Necrosis Factor Alpha 

iNOS Inducible Nitric Oxide Synthase 

ERK1/2 Extracellular Signal-Regulated Kinases 

p38 p38 MAPK 

IL-6/IL-1β Interleukin 6/1 Beta 

HIF-1α Hypoxia-Inducible Factor 1 Alpha 

NMDA N-Methyl-D-Aspartate Receptor 

TRPV1 Transient Receptor Potential Vanilloid 1 

GLUN2B NMDA Receptor Subunit 2B 

PNI Peripheral Nerve Injury 

NF-κB Nuclear Factor Kappa B 

p65 RelA Subunit of NF-κB 

COX-2 Cyclooxygenase 2 

p-AKT Phosphorylated Protein Kinase B 

IGF-1R Insulin-Like Growth Factor 1 Receptor 

LPS Lipopolysaccharide 

TLR4 Toll-Like Receptor 4 

APP/PS1 Amyloid Precursor/Presenilin 1 

TGF-β1 Transforming Growth Factor Beta 1 

cGAS-

STING 
cGAS-STING Pathway 

CD206 Cluster of Differentiation 206 

TBK1/IRF3 TBK1/Interferon Reg. Factor 3 

NLRP3 NOD-Like Receptor protein 3 
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HMGB1 High Mobility Group Box 1 

MCAO Middle Cerebral Artery Occlusion 

HPA Axis Hypothalamic-Pituitary-Adrenal Axis 

BV-2 Brain Ventricular 2 

HO-1 Heme Oxygenase 1 

ALS Amyotrophic Lateral Sclerosis 

6-OHDA 6-Hydroxydopamine 

GSH/GSSG Reduced/Oxidized Glutathione 

MDA Malondialdehyde 

SOD Superoxide Dismutase 

GSH-PX Glutathione Peroxidase 

PC12 Pheochromocytoma Cell Line 12 

CAT Catalase 

SN Substantia Nigra 

EX527 Sirtinol II 

SH-SY5Y SH-SY5Y 

BDNF Brain-Derived Neurotrophic Factor 

AMPA AMPA Receptor 

RAGE Receptor for Advanced Glycation End Products 

NQO1 NAD(P)H Quinone Dehydrogenase 1 

CPZ Cuprizone 

MBP Myelin Basic Protein 

BMDM Bone Marrow-Derived Macrophages 

SCI Spinal Cord Injury 

mTOR Mechanistic Target of Rapamycin 

IAPS/XIAP Inhibitors of Apoptosis Proteins 

NFT Neurofibrillary Tangles 

JNK/MAPK JNK/Mitogen-Activated Protein Kinase 

GSK-3β Glycogen Synthase Kinase 3 Beta 

Aβ Amyloid Beta Peptide 

DG/CA3 Dentate Gyrus/Cornu Ammonis 3 

TH Tyrosine Hydroxylase 

CUMS/CMS Chronic Mild Stress 

HIBD Hypoxic-Ischemic Brain Damage 

OGD/R Oxygen-Glucose Deprivation 

CMA Chaperone-Mediated Autophagy 

LC3 Light Chain 3 

CREB cAMP Response Element-Binding 

UPR Unfolded Protein Response 

CHOP/ATF4 CHOP/ATF4 

PUFA Polyunsaturated Fatty Acids 
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