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ABSTRACT

Neurologic disorders are the leading cause of illness and disability as a result of increased life expectancy and 
global population aging, highlighting the urgent need and great challenge for discovering neuroprotective agents 
with better efficacy and minimal side-effects. Catalpol, an iridoid glycoside derived from Rehmanniae Radix, has 
therapeutic potential in neurologic diseases due to its diverse biological activities. This review summarizes the research 
advances and therapeutic potential of catalpol for a wide range of neurologic disorders, including depression, 
cognitive impairment, stroke, Parkinson’s disease, and multiple sclerosis. A comprehensive discussion of experimental 
models used, dosages, duration of treatment, and mechanisms involved is provided. The common mechanisms 
underlying the neuroprotective effects of catalpol on these neurologic disorders are closely related to antioxidant, 
anti-neuroinflammatory, and anti-apoptotic properties, as well as the capacity to promote neuroplasticity and 
neurogenesis. Despite the promising results from experimental studies, there are still challenges to be addressed, 
such as identifying direct binding targets, assessing toxicologic effects, and understanding pharmacokinetics. 
Furthermore, well-designed and controlled clinical trials should be conducted to validate the efficacy and safety for 
treating various neurologic conditions. This review provides compelling evidence supporting catalpol as a promising 
natural neuroprotective agent.
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1. INTRODUCTION

Neurologic disorders have become the leading cause 
of illness and disability and the second leading cause 
of death due to global population aging in the past 
30 years [1]. From 1990 to 2017 the number of peo-
ple affected by various neurologic disorders in the US 
has increased substantially and has imposed a substan-
tial burden on the healthcare system and society [2]. 
Neurologic diseases often stem from the structural, bio-
chemical, or electrical abnormalities in the brain, spinal 
cord, peripheral nerves, or autoimmune system. These 
disorders encompass a wide range of conditions, includ-
ing neurodevelopmental, neurodegenerative, neu-
ropsychiatric, cerebrovascular, neuroimmunologic, and 
neuromuscular disorders, traumatic injuries, Alzheimer’s 
disease (AD) and other dementias, Huntington’s disease 
(HD), Parkinson’s disease (PD), stroke, epilepsy, anxi-
ety, depression, multiple sclerosis (MS), traumatic brain 

injury (TBI), spinal cord injury (SCI), amyotrophic lateral 
sclerosis (ALS), headaches, and migraines, and neuro-
pathic pain [3, 4].

Although the specific etiologies of these neurologic 
diseases vary greatly, genome-wide association study 
(GWAS) analysis revealed the shared genetic susceptibil-
ity and molecular connection among major psychiatric 
and neurodegenerative diseases, such as immune func-
tion, mitochondrial processes, and synaptic transmission 
[5]. Neuroinflammation is considered one of the most 
common pathogenic factors in various neurologic disor-
ders [6] with inflammasome activation contributing to 
the pathophysiologic progression [7]. In addition, cen-
tral nervous system (CNS) vulnerability to reactive oxy-
gen species (ROS)-mediated damage makes oxidative 
stress another key factor in the pathogenesis of neuro-
logic conditions [8]. Oxidative stress-induced ferroptosis 
has also emerged as a pivotal mechanism underlying the 
occurrence and progression of these disorders [9]. Given 
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the high energy demands of the brain, disruptions in 
energy metabolism commonly accompanies neuro-
logic diseases, highlighting a new “neuroenergetics” 
perspective [10]. Mitophagy, the selective elimination 
of damaged mitochondria, is essential for regulating 
the number of mitochondria and maintaining energy 
metabolism in the CNS. Because neuronal cells primar-
ily rely on mitochondrial oxidative phosphorylation 
for ATP production, dysfunctional mitophagy is closely 
linked to neurologic disorders [11]. Moreover, differen-
tiation of oligodendrocyte precursor cells (OPCs) into 
mature myelinating oligodendrocytes also requires high 
metabolic and mitochondrial activity. Therefore, dis-
rupted OPC differentiation is increasingly recognized 
as a contributor to neurodegenerative disorders, which 
are characterized by elevated oxidative and carbonyl 
stress [12]. Furthermore, changes in synaptic plasticity 
are another hallmark of many neurologic conditions. 
For example, microglia-mediated synaptic elimination 
via the complement cascade is implicated in AD [13, 14]. 
Neurotransmitters, which are responsible for synaptic 
connection forming and information processing, often 
exhibit dysregulated homeostasis in neurologic disor-
ders, further contributing to the pathophysiology [15]. 
The recently acknowledged gut-brain axis underscores 
the role in connecting gut microbiota and the immune 
system to brain function and the development of neu-
rologic disorders [16].

In the past decade a wide range of therapeutic 
options for neurologic disorders has emerged, includ-
ing mesenchymal stem cell (MSC) transplantation [17], 
adeno-associated virus (AAV)-based gene therapy [18], 
RNA-based therapeutics [19], brain stimulation [20], and 
fecal microbiota transplantation [21]. However, most of 
these approaches are still in the preclinical stages and 
the translation to clinical applications may take years. 
Currently, while some first-line pharmacologic treat-
ments are available to alleviate symptoms, such as selec-
tive serotonin reuptake inhibitors (SSRIs) for depres-
sion, diazepam for anxiety, memantine for AD, and 
levodopa for PD [22-24], concerns about adverse effects 
and safety assessments limit use [25]. Therefore, natural 
medicinal herbs and ethnopharmacologic prescriptions 
have gained increasing attention in recent years due to 
historical use and reported therapeutic benefits, includ-
ing reduced side effects compared to synthetic drugs.

Lily bulb and Rehmannia decoction (LBRD), a common-
ly-used classic traditional Chinese medicine (TCM) for-
mula, was documented in the Synopsis of Prescriptions 
of the Golden Chamber, written by Zhongjing Zhang for 
treating “emotional disorders.” This well-known for-
mula, which consists of Lilium henryi Baker (Liliaceae) 
and Rehmannia glutinosa (Gaertn) DC (Plantaginaceae), 
has demonstrated antidepressant effects in preclinical 
experiments and clinical trials via multiple pathways 
[26], as follows: correction of neurotransmitter deficits 
and inflammation imbalance [27]; regulating glycero-
phospholipid metabolism and glutamatergic synapses 

based on metabolomics studies and network pharma-
cology [28]; altering the expression of a variety of micro-
RNAs [29]; and inhibiting neuroinflammation and intes-
tinal permeability via the gut microbiota-brain axis [30]. 
In our previous studies Lily bulb and Rehmanniae Radix 
extract were shown to have ameliorative effects on 
menopausal neuropsychiatric disorders by modulating 
neurotransmitters, neurotrophins, and estrogen recep-
tors [31, 32]. The pharmacologic effects of Rehmanniae 
Radix have been extensively studied, including antiox-
idative, anti-inflammatory, anti-tumor, antidepressant, 
neuroprotective, immunomodulatory, and anti-aging 
effects, and protective roles against diabetes, bone 
metabolism, cardiovascular and cerebrovascular dis-
eases, spinal cord injuries, and liver and kidney injuries 
[33, 34].

Iridoids, a class of naturally occurring compounds 
found in a variety of plants, are known for diverse 
biological activities, including neuroprotective effects. 
Recent studies have highlighted the potential of iri-
doids in protecting neural cells from damage, making 
neural cells a promising therapeutic target for neuro-
degenerative diseases. Specifically, eight iridoid compo-
nents in R. glutinosa reversed an imbalanced metabolic 
state and harmonized the level of oxidized substances 
to exhibit neuroprotective effects against corticoster-
one-induced injury in PC12 cells [35]. Similarly, several 
iridoids from Valeriana jatamansi have shown moderate 
neuroprotective effects against CoCl2-induced neuronal 
cell death in PC12 cells [36, 37]. An early review further 
supported the neuroprotective effects of iridoids, in 
which the antioxidant and anti-inflammatory properties 
have been shown to attenuate neuronal damage [38]. 
Another review emphasized the therapeutic potential 
of iridoids for AD and PD [39]. Taken together, these 
studies suggested that iridoids may represent a promis-
ing class of compounds in the development of therapeu-
tic strategies for neurodegenerative diseases.

Catalpol, an iridoid glycoside derived from 
Rehmanniae Radix, has a central role in many of these 
pharmacologic activities [33, 40]. The plant source (R. 
glutinosa) and chemical structure of catalpol are shown 
in Figure 1. While earlier studies have summarized the 
therapeutic potentials of catalpol in AD and depression 
[41, 42], this review provides a comprehensive overview 
of the effects on a broad spectrum of neurologic disor-
ders and related mechanisms, including depression, AD, 
stroke, PD, MS, Duchenne muscular dystrophy (DMD), 
epilepsy, TBI, neuropathic pain, and attention deficit 
hyperactivity disorder (ADHD). The mechanisms underly-
ing each neurologic condition are also discussed, provid-
ing robust evidence for catalpol as a promising natural 
neuroprotective agent for future clinical applications.

2. METHODOLOGY

We conducted a literature search on catalpol and neu-
rologic disorders using PubMed, Elsevier, ScienceDirect, 
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SpringerLink, Web of Science, Chinese National 
Knowledge Infrastructure (CNKI), and Scopus data-
bases with publications up to April 2025 included. The 
searched keywords included “catalpol,” “neurologic dis-
orders,” “depression,” “Alzheimer’s disease” or “mem-
ory” or “cognitive impairment,” “ischemic stroke,” 
“Parkinson’s disease,” “multiple sclerosis,” “neuromus-
cular disease,” “epilepsy,” “traumatic brain injury,” 
“neuropathic pain,” “attention deficit hyperactivity dis-
order,” and “post-traumatic stress disorder.” The inclu-
sion criteria were as follows: (1) original studies on the 
neuroprotective activity of catalpol and the mechanism 
of action; and (2) in vivo and in vitro studies. The exclu-
sion criteria: (1) duplicate articles; and (2) studies with 
an unclear dose of catalpol. A total of 50 articles were 
included in this study.

3. NEUROPROTECTIVE ACTIVITIES AND RELATED 
MECHANISMS OF ACTION

3.1 Depression
Depression is a prevalent mental disorder primarily 
manifested as anhedonia, low mood, loss of interest 
in everything, exhaustion, and worthlessness, affecting 
approximately 3.8% of the global population according 
to a survey from the World Health Organization (https://
www.who.int/news-room/fact-sheets/detail/depression). 
Multiple hypotheses have been proposed to explain 
the pathogenesis of depression, including genetic fac-
tors, environmental stress factors, hypothalamus-pi-
tuitary-adrenal (HPA) axis hyperactivity, monoamine 
neurotransmitter deficiency or dysfunction, oxidative 
stress, neuroinflammation, neurogenesis, and synap-
tic plasticity [43, 44]. As a result, a variety of animal 
models have been developed to gain deeper insight 
into neurobiological basis of depression, including the 
learned helplessness, olfactory bulbectomy, unpredicted 
chronic mild stress, early life stress, social defeat, chronic 

restraint stress, glucocorticoid/corticosterone, physical 
pain, and genetic or transgenic models [45, 46]. While 
the existing rodent models of depression have limita-
tions, such as an inability to fully reflect feelings (sad-
ness, guilt, or suicidal thoughts), these models are val-
uable tools for studying molecular, genetic, epigenetic, 
and environmental risk factors involved in the patho-
genesis of depression [45].

Catalpol has been extensively studied for antide-
pressant effects in various experimental models with 
the most widely investigated model being depression 
induced by chronic unpredictable mild stress (CUMS) 
lasting for at least 3 weeks, as shown in Table 1. The 
mechanisms underlying CUMS-induced depression are 
generally attributed to anti-oxidant effects via the 
nuclear factor erythroid 2-related factor 2 (Nrf2)/heme-
oxygenase-1 (HO-1) signaling pathway [47, 48], inhibi-
tion of HPA axis hyperactivity [49], neuroinflammation 
[48, 50, 51], and regulation of synaptic plasticity [52, 53]. 
The antidepressant effects of catalpol inhibit HPA axis 
hyperactivity and enhance central antioxidant defense 
via the dual regulation of nuclear factor kappa-B (NF-κB) 
and Nrf2 in corticosterone (CORT)-induced depression 
[54]. Furthermore, catalpol has been reported to ame-
liorate depression-like behavior in mice with streptozo-
tocin-induced hyperglycemia [55] and post stroke [56], 
the underlying mechanisms of which are partly attrib-
uted to restoration of the balance between oxidation 
and antioxidation, and promotion of phosphoinositide 
3-kinase (PI3K)-mediated adult hippocampal neurogen-
esis, respectively. Additionally, catalpol increases seroto-
nin (5-HT) and 5-HT metabolite 5-hydroxyindoleacetic 
acid (5-HIAA) levels in the brains of mice, suggesting 
that the antidepressant effects of catalpol may be medi-
ated by the central serotonergic system [57].

Notably, the phosphatidylinositol 3-kinase (PI3K)/pro-
tein kinase B (AKT or PKB) signaling pathway has been 
implicated in the antidepressant effects of catalpol [47, 

Figure 1  |  Representative images of Rehmannia glutinosa and the chemical structure of catalpol.
A: Original plant of Rehmannia glutinosa; B: Medicinal material derived from Rehmannia glutinosa; C: Chemical structure of catalpol.
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55, 56]. As an upstream signaling cascade, the PI3K/AKT 
pathway has a crucial role in neuronal survival, prolif-
eration, and apoptosis. A recent review has systemati-
cally summarized the regulatory effects of the PI3K/AKT 
signaling pathway on neuroinflammation, hippocampal 
neurogenesis, neurotransmitter imbalance, and synaptic 
plasticity impairment in depression [58]. Furthermore, 
PI3K/AKT signaling is essential for modulating redox 
balance by mediating the transcription factor Nrf2/
HO-1 pathway combined with the antioxidant-response 
element (ARE), thereby protecting cells from oxidative 
stress (Figure 2) [59]. In addition, NOD-, LRR- and pyrin 
domain-containing protein 3 (NLRP3) inflammasomes 
and the toll-like receptor 4 (TLR4)/mitogen-activated 
protein kinase (MAPK)/nuclear factor-κB (NF-κB) path-
way have been implicated in the neuroinflammatory 
properties of catalpol (Figure 3), which contribute to 
the antidepressant effects [50]. As a transmembrane 
transduction receptor, TLR4 directly binds to lipopoly-
saccharide (LPS), which activates the NF-κB and MAPK 
signaling pathways, leads to the synthesis and release of 
various inflammatory mediators, and ultimately triggers 
and amplifies the inflammatory response [60]. NF-κB is 
a transcription factor that promotes the transcription 
of genes encoding proinflammatory cytokines, such as 
interleukin-1 beta (IL-1β), IL-6, and tumor necrosis fac-
tor alpha (TNF-α) [60]. Co-administration of catalpol 
has been shown to alleviate fluoxetine-induced hepatic 

injury while potentiating the antidepressant effects of 
fluoxetine, the detoxification mechanism of which has 
been attributed to the inhibition of ferroptosis via acti-
vation of the transcription factor 3 (ATF3)/ferroptosis 
suppressor protein 1 (FSP1) signaling [61].

Interestingly, in the abovementioned studies, depres-
sion models were primarily developed using male 
rodents, despite epidemiologic evidence clearly show-
ing that women are significantly more susceptible to 
stress-related mental health disorders and that depres-
sion is at least twice as prevalent in women as in men 
[62]. The physiology and reproductive experiences of 
females are linked to changes in the brain, behavior, 
and endocrine profiles, which may affect both the stress 
levels and the response to treatment [63]. It is highly 
encouraging that catalpol has greater antidepressant 
activity in female mice than in male mice, and the mech-
anism underlying this gender difference may be attrib-
uted to the higher sensitivity of catalpol in enhancing 
hippocampal SIRT1-mediated synaptic plasticity and 
neurogenesis in females [53].

3.2 AD or cognitive impairment
AD is a neurodegenerative disorder that primarily 
affects the elderly population worldwide and is charac-
terized by a progressive decline in cognitive function. 
Although the well-established pathologic hallmarks 
of AD include amyloid-beta (Aβ) plaque aggregation 

Table 1  |  Effects of catalpol in experimental models of depression.

Animal   Models   Doses/duration   Mechanisms/effects   Refs

Rats-male   CUMS (5 weeks)   10 mg/kg, 5 weeks, i.g.   Upregulating the PI3K/Akt/Nrf2/HO-1 signaling 
pathway, improving the hippocampal neurotrophic, 
neuroprotective, and antioxidant levels

  [47]

Rats-male   CUMS (3 weeks)   10 mg/kg, 3 weeks, i.g.   Enhancing anti-oxidation and neurotrophy and 
inhibiting neuroinflammation via activation of HO-1

  [48]

Rats-male   CUMS (5 weeks)   5, 10, and 20 mg/kg, 5 
weeks, i.g.

  Restoring HPA axis dysfunction, upregulating BDNF 
expression and its cognate receptor (TrkB), and 
downregulating COX-2 expression

  [49]

Rats-female   CUMS (5 weeks)   10 mg/kg, 4 weeks, i.p.   Inhibiting the NLRP3 inflammasome via the TLR4/
MAPK/NF-κB pathway

  [50]

Mice-male   CUMS (5 weeks)   20 mg/kg, 4 weeks, i.p.   Via oxidative stress-mediated regulation of NLRP3 and 
neuroinflammation

  [51]

Rats-male   CUMS (5 weeks)   10 mg/kg, 5 weeks, i.g.   Regulating TrkB signaling-mediated synaptic plasticity   [52]

Mice-male 
and female

  CUMS (13 weeks)   20 mg/kg, 8 weeks, i.g.   Improving hippocampal SIRT1-mediated synaptic 
plasticity and neurogenesis

  [53]

Mice-male   CORT for 21 days   20 mg/kg, 21 days, 30 min 
prior to CORT injection, i.g.

  Inhibiting HPA axis hyperactivity, central inflammation, 
and oxidative damage through dual regulation of 
NF-κB and Nrf2

  [54]

Mice-male   Streptozotocin-induced 
hyperglycemia

  5, 10, and 20 mg/kg, 3 
weeks, i.g.

  Upregulating the PI3K/Akt/Nrf2/HO-1 signaling 
pathway

  [55]

Mice-male   Post-stroke depression (MCAO 
combined with CORT feeding)

  5 and 20 mg/kg, 
2 weeks, i.p.

  Promoting PI3K-mediated adult neurogenesis   [56]
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and hyperphosphorylated tau and neuronal loss, accu-
mulating evidence has suggested the importance of 
other factors in the pathogenesis of AD, such as glio-
sis, inflammation, mitochondrial dysfunction, oxidative 
stress, and ferroptosis [64]. Among these newly recog-
nized factors, oxidative stress has emerged as a cen-
tral factor that interconnects various pathologic man-
ifestations of AD because oxidative stress can damage 
neurons and induce mitochondrial dysfunction [65, 66]. 
Oxidative stress can regulate the activities of amyloid 
precursor protein (APP) and the related secretase, such 
as β-secretase (BACE1) via oxidants and oxidative prod-
ucts, leading to the aggregation of Aβ [65]. Moreover, 
the excessive production of ROS under oxidative stress 
results in redox imbalance, neurotoxicity, genomic 
instability, pro-inflammatory gene transcription, and 
cytokine release, including IL-1β, IL-6, and TNF-α [66]. 
In addition to the abovementioned hypotheses, loss 

of cholinergic neurons has been identified as a major 
correlate of cognitive impairment in patients with AD. 
Specifically, early neurotoxicity caused by Aβ oligomers 
impacts the cholinergic synapses, which is manifested by 
a reduction in choline acetyltransferase (ChAT) activity 
[67]. Modulation of the cholinergic signaling pathway, 
including inhibition of acetylcholinesterase (AChE), acti-
vation of ChAT, and promotion of acetylcholine (ACh) 
synthesis, has been reported as a strategy for improv-
ing memory function in AD [67]. Furthermore, brain-de-
rived neurotrophic factor (BDNF)/tropomyosin-related 
kinase B receptor (TrkB) neurotrophic signaling has 
been shown to influence endogenous Aβ produc-
tion and tau aggregation through the Janus kinase 2 
(JAK2)/signal transducer and activator of transcription 3 
(STAT3) signaling and CCAAT-enhancer binding protein 
β (C/EBPβ [an age-dependent transcription factor])/AEP 
(δ-secretase [an asparagine endopeptidase]) pathways 

Figure 2  |  Molecular pathways involved in the antioxidant mechanism underlying catalpol.
Catalpol exerts antioxidant effects by modulating the PKCγ/caveolin-1, PI3K/AKT/Nrf2/HO-1, and Nrf2/Keap1/ARE signaling pathways. (1) 
Catalpol activates PKCγ and promotes caveolin-1, which suppresses SP1 phosphorylation and nuclear translocation and inhibits oxidant gene 
expression, such as iNOS. In contrast, catalpol facilitates Nrf2 nuclear translocation and enhances antioxidant gene expression, including GSH, 
SOD, CAT, and MDA (left). (2) Catalpol promotes PI3K/AKT signaling, which phosphorylates and releases Nrf2 from Keap1, allowing Nrf2 to 
translocate to the nucleus and bind to the antioxidant response element (ARE), which induces the expression of HO-1 and other antioxidant 
enzymes. (3) Catalpol also directly modulates the Nrf2/Keap1/ARE pathway by dissociating Nrf2 from Keap1, enabling nuclear translocation and 
enhancing transcription of antioxidant genes, thereby mitigating oxidative stress and protecting cells from damage (right). The arrows indicate 
activation and the blunt lines indicate inhibition.
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[68, 69]. Multiple transgenic mouse models of AD have 
been developed through knock-in/knock-out or CRISPR 
gene editing techniques of familial and sporadic AD risk 
genes, such as Tg2576, TgCRND8, APP/PS1, 5×FAD, and 
3×Tg-AD [70, 71]. Additionally, cognitive impairment 
may commonly arise as a complication of various dis-
eases, including schizophrenia, chronic pain, stroke, and 
diabetes [72].

Catalpol exerts memory-enhancing effects in var-
ious experimental models of cognitive impairment, 
including the effects induced by D-galactose (or 
Aβ25-35, LPS, or post stroke), as follows: APP/PS1 trans-
genic mice; natural-aged rats; streptozotocin-induced 
diabetic encephalopathy; and hypoxia ischemia-in-
duced brain damage (Table 2). Catalpol increases the 
levels of ChAT and muscarinic muscarinic acetylcho-
line receptor (AChR) subtype expression, especially 
M1 [73, 74], thereby contributing to neuroprotection 
and memory enhancement. In contrast, catalpol was 
reported to elevate ChAT expression and activity in 

another study without affecting M receptor affinity 
[75]. Nevertheless, the memory-enhancing effects of 
catalpol may be attributed to regulation of the cho-
linergic nerve system. Multiple lines of evidence also 
suggest that catalpol mitigates memory dysfunction 
by significantly attenuating oxidative stress that is 
specifically mediated by regulation of reactive oxygen 
species (ROS)-associated enzymes, such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione per-
oxidase (GSH-Px) [76-79]. Catalpol mitigates cognitive 
impairment in D-galactose-induced senescent mice by 
restoring energy metabolism through upregulation of 
key enzymes, including lactate dehydrogenase (LDH), 
glutathione S-transferase (GSH-ST), glutamine syn-
thetase (GS), and creatine kinase (CK) [80]. Catalpol 
reduces apoptosis, alleviates mitochondrial injury, and 
decreases Aβ generation via AKT/GSK3β (glycogen syn-
thase kinase-3β) signaling pathway in N2a/APP695swe 
cells and APP/PS1 transgenic mice, thereby improving 
neuronal function and cognitive performance [81]. The 

Figure 3  |  Molecular pathways involved in the anti-neuroinflammatory mechanism of catalpol.
Catalpol exerts anti-neuroinflammatory effects by modulating the TLR4/MAPK/NF-κB signaling pathway and inhibiting NLRP3 inflammasome 
activation. Catalpol suppresses the activation of TLR4-mediated MAPK signaling cascades, including ERK, JNK, and p38. This inhibition prevents 
NF-κB nuclear translocation and suppresses the transcription of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α (left). Catalpol 
inhibits NLRP3 inflammasome assembly by reducing the activation of upstream signals, preventing caspase-1 activation and the subsequent 
maturation and release of IL-1β. Catalpol reduces ROS production and attenuates mitochondrial damage (right). Catalpol mitigates neuroin-
flammation and protects against neuronal damage via these pathways. The arrows indicate activation and the blunt lines indicate inhibition.
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neuroprotective effects of catalpol in APP/PS1 mice 
were shown to be partially mediated by upregulation 
of ferroptosis-associated proteins (HSPA5 and GPX4) 
in the hippocampus [82]. Catalpol alleviates memory 
impairment in LPS-induced cognitive deficits by inhib-
iting NF-κB activation and protecting mitochondrial 
function in the cerebral cortex and hippocampus [83]. 
Additionally, catalpol upregulates BDNF/TrkB neuro-
trophic signaling (Figure 4) and preserves blood-brain 
barrier (BBB) integrity, further contributing to the mem-
ory-enhancing effects in LPS-induced cognitive deficits 
[84]. The neuroprotective effects of catalpol have been 
attributed to elevated BDNF expression in Aβ25-35 and 

glutamate receptor agonist-induced memory defects 
[85, 86]. Catalpol promotes hippocampal neuroplas-
ticity in natural-aged rats by increasing presynaptic 
proteins, such as synaptophysin and growth-associated 
protein (GAP-43) [87]. Catalpol also protects synaptic 
proteins (dynamin 1, PSD-95, and synaptophysin) from 
Aβ-induced primary neuron injury, which markedly 
improves cognitive function in aged rats [88]. Catalpol 
was shown to improve learning and memory abilities 
in neonatal rats with hypoxia ischemia-induced brain 
damage by inhibiting neuronal ferroptosis through 
regulation of ferroptosis-related proteins and amelio-
ration of oxidative stress [89].

Table 2  |  Effects of catalpol in experimental models of cognitive impairment.

Animal   Models   Doses/duration   Mechanisms/effects   Refs

Mice-male and 
female

  D-galactose-induced 
senescence

  2.5, 5, and 10 mg/kg, 2 
weeks, i.c.

  Improving cholinergic function and reducing 
inflammatory cytokines

  [73]

Mice-male and 
female

  Post-stroke cognitive 
impairment (MCAO)

  1, 3, and 9 mg/kg, 
3 days, i.p.

  Via the central cholinergic system   [74]

Rats-male   Aβ25-35-induced memory 
defect

  5 and 10 mg/kg, 7 days, 
i.p.

  Regulating the cholinergic nerve system function   [75]

Mice-male and 
female

  D-galactose-induced 
senescence

  5 and 10 mg/kg, 
2 weeks, i.c.

  Enhancing endogenous antioxidant enzymatic 
activities and inhibiting free radical generation

  [76]

Mice-male   Induced by D-galactose 
and sodium nitrite

  20 mg/kg, 30 days, i.g.   Reducing the levels of oxidative stress and soluble 
Aβ40 and Aβ42

  [77]

Rats-male   Streptozotocin-induced 
diabetic encephalopathy

  5 mg/kg, 2 weeks, i.p.   Attenuating oxidative stress and upregulating PKCγ 
and caveolin-1

  [78]

Rats-male   Streptozotocin-induced 
diabetic encephalopathy

  10, 50 and 100 mg/kg, 
6 weeks, i.g.

  Attenuating oxidative stress   [79]

Mice-male and 
female

  D-galactose-induced 
senescence

  2.5, 5, and 10 mg/kg, 2 
weeks, i.c.

  Promoting the activities of enzymes related to 
energy metabolism

  [80]

Mice-not 
mentioned

  APP/PS1 transgenic   200 μM, every other day 
for 4 weeks, i.g.

  Reducing apoptosis, alleviating mitochondrial 
injury, relieving Aβ generation, and regulating PTMs

  [81]

Mice-male and 
female

  APP/PS1 transgenic   5 mg/kg, 30 days, i.p.   Regulating ferroptosis with upregulation of HSPA5 
and GPX4

  [82]

Mice-not 
mentioned

  LPS-induced cognitive 
deficits

  10 mg/kg, 10 days, i.p.   Attenuating NF-κB activation and protecting 
mitochondrial function

  [83]

Mice-male   LPS-induced post-sepsis 
cognitive impairment

  2.5, 5, and 10 mg/kg, 
13 days, i.p.

  Blocking the NF-κB pathway, upregulating TrkB-
mediated BDNF secretion, and preserving BBB 
integrity

  [84]

Mice-female   Aβ25-35 and ibotenic acid-
induced memory deficits

  50 mg/kg, 60 days, i.g.   Elevating BDNF expression   [85]

Mice-female   Aβ25-35 and ibotenic acid-
induced memory defect

  5, 15, and 45 mg/kg, 3 
months, i.g.

  Elevating BDNF mRNA and protein levels   [86]

Rats-male   Aged (22–24 months)   5 mg/kg, 10 days, i.p.   Increasing hippocampal neuroplasticity and 
upregulating PKC and BDNF

  [87]

Rats-male   Aged (23–24 months)   15 mg/kg, 2 months, i.g.  Increasing the expression of synaptic proteins   [88]

Neonatal Rats-not 
mentioned

  Hypoxia ischemia-
induced brain damage

  2.5, 5, 10, and 20 mg/
kg, 21 days, i.g.

  Inhibiting ferroptosis and ameliorating oxidative 
stress

  [89]



Acta  
Materia  
Medica Review Article

420      Acta Materia Medica 2025, Volume 4, Issue 3, p. 413-436 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

It is worth noting that AD also demonstrates a gen-
der bias, with females being at higher risk than males 
[90]. Synaptic plasticity and associative memory impair-
ments are more severe in female than male APP/PS1 
mice, which supports the faster progression of AD 
noted in females [91]. Furthermore, the microglial het-
erogeneity that occurs in aging and AD has a crucial 
role in the gender differences because current evi-
dence indicates that male and female microglia might 
use alternative strategies to respond to the microen-
vironment under healthy and diseased conditions 
[90]. Male and female rodents were equally used in 
the studies that evaluated the effects of catalpol on 
cognitive impairment. No significant differences were 
observed between male and female mice with respect 
to the effects of catalpol on AChE and ChAT activities, 
mAChR1 expression, or pro-inflammatory cytokine pro-
duction [73].

3.3 Ischemic stroke
Ischemic stroke is the most common type of stroke and 
is characterized by a sudden blockage of blood flow 
to brain regions due to cerebrovascular occlusion [92]. 
Disruption in cerebral blood flow deprives the brain of 
oxygen and glucose, which leads to energy deficiency 
and impaired ion homeostasis, and ultimately results in 
various neuropathologic changes, including neuronal 
cell death (apoptosis, autophagy, and necroptosis), 
oxidative stress, mitochondrial dysfunction, neuroin-
flammation, BBB breakdown, excitotoxicity, and cal-
cium overload [93]. Notably, angiogenesis has a pro-
tective mechanism by promoting nerve regeneration 
and functional recovery during stroke, which can be 
initiated and regulated via angiogenic factors, such as 
vascular endothelial growth factor (VEGF) [94]. VEGF 
binding to the VEGF receptor (vascular endothelial 
growth factor receptor 2 [VEGFR2], also known as KDR) 

Figure 4  |  Molecular pathways involved in the neurogenesis mechanism underlying catalpol.
Catalpol promotes neurogenesis by modulating the BDNF/TrkB signaling pathway and the BDNF/TrkB signaling pathway downstream cascades, 
including the PI3K/Akt, PLCγ, and Ras pathways. (1) Catalpol enhances BDNF expression and activates TrkB, leading to downstream activation 
of PI3K/Akt signaling, which promotes neuronal survival and growth through inhibition of apoptosis-related proteins, such as Bcl-2, caspase-3, 
and COX-2. (2) Catalpol activates the PLCγ pathway, resulting in increased intracellular calcium levels and activation of cAMP response ele-
ment-binding protein (CREB), which enhances BNDF gene expression and facilitates neuronal synaptic plasticity. (3) Catalpol stimulates the Ras/
Raf/MAPK pathway, which promotes neuronal proliferation and differentiation. These coordinated signaling events contribute to enhanced 
neurogenesis and neural repair. The arrows indicate activation and the blunt lines indicate inhibition.
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triggers autophosphorylation of tyrosine residues and 
activation of downstream signaling pathways, such as 
PI3K/AKT and phospholipase-Cγ/protein kinase C/mito-
gen-activated extracellular signal-regulated kinase/
extracellular signal-regulated kinase (PLCγ/PKC/MEK/
ERK) signaling, and regulates endothelial cell survival, 
proliferation, migration, and vasodilatation permeabil-
ity [95]. Animal models of ischemic stroke can be catego-
rized into global, focal, and multifocal ischemia. Global 
ischemia refers to the gross reduction of blood flow 
throughout the entire brain, thus impacting cerebral 
metabolism and neuronal function. In contrast, focal 
ischemia involves a more specific and localized obstruc-
tion of blood flow in a particular brain region, which is 
known as the ischemic core. Multifocal ischemia is char-
acterized by multiple, scattered areas of reduced blood 
flow within the brain [96]. Currently, focal ischemia 
induced by middle cerebral artery occlusion (MCAO) is 
the most widely used model in rats and mice because 
focal ischemia closely mimics human ischemic stroke 
and produces a penumbra like that observed in humans 
with strokes.

The most common experimental model used for 
ischemic stroke is MCAO in rats, in which a filament is 
utilized to block cerebral blood flow from the middle 
cerebral artery to induce a transient occlusion (Table 3) 
[93]. An oxygen and glucose deprivation/reperfusion 
(OGD/R) model is frequently used for in vitro studies [93]. 
Network pharmacology and molecular docking analysis 
have suggested that the catalpol signaling pathways 
are involved in angiogenic remodeling, such as VEGF, 

neurotrophic factors, and inflammation [107]. Several 
studies have confirmed that catalpol alleviates ischemic 
stroke by promoting neurogenesis and angiogenesis 
through several signaling pathways (Figure 5), such as 
the VEGF-A/KDR [97], VEGF-PI3K/AKT and VEGF-MEK1/2/
ERK1/2 [98], VEGF and erythropoietin (EPO) [99], stromal 
cell-derived factor-1 (SDF-1) and the SDF-1 receptor (CXC 
chemokine receptor 4 [CXCR4]) [100], and JAK2-STAT3 
signaling pathways [101]. Additionally, catalpol has 
been shown to enhance neurogenesis in infarcted brain 
regions and promote survival of newborn neurons by 
inhibiting apoptosis through activation of BDNF [102]. 
In both in vivo and in vitro stroke models, Catalpol pro-
motes neuronal cell activity and axonal regeneration via 
the PI3K/AKT/mammalian target of rapamycin (mTOR) 
signaling axis [103]. Furthermore, catalpol upregulates 
transcription of methyltransferase-like 3 (METTL3) by 
activating nuclear respiratory factor 1 (NRF1) and lysine 
acetyltransferase 2A (KAT2A), thereby regulating the 
m6A level of Beclin-1 (a major regulator of autophagy) 
and protecting against neuronal injury and excessive 
autophagy after ischemic stroke [104]. Catalpol also 
improves the ultrastructural morphology of neuronal 
cells and protects hippocampal neuron function after 
ischemic stroke [105]. In agreement with the above-
mentioned discussion, the anti-oxidative and -apoptotic 
effects of catalpol have been further substantiated, 
contributing to the protective role of catalpol against 
ischemic stroke via the Nrf2/HO-1 and B-cell lymphoma-2 
(Bcl-2)/Bcl-2 associated X protein (Bax) pathways, respec-
tively [106].

Table 3  |  Effects of catalpol in experimental models of ischemic stroke.

Animal   Models  Doses/duration   Mechanisms/effects   Refs

Rats-male   MCAO   5 mg/kg, 2 weeks, i.p.   Promoting angiogenesis and NSC proliferation and 
differentiation via the VEGF-A/KDR pathway

  [97]

Rats-male   MCAO   2.5, 5, and 10 mg/kg, 
14 days, i.v.

  Protecting the neurovascular unit in ischemic region via VEGF-
PI3K/AKT and VEGF-MEK1/2/ERK1/2 signaling

  [98]

Rats-male   MCAO   5 mg/kg, 7 days, i.p.   Increasing brain angiogenesis and upregulating VEGF and EPO  [99]

Rats-male   MCAO   5 mg/kg, 7 days, i.p.   Promoting neurogenesis and angiogenesis via the SDF–1α/
CXCR4 pathway

  [100]

Rats-male   MCAO   5 mg/kg, 7 days, i.p.   Stimulating angiogenesis via the JAK2/STAT3 pathway   [101]

Rats-male   MCAO   5 and 10 mg/kg,  
7 days, i.p.

  Enhancing neurogenesis and promoting the survival of 
newborn neurons by activating BDNF

  [102]

Rats-male 
and female

  MCAO   2.5, 5, and 7.5 mg/kg, 
7 days, i.p.

  Promoting internal neuronal cell activity and axonal 
regeneration via the PI3K/AKT/mTOR pathway

  [103]

Rats-male   MCAO   5 mg/kg, 7 days, i.p.   Relieving neuronal injury and excessive autophagy via the 
NRF1/KAT2A/METTL3/Beclin-1 axis

  [104]

Rats-male   MCAO   30 mg/kg, 14 days, i.p.  Improving the ultrastructural morphology of neuronal cells 
and protecting hippocampal neuron function

  [105]

Rats-male   MCAO   2.5, 5, and 10 mg/kg, 
3 days, intranasal

  Anti-oxidative and -apoptotic mechanisms   [106]
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Another model used for transient global ischemia 
was bilateral occlusion of the common carotid arteries 
in gerbils. Catalpol inhibits apoptosis by modulating the 
expression of Bcl-2 and Bax [108], reduces free radicals, 
and inhibits lipid peroxidation by regulating the activity 
of SOD and MDA [109] in gerbils after ischemia-reper-
fusion injury, which offers a potential explanation for 
the protective effects of catalpol. In addition, catalpol 
increases Na+-K+-ATPase and Ca2+-ATPase activity, thus 
inhibiting cellular calcium overload and excitotoxicity 
[110]. Administration of catalpol 0, 12, 24, 48, and 72 
h after reperfusion rescues neurons in the hippocampal 
CA1 region and reduces working errors in the Y maze. 
Interestingly, the neuroprotective efficacy of catalpol 
was still apparent after short (12 d) and long intervals 
(35 d) after ischemia [111], even when the first treat-
ment occurred 3 h after ischemia. These findings sug-
gest that catalpol has potential therapeutic benefits in 
the treatment of global cerebral ischemia.

Similarly, gender differences in stroke pathophysi-
ology, treatment, and outcomes have been observed 
in epidemiologic studies [112]. Women, especially 
postmenopausal women, have a higher number of 
stroke-related deaths and worse outcomes. Moreover, 
women are more frequently institutionalized and per-
manently disabled compared to men, which is primarily 
attributed to longer life expectancy and older age at 
the time of stroke onset [113]. Although stroke pre-
dominantly affects the aging female population, most 
animal models for experimental stroke rely almost 
universally on young adult male rodents to evaluate 
neuropathologic, neurologic, and behavioral outcomes 
after stroke [114], as shown in Table 3. Therefore, 
incorporating both genders in preclinical studies and 
enhancing the correlation between these studies and 
clinical trials is crucial for evaluating potential stroke 
therapies and identifying neuroprotective or thera-
peutic agents [115].

Figure 5  |  Molecular pathways involved in the angiogenesis mechanism underlying catalpol.
Catalpol promotes angiogenesis by regulating the JAK2/STAT3, SDF-1α/CXCR4, and VEGF signaling pathways. (1) Catalpol upregulates VEGF 
expression and enhances VEGF receptor (VEGFR) activation, enhancing kinase insert domain receptor (KDR) phosphorylation and activating the 
PLCγ signaling pathway, thereby promoting endothelial cell proliferation, survival, and vascular permeability. (2) Catalpol enhances the SDF-
1α/CXCR4 axis, activating PI3K/Akt signaling with upregulation of PI3K and Akt phosphorylation and Ras/Raf/MAPK signaling with increased 
ERK1/2 phosphorylation (left). (3) Catalpol elevates EPO, activates the EPO receptor (EPOR) and downstream JAK2, which leads to phospho-
rylation and activation of STAT3. Then, STAT3 translocates to the nucleus to induce the expression of pro-angiogenic genes, including VEGF 
(right). These coordinated pathways contribute to enhanced angiogenesis. The arrows indicate activation and the blunt lines indicate inhibition.
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3.4 PD
PD is a progressive neurodegenerative disorder that is 
primarily characterized by motor dysfunction due to 
impairment of the dopaminergic nigrostriatal system 
with clinical symptoms of tremor at rest, bradykinesia, 
rigidity, and postural instability [116]. In addition to the 
selective degeneration of dopaminergic neurons, the 
main pathologic changes that occur in PD also involve 
reduced expression of tyrosine hydroxylase (TH) in the 
substantia nigra pars compacta (SNpc) and decreased 
density of dopamine transporter (DAT) and dopamine 
(DA) content in the striatum [117]. The most relevant 
animal models for studying PD include neurotoxin-in-
duced models, such as 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), 
and agricultural pesticides (rotenone or paraquat), 
pharmacologic models treated with reserpine or halop-
eridol, and genetic models with manipulation of PD risk 
genes, including α-synuclein, leucine-rich repeat kinase 
2 (LRRK2), DJ-1, PINK-1, and Parkin [118, 119]. MPTP-
induced mouse models have been used most widely in 
PD research due to practical ease, cost-effectiveness, 
fewer ethical concerns, and stronger clinical correlation 
compared to other toxin-based models [120]. Moreover, 
increasing evidence suggests gender-specific differences 
in the development and phenotypic expression of PD, 
with men being twice as likely than women to develop 
the disease, although women have a higher mortality 
rate and more rapid disease progression [121].

In a classic PD model of MPTP-induced neurotox-
icity, catalpol was shown to increase DA and the DA 
metabolite, DOPAC, levels as well as the density of TH 
receptor-positive neurons [122]. Another study showed 
that catalpol improves locomotor ability and elevates 
DA levels, along with increasing TH and DAT density in 
the same PD model. These effects were likely mediated 
by upregulating glial cell-derived neurotrophic factor 
(GDNF) expression in the striatum [123]. Mitochondrial 
dysfunction and oxidative stress are also well-estab-
lished as key pathologic mechanisms in PD [116, 124]. 
Dopaminergic neurons are particularly susceptible to 
mitochondrial ROS and loss of mitochondrial complex 
I activity has been shown to exacerbate dopaminergic 
neuron death with microtubule dysfunction in PD mod-
els [124, 125]. The anti-oxidant and -apoptotic effects 
of catalpol have been shown to relieve MPTP-induced 
oxidative stress by inhibiting the mitogen-activated 
protein kinase kinase (MKK) 4/c-Jun N-terminal kinase 
(JNK)/c-Jun signaling pathway (Figure 6), which pre-
vents dopaminergic neurons from degeneration in PD 
models [126].

3.5 MS
MS is a chronic inflammatory disease of the CNS that 
is characterized by extensive oligodendrocyte damage 
and demyelination [127, 128]. Disruption in oligoden-
drocyte maturation and regeneration contributes to 
axonal degeneration and neuronal death, thereby 

classifying MS as an inflammatory and neurodegener-
ative disease [128]. Several molecular mechanisms have 
been proposed to explain neurodegeneration, disease 
progression, and chronic disability in MS, including 
immune effector mechanisms (clonal expansion of B 
cells, Epstein-Barr virus [EBV]-infected B cells, CD8+ 
cytotoxic T lymphocytes, and microglia or astrocyte 
activation), and mechanisms related to neurodegen-
eration and axonal dysfunction (mitochondrial injury, 
anomalous distribution of ion channels, glutamate 
excitotoxicity, and loss of myelin-derived trophic sup-
port) [128]. Experimental autoimmune encephalomyeli-
tis (EAE), a widely used animal model of MS, exhibits 
pathologic and clinical features like human MS [129]. 
Substantial evidence reveals striking gender differences 
in the development and progression of human MS 
[130, 131]. Females are twice as likely to develop MS 
as males, while males tend to experience more rapid 
disease progression and greater disability compared to 
females [132]. This finding is primarily attributed to the 
regulatory effects of hormonal and genetic factors on 
the inflammatory processes involved in the pathogen-
esis of autoimmune disorders, such as regulating T cell 
effector function [133, 134].

Catalpol has been reported to regulate oligodendro-
cyte differentiation, inhibit inflammatory cell infiltra-
tion, increase the proportion of regulatory T (Treg) cells, 
and suppress demyelination in EAE mice. The underlying 
mechanisms are closely related to activation of the Rho-
family GTPase Cdc42/Rac1 signaling pathway, which 
facilitates the transition of OPCs from migration to radial 
membrane extension (a critical step in myelination), 
thereby promoting the differentiation of OPCs into 
mature oligodendrocytes [135]. Furthermore, catalpol 
exerts neuroprotective effects in EAE mice by increasing 
the tyrosine hydroxylase expression and noradrenaline 
levels in the spinal cord and locus coeruleus [136].

3.6 Duchenne muscular dystrophy (DMD)
DMD is a progressive neuromuscular disease caused by 
mutations in the chromosome X-linked gene encoding 
dystrophin, a cytoskeletal protein crucial for maintaining 
muscle integrity. Dystrophin connects the cytoskeleton 
of muscle fibers to the underlying basal lamina; absence 
of dystrophin leads to excessive calcium influx across 
the cell membrane [137]. As a result, affected skeletal 
muscles undergo atrophy, mitochondrial dysfunction, 
and necrosis with the transforming growth factor-β 
(TGF-β)/transforming growth factor-β-activated kinase 1 
(TAK1) signaling pathway having a crucial role in muscle 
fibrosis [137]. DMD affects 1 in 3500–5000 males glob-
ally, making DMD the most prevalent inherited neuro-
muscular disorder [138]. The dystrophin-deficient (mdx) 
mouse, which carries a nonsense point mutation in exon 
23 that prevents full-length dystrophin expression, is the 
most common animal model used in DMD research, and 
provides a foundational platform for preclinical gene 
therapy studies in DMD [139].
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Catalpol has been shown to restore skeletal mus-
cle strength and alleviate skeletal muscle damage and 
fibrosis in aged dystrophin-deficient mice by inhibiting 
the TGF-β1/TAK1 signaling pathway [137]. Additionally, 
catalpol directly binds to TAK1, suppressing TAK1 phos-
phorylation and improving overall muscle health and 
function in dystrophic skeletal muscles [140].

3.7 Epilepsy
Epilepsy is a prevalent neurologic disease characterized 
by recurrent and unpredictable seizures [141]. One of 
the most severe and refractory forms of epilepsy is sta-
tus epilepticus (SE), which is defined as repeated seizures 
with unconsciousness or persistent seizures lasting > 30 
min [142]. Sustained neuronal electrical activity and pro-
longed seizures can result in neuronal injury or death, 
largely due to excessive production of ROS [142]. Over 
the past 40 years, numerous animal models have been 

developed, such as the phenytoin- or lamotrigine-re-
sistant kindled rat, the 6-Hz mouse model of partial sei-
zures, the intrahippocampal kainate model in mice, and 
the lithium-chloride/pilocarpine, kainic acid, pentylene-
tetrazol (PTZ)-induced seizure, and electric shock-in-
duced seizure models [143]. Electroshock-induced and 
acute pentylenetetrazol (PTZ)-injected seizure models 
are often used to discover antiepileptic drugs and assess 
seizure susceptibility or threshold in response to phar-
macologic interventions [144]. Gender differences in 
epilepsy are well-recognized, with men generally exhib-
iting a higher susceptibility and incidence compared to 
women. Additionally, changes in seizure sensitivity are 
notable during puberty, pregnancy, and menopause, 
which are characterized by substantial fluctuations in 
reproductive hormones and behavioral patterns [144].

Catalpol significantly reduces seizure severity and 
prolongs after-discharge duration by modulating the 

Figure 6  |  Molecular pathways involved in the anti-apoptotic mechanism underlying catalpol.
Catalpol exerts anti-apoptotic effects through modulation of the MKK4/JNK/c-Jun and Bcl-2/Bax signaling pathways. Catalpol inhibits MKK4 
phosphorylation, which prevents downstream activation of JNK and the JNK target transcription factor, c-Jun. Suppression of c-Jun phospho-
rylation reduces the transcription of pro-apoptotic genes and regulates Bcl-2/Bax signaling, mitigating apoptosis (left). Catalpol upregulates 
the expression of the anti-apoptotic protein, Bcl-2, while downregulating the pro-apoptotic protein, Bax, thereby maintaining mitochondrial 
membrane potential, inhibiting cytochrome c release, and suppressing the expression of caspase-7 and -9 (right). This modulation of the Bcl-
2:Bax ratio prevents mitochondrial dysfunction and activation of the intrinsic apoptotic pathway, ultimately protecting cells from apoptosis. The 
arrows indicate activation and the blunt lines indicate inhibition.
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Nrf2-Keap1-ARE signaling pathway, thereby mitigating 
oxidative stress [142]. Additionally, catalpol has anticon-
vulsant effects in models of seizures induced by elec-
troshock and the GABA antagonist, pentylenetetrazol 
(PTZ), likely via regulation of the GABAA receptor [141].

3.8 Other neurologic diseases
TBI is a leading cause of mortality and disability and is 
defined by disruption of brain function due to exter-
nal physical forces [145]. Oxidative stress and neuro-
vascular inflammation are prominent hallmarks of TBI 
pathogenesis [146]. Animal models of TBI can be classi-
fied into focal, diffuse, and mixed injuries. Focal injury, 
represented by animal models of controlled cortical 
impact, is frequently used due to strong clinical rele-
vance, controllable severity of injury, and high repro-
ducibility across laboratories [13]. Epidemiologic stud-
ies have demonstrated gender-dependent differences 
in the outcomes after TBI, although there is still some 
debate regarding these results [147]. A review of 50 
studies examining TBI in both genders indicated that 
females exhibit a protective advantage in behavioral 
outcomes and pathology after TBI despite preclinical 
injury models primarily focusing on adult male animals 
[147]. Studies have demonstrated that catalpol effec-
tively reduces ROS generation, inhibits posttraumatic 
microglial activation and neutrophil infiltration, and 
ameliorates neuronal apoptosis, thereby improving 
neurologic outcomes after TBI [148].

Neuropathic pain, a chronic pain condition often 
resulting from severe somatosensory nerve injury, has 
been increasingly linked to heightened spinal neuro-
immune and neuroinflammatory activities in exper-
imental models [149]. Currently, surgical methods, 
including peripheral nerve ligation or transection, are 
well-validated models for producing neuropathic pain 
and inducing long-lasting behavioral and functional 
disorders in rodents [150]. Numerous extensive studies 
have emphasized gender differences in the magnitude 
of pain hypersensitivity, the neuroanatomy and cell 
biology of pain, the neurochemistry of pain, and pain 
transcriptomics [151]. Catalpol exerts significant antino-
ciceptive effects on neuropathic pain, primarily through 
modulation of neuroinflammatory responses in the spi-
nal cord [152].

Attention deficit hyperactivity disorder (ADHD) is a 
common neurodevelopmental disorder in childhood 
that is marked by persistent symptoms of inattention, 
hyperactivity, and impulsivity. It is believed that environ-
mental factors interact with a genetic predisposition, 
thereby increasing susceptibility to ADHD. The most 
widely used genetic model for AHDH is the spontaneous 
hypertensive rat, which closely resembles ADHD symp-
toms in humans [153]. ADHD exhibits a strong male bias 
in incidence and notable gender-specific differences in 
behavioral phenotypes, which might be attributed to 
gender-specific responses to juvenile stress on the dopa-
minergic system [154]. Catalpol has been reported to 

effectively ameliorate hyperactive and impulsive behav-
ior by inhibiting neuronal apoptosis, enhancing myeli-
nation, and upregulating key regulatory proteins in the 
prefrontal cortex development [155].

Post-traumatic stress disorder (PTSD) is a chronic men-
tal disorder that is characterized by cognitive dysfunc-
tion after exposure to traumatic stressors. Therefore, 
many of the current animal models of PTSD emphasize 
the type of trauma, such as stress-enhanced fear learn-
ing, single-prolonged stress, a single exposure to severe 
stress, and predator/predator odor exposure [156]. 
Gender differences have also been demonstrated in 
PTSD resilience and susceptibility because women are 
twice as likely as men to develop PTSD [157]. Abnormal 
hippocampal neural plasticity is a significant contribu-
tor to PTSD progression [158]. Catalpol has been shown 
to promote the therapeutic effects of physical exercise, 
reducing hyper-responsiveness to threatening stimuli 
and improving brain function by promoting hippocam-
pal neurogenesis [159]. The detailed information about 
catalpol in PD, MS, DMD, epilepsy, TBI, pain, ADHD, and 
PTSD is listed in Table 4.

4. PHARMACODYNAMIC (PDy) AND 
PHARMACOKINETIC (PK) PROFILES

4.1 Pharmacologic properties
Successful clinical translation of catalpol requires a com-
prehensive understanding of the PDy and PK profiles. 
Catalpol, a bioactive iridoid glycoside derived predomi-
nantly from Rehmanniae Radix, exhibits a broad range 
of PDy effects, including antioxidant, anti-inflammatory, 
neuroprotective, and anti-apoptotic properties, making 
catalpol a promising therapeutic candidate for neuro-
logic disorders.

Catalpol exerts potent antioxidant effects primarily 
through activation of the Nrf2/Keap1/ARE pathway, 
which promotes transcription of antioxidant enzymes, 
such as HO-1, NAD(P)H quinone oxidoreductase-1 
(NQO1), and SOD. Catalpol facilitates Nrf2 phosphoryl-
ation and nuclear translocation through Keap1 disso-
ciation or via PI3K/AKT signaling, which reinforces cel-
lular antioxidant defenses. Catalpol reduces amyloid-β 
generation and neuronal oxidative stress by activating 
the Keap1-Nrf2/ARE signaling pathway in immortalized 
lymphocytes from patients with late-onset AD and the 
SKNMC cell co-culture model [160]. Catalpol reduces 
ROS production, lowers malondialdehyde (MDA) levels, 
and upregulates antioxidant enzymes via the Nrf2/PI3K/
AKT signaling in ischemic stroke models, thereby miti-
gating oxidative damage and inhibiting neuronal fer-
roptosis [89].

Catalpol reduces inflammatory responses by sup-
pressing the NF-κB signaling pathway and NLRP3 
inflammasome. Catalpol reduces the expression of 
pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and 
chemokines (CXCL8 and CXCL5) in LPS-induced endo-
metritis models by inhibiting the TLR4/NF-κB signaling 
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pathway in a dose-dependent fashion [161]. Catalpol 
attenuates microglial activation, reduces production of 
nitric oxide (NO) and ROS, and downregulates pro-in-
flammatory cytokines with alleviation of NLRP3 inflam-
masome activation [162] and TLR4/NF-κB signaling [161] 
in LPS-stimulated BV2 microglial cells. Given the key 
encephalitic role of microglia in neuroinflammation, the 
anti-inflammatory effect of catalpol suggests the poten-
tial for neurologic disorder treatment.

Catalpol prevents neuronal apoptosis by regulat-
ing the JNK/c-Jun and Bcl-2/Bax pathways. Catalpol 
increases the expression of anti-apoptotic Bcl-2 while 
downregulating pro-apoptotic Bax and attenuating 
H2O2-induced apoptosis in endothelium [163]. Catalpol 
reduces JNK and p38 phosphorylation, which prevents 
the transcription of pro-apoptotic genes and CaMKII-
dependent apoptosis in LPS-stimulated neuronal PC12 
cells [164]. Catalpol was shown to reduce neuronal 
apoptosis by modulating Bcl-2/Bax and inhibiting 
cytochrome c release in an ischemic stroke model [106] 

and by suppressing the JNK/c-Jun pathway in an MPTP-
induced PD model [126].

Catalpol exerts neuroprotective effects by reducing 
oxidative stress, alleviating inflammatory responses, 
and inhibiting neuronal apoptosis [165]. Additionally, 
catalpol upregulates BDNF expression and activates 
TrkB, leading to downstream activation of PI3K/Akt, 
PLCγ, and Ras/ERK pathways, which promotes neu-
ronal survival, differentiation, and synaptic plasticity. 
Catalpol has been reported to increase BDNF and 
TrkB levels in a model of ischemia-induced cognitive 
impairment, which enhances hippocampal neuro-
genesis and cognitive recovery [98]. Catalpol restores 
synaptic plasticity and improves memory deficits in 
LPS-induced cognitive impairment model by activat-
ing the BDNF/TrkB pathway [84]. The multifaceted 
PDy effects of catalpol, especially the antioxidant, 
anti-inflammatory, neuroprotective, and anti-apop-
totic properties, highlight the potential for treating 
neurologic disorders.

Table 4  |  Effects of catalpol in experimental models of other neurologic disorders.

Types   Animal   Models   Doses/duration   Mechanisms/effects   Refs

PD   Mice-not 
mentioned

  MPTP-induced neurotoxicity   1.5 and 15 mg/kg, 
7 days, i.p.

  Protecting dopaminergic neurons   [122]

  Mice-male   MPTP-induced neurotoxicity   50 mg/kg, 8 weeks, 
i.g.

  Elevating the striatal GDNF expression   [123]

  Mice-male   MPTP-induced neurotoxicity   15 mg/kg, 14 days, 
i.p.

  Attenuating inflammation and reducing 
oxidative stress and inhibiting apoptosis via 
MKK4/JNK/c-Jun signaling

  [126]

MS   Mice-female  Induced MOG35-55 and CFA   40 mg/kg, 40 days, 
i.g.

  Regulating oligodendrocyte regeneration and 
remyelination via the GEF-Cdc42/Rac1 pathway

  [135]

  Mice-female  Induced by MOG35-55 and 
CFA

  10 mg/kg, 40 days, 
i.p.

  Increasing the level of noradrenaline in the 
locus coeruleus

  [136]

DMD   Mice-male   Aged dystrophin-deficient 
mice (12 months old)

  100 and 200 mg/kg, 
6 weeks, i.g.

  Inhibiting the TGF-β1/TAK1 signaling pathway   [137]

  Mice-male   Dystrophin-deficient   200 mg/kg, 6 weeks, 
i.g.

  Inhibiting the phosphorylation of TAK1 by 
binding to TAK1, reducing fibrosis, and 
increasing myoblast differentiation

  [140]

Epilepsy   Mice-male   Electroshock (or PTZ or 
strychnine) –induced seizures

  10 mg/kg at 30 min 
before modeling, s.c.

  Regulating GABAA receptor activity   [141]

Status 
epilepticus

  Rats-male   Induced by LiCl-pilocarpine   5 mg/kg at 30 min 
before modeling, i.p.

  Regulating the Nrf2-Keap1-ARE signaling 
pathway to inhibit the oxidative stress response

  [142]

TBI   Rats-male   Controlled cortical impact   10 mg/kg, 3 days, i.v.  Providing neuroprotection against oxidative 
stress and neuroinflammation

  [148]

Pain   Rats-male   Chronic constriction injury 
model

  1, 5, 25 and 125 mg/
kg, 5 days, i.p.

  Modulating neuroinflammation in spinal cord   [152]

ADHD   Rats-male   Spontaneously hypertensive 
rats

  50 mg/kg, 4 weeks, 
i.g.

  Inhibiting neuronal apoptosis and increasing 
myelination and BDNF expression

  [155]

PTSD   Mice-male   Unconditional stimulation 
combined with conditional 
stimulation (US-CS)

  20 mg/kg, 2 weeks, 
i.p.

  Promoting adult hippocampal neurogenesis   [159]
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4.2 PK characteristics
Most natural products are administered orally but 
bioavailability is often limited due to gastrointestinal 
degradation and hepatic first-pass metabolism. The 
PK properties of these compounds significantly impact 
efficacy and safety, making it essential to understand 
absorption, distribution, metabolism, and excretion dur-
ing drug development.

Catalpol has been shown to undergo rapid absorption 
with high oral bioavailability (50–65%). The following 
LC/MS/MS PK parameters were reported in rats admin-
istered catalpol (50 mg/kg orally): t1/2 (1.212 ± 0.388 h); 
V1/F (1.428 ± 0.681 L/kg); AUC0−∞ (69,520 ± 22,927 ng h/
mL); MRT0−∞ (3.273 ± 0.365 h); Tmax (1.333 ± 0.408 h); 
and Cmax (23,318 ± 10,468 ng/mL) [166]. Further studies 
examined different oral doses of catalpol (50, 100, and 
200 mg/kg), which revealed the following: Tmax values of 
1.3 ± 0.4, 1.6 ± 0.8, and 2.3 ± 0.8 h; t1/2 values of 1.8 ± 1.3, 
1.7 ± 1.0, and 2.6 ± 1.5 h; and Cmax values of 23 ± 10, 35 
± 14, and 36 ± 9 μg/mL, respectively [167]. These findings 
indicated rapid absorption, although the plasma con-
centration did not increase in a dose-dependent man-
ner. The absolute bioavailability of catalpol at 50 mg/
kg was 66.7%, suggesting the efficacy of oral admin-
istration. Another comparative study showed higher 
bioavailability via intramuscular injection (71.63%) than 
oral administration (49.38%), indicating catalpol insta-
bility in the gastrointestinal tract.

Catalpol or metabolites were distributed in different 
tissues following absorption. A recent PsK study involv-
ing [3H] catalpol (intragastric administration of 30 mg/
kg) in rats showed that catalpol-related substances are 
primarily concentrated in the stomach, large intestine, 
bladder, and kidneys. Catalpol metabolism is mainly 
mediated by the intestinal flora, resulting in an agly-
cone-containing hemiacetal hydroxyl structure [168]. 
Moreover, intravenous administration of catalpol (6 mg/
kg) showed brain penetration, as evidenced by a CSF/
plasma AUC ratio of 5.8% with a shorter plasma elimi-
nation half-life (~0.7 h) compared to CSF (~1.5 h) [169]. 
This finding suggested potential therapeutic implica-
tions for neurologic disorders. Additionally, catalpol 
and its metabolites are primarily excreted through the 
renal route with a rapid clearance. Oral administration 
of catalpol (50 mg/kg) exhibits a short elimination half-
life (1.212 ± 0.388 h), indicating faster elimination that 
is likely due to the hydrophilic nature [166]. Further PK 
assessments in rats confirmed the predominant renal 
excretion of catalpol, as evidenced by a mean recovery 
of the total catalpol dose with 57.52%±12.50% in the 
urine [168].

The PKs of catalpol vary under different disease mod-
els. In streptozotocin-induced diabetic rats, the AUC(0-t), 
Cmax, and t1/2 were higher, while the Tmax was lower com-
pared to normal rats. The corresponding AUC(0-t), Cmax, 
Tmax, and t1/2 values were 92.4 ± 38.2 and 214.1 ± 79.03 
μg/mL·L, 11.82 ± 6.79 vs. 37.41 ± 13.01 μg/mL, 3.1 ± 1.7 
vs. 2.4 ± 1.1 h, and 4.0 ± 1.0 vs. 11.6 ± 4.2 h, respectively 

[170]. Furthermore, the PK parameters for catalpol (8.0 
mL/kg) revealed higher absorptivity and a longer elim-
ination half-life in doxorubicin-induced chronic kidney 
disease rats, as indicated by an AUC(0-t) 1627.83 ± 241.40 
and 439.71 ± 42.34 μg/min·mL, and t1/2 118.28 ± 39.13 
and 84.00 ± 13.42 min, respectively, when compared to 
normal rats [171]. The altered PKs of catalpol under var-
ious conditions are influenced by the gastrointestinal 
microenvironment, liver enzymes (CYP), drug transport-
ers (P-glycoprotein), and plasma protein binding (glu-
curonidation and sulfation). These findings highlight 
the complex metabolism and PKs of catalpol, which are 
important considerations for therapeutic development. 
Furthermore, clinical trials are essential to validate effi-
cacy and safety.

5. CLINICAL APPLICATIONS AND TOXICITY

The LBRD has been validated to have significantly thera-
peutic effects on depression and diminish the incidence 
of adverse reactions [172]. A study combining metabo-
lomics and network pharmacology revealed that LBRD 
significantly improves the psychological suboptimal 
health state, primarily through regulating pyruvate and 
phenylalanine metabolism [173]. However, there are 
currently few reports about the clinical use of catalpol 
for neurologic disorders. In a preliminary study involv-
ing patients following surgical resection for locally 
advanced colon cancer, treatment with catalpol (10 mg/
kg, twice a day for 12 weeks, i.p.) showed benefits in 
clinical outcome without severe complications and was 
cost-effective [174].

To date studies have demonstrated that catalpol is 
relatively safe for rodents with nearly no side effects 
reported. ICR mice received a maximum catalpol dose of 
1000 mg/kg within 1 day via gavage in an animal study 
to evaluate the acute toxicity of catalpol and showed 
no noticeable poisoning symptoms or any abnormalities 
in life activity after 2 weeks of continuous observation 
[175]. Another acute toxicity test of catalpol in Kunming 
mice revealed that the median lethal dose (LD50) of 
intraperitoneal administration was 206.5 mg/kg with 
a 95% confidence interval between 190.7 and 223.6 
mg/kg [176]. Wistar rats received a 90-d intravenous 
injection of catalpol (10, 20, and 40 mg/kg) in an assess-
ment of long-term toxicity and displayed no abnormal-
ities in appearance, the blood biochemistry profile, or 
toxicity involving major organs [176]. A phase-1 trial 
(ChiCTR1900028589) also investigated the safety of 
catalpol in healthy subjects. Well-designed clinic trials 
inspired by the established safety profile from pre-
clinical and clinical trials are warranted to further eval-
uate efficacy in neurologic disease for future research.

6. CONCLUSION AND FUTURE PERSPECTIVES

This review summarized the research advances on the 
therapeutic potentials of catalpol for a wide range 
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of neurologic disorders. The neuroprotective effects 
of catalpol are primarily mediated through the fol-
lowing common mechanisms (Figure 7): (1) antioxi-
dant effects via modulating the PI3K/Akt/Nrf2/HO-1, 
PKCγ, caveolin-1, and Nrf2-Keap1-ARE pathways; (2) 
anti-neuroinflammatory actions by suppressing the 
NLRP3 inflammasome and TLR4/MAPK/NF-κB pathway; 
(3) anti-apoptotic properties through regulation of the 
MKK4/JNK/c-Jun and Bcl-2/Bax cascade pathways; and 
(4) promotion of synaptic plasticity and neurogenesis 
by activating BDNF/TrkB neurotrophic signaling path-
way. In addition, catalpol exerted its neuroprotective 
effects through disorder-specific mechanisms. For exam-
ple, catalpol inhibited HPA axis in depression, improved 
cholinergic function, and reduced Aβproduction in AD. 
Catalpol promoted angiogenesis via the VEGF-A/KDR, 
VEGF-PI3K/AKT, VEGF-MEK1/2/ERK1/2, SDF–1α/CXCR4, 
and JAK2/STAT3 signaling pathways in ischemic stroke, 
and mitigated excessive autophagy via the NRF1/KAT2A/
METTL3/Beclin-1 pathway. Catalpol protects dopaminer-
gic neurons in PD and enhances oligodendrocyte regen-
eration and remyelination in MS via the GEF-Cdc42/Rac1 

pathway. Catalpol promotes myoblast differentiation in 
DMD via the TGF-β1/TAK1 signaling pathway and reg-
ulates GABAA receptor activity in epilepsy. Despite the 
indication of these signaling pathways in many of the 
included studies, it is essential to note that much of the 
existing research relies on broad techniques, such as 
western blotting, quantitative polymerase chain reac-
tion (qPCR), or immunostaining to observe changes 
at the molecular level. More detailed investigations, 
including the use of antagonists or inhibitors, knock-
out mice, and other advanced methodologies, such as 
electrophysiologic recording, are necessary to further 
elucidate the precise molecular mechanisms underlying 
catalpol.

As global life expectancy increases and population 
aging accelerates, neurologic diseases have become a 
considerable global health burden due to the high inci-
dence, disability, and mortality rates. Unfortunately, 
most first-line drugs for these conditions only alleviate 
symptoms and often come with obvious side effects 
in clinical practice. Natural compounds, sourced from 
plants, animals, and microorganisms provide a rich 

Figure 7  |  The common mechanism underlying catalpol against neurologic disorders.
Catalpol exerts neuroprotective effects through four key mechanisms, as follows: (1) anti-oxidation by activating PKCγ/caveolin-1, PI3K/AKT/
Nrf2/HO-1, and Nrf2/Keap1/ARE pathways to enhance antioxidant defense; (2) anti-neuroinflammation by inhibiting TLR4/MAPK/NF-κB and 
NLRP3 inflammasome signaling and reducing inflammatory cytokine production; (3) promoting neurogenesis by activating BDNF/TrkB signaling 
and enhancing neuronal survival, differentiation, and plasticity; and (4) anti-apoptosis by suppressing MKK4/JNK/c-Jun signaling and modulat-
ing the Bcl-2:Bax ratio to maintain mitochondrial integrity and inhibit apoptosis.
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reservoir of chemical structures that can serve as the 
foundation for innovative therapeutic agents. While 
natural compounds are widely acknowledged as valu-
able potential precursors for drug discovery and devel-
opment due to potent biological activities, it is essential 
to recognize the possible risks and limitations associ-
ated with natural compound use. Therefore, there is 
an urgent need to identify some natural and low-tox-
icity neuroprotective agents for the prevention and 
intervention of neurologic disorders. In this context, 
the TCM formulas (LBRD and Rehmanniae Radix) have 
been extensively studied for neuroprotective effects in 
preclinical and clinical settings. Catalpol, a major active 
compound from Rehmanniae Radix, exhibits pharmaco-
logic efficacy comparable to the extract, particularly in 
the effects on the CNS. This review comprehensively dis-
cussed the therapeutic potential of catalpol for a wide 
range of neurologic disorders, detailing experimental 
models, dosages, duration, and mechanisms of action. 
The neuroprotective effects of catalpol, rooted in the 
common mechanisms of anti-oxidation, anti-neuroin-
flammation, anti-apoptosis, and promotion of neuro-
plasticity and neurogenesis, make catalpol a promising 
candidate for neurologic disorders.

Despite the encouraging efficacy of catalpol in exper-
imental investigations, there are still challenges to be 
addressed in preclinical research, including the identi-
fication of direct binding targets, evaluation of toxi-
cologic effects, and PKs. Advanced techniques, such as 
cryo-electron microscopy (cryo-EM), X-ray crystallogra-
phy, and nuclear magnetic resonance (NMR) spectros-
copy, can be used to determine the precise molecular 
structures and binding sites of catalpol. Additionally, 
the interactions between catalpol and its targets can 
be predicted with high accuracy using computational 
methods, such as molecular docking and virtual screen-
ing. Although current studies have shown that catal-
pol is highly safe for rodents, more extensive research 
is needed to further validate these findings and ensure 
safety. Furthermore, comprehensive PK evaluations 
should be given more attention, including absorption, 
distribution, metabolism, and excretion (ADME) studies 
to provide a thorough understanding of how catalpol 
interacts within biological systems. These rigorous eval-
uations will be beneficial to validate the efficacy and 
safety of catalpol, reduce the risk of potential adverse 
effects, and further enhance the potential for transla-
tion into clinical use.

More importantly, there is a lack of clinical trials 
investigating the neuroprotective effects of catalpol. To 
bridge the gap between preclinical and clinical research, 
the appropriate selection and utilization of animal mod-
els should be prioritized to ensure congruency with neu-
rologic disorders in humans. Many variables, especially 
gender and age, must be carefully considered because 
these factors may affect the susceptibility, progression, 
and manifestation of neurologic disorders, as well as 
the efficacy and safety of therapeutic interventions. 

Moreover, well-designed clinical trials should be con-
ducted to evaluate the efficacy, safety, and optimal dos-
ing of catalpol in human subjects. In addition, a com-
parative analysis of catalpol with other neuroprotective 
agents should be conducted in future preclinical and 
clinical research, providing a broader perspective on 
the effectiveness and safety profile of catalpol. Based 
on clinical validity, the optimization of chemical struc-
ture and investigations of precise molecular targets and 
mechanisms should be performed to lay the foundation 
for further research and development of a promising 
neuroprotective agent.

ABBREVIATIONS

5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; AAV, 
adeno-associated virus; ACC, acetyl-CoA carboxylase; Ach, 
acetylcholine; AD, Alzheimer’s disease; ADHD, attention 
deficit hyperactivity disorder; AEP, asparagine endopeptidase; 
AGE, advanced glycation end product; AKT, protein kinase 
B; ALS, amyotrophic lateral sclerosis; AMPK, adenosine 
5’-monophosphate-activated protein kinase; APP, amyloid 
precursor protein; ARE, antioxidant-response element; 
ATF3, activating transcription factor 3; ATP, adenosine 
triphosphate; Aβ, amyloid-beta; BACE1, β-secretase; Bax, Bcl-2 
associated X protein; BBB, blood brain barrier; Bcl-2, B-cell 
lymphoma-2; C/EBPβ, CCAAT-enhancer binding protein beta; 
CAT, catalase; ChAT, choline acetyltransferase; CK, creatine 
kinase; CNKI, Chinese national knowledge infrastructure; 
CNS, central nervous system; CORT, corticosterone; CUMS, 
chronic unpredictable mild stress; CVD, cardio-cerebrovascular 
diseases; ER, estrogen receptor; CXCR4, C-X-C motif chemokine 
receptor 4; DA, dopamine; DAT, dopamine transporter; 
DMD, Duchenne muscular dystrophy; EAE, experimental 
autoimmune encephalomyelitis; EBV, Epstein-Barr virus; EPO, 
erythropoietin; ER, estrogen receptor; ERK, extracellular signal-
regulated kinase; FSP1, ferroptosis suppressor protein 1; GAP-
43, growth-associated protein 43; GDNF, glial cell derived 
neurotrophic factor; GRP78, glucose-regulated protein 78; GS, 
glutamine synthetase; GSH-Px, glutathione peroxidase; GSH-ST, 
glutathione S-transferase; GSK3β, glycogen synthase kinase-
3β; GWAS, genome-wide association study; HD, Huntington’s 
disease; HO-1, hemeoxygenase-1; HPA, hypothalamus-pituitary-
adrenal; IL-1β, interleukin-1 beta; IL-6, interleukin-6; JAK2, 
Janus kinase 2; JNK, c-Jun N-terminal kinase; KAT2A, lysine 
acetyltransferase 2A; LBRD, Lily bulb and Rehmannia decoction; 
LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MAPK, 
mitogen-activated protein kinase; MCAO, middle cerebral 
artery occlusion; MDA, malondialdehyde; MEK, mitogen-
activated extracellular signal-regulated kinase; METTL3, 
methyltransferase-like 3; MKK4, mitogen-activated protein 
kinase kinase 4; MS, multiple sclerosis; MSCs, mesenchymal 
stem cells; mTOR, mammalian target of rapamycin; NF-κB, 
nuclear factor kappa-B; NO, nitric oxide; NOX4, NADPH oxidase 
4; NQO1, NAD(P)H quinone oxidoreductase-1; NRF1, nuclear 
respiratory factor 1; Nrf2, nuclear factor erythroid 2-related 
factor 2; OGD/R, oxygen and glucose deprivation/reperfusion; 
OPCs, oligodendrocyte precursor cells; PD, Parkinson’s disease; 
PERK, protein kinase RNA–like endoplasmic reticulum kinase; 
PGC-1α, peroxisome proliferators-activated receptor gamma 
coactivator 1-alpha; PI3K, phosphoinositide 3-kinase; PKC, 
protein kinase C; PLCγ, phospholipase-Cγ; PPAR, peroxisome 
proliferators-activated receptor; PTSD, post-traumatic stress 
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disorder; PTZ, pentylenetetrazol; RAGE, receptor for advanced 
glycation end product; ROS, reactive oxygen species; SCI, 
spinal cord injury; SDF-1, stromal cell-derived factor-1; SE, 
status epilepticus; SIRT1, silent information regulator factor 
2-related enzyme 1; SNpc, substantia nigra pars compacta; 
SOD, superoxide dismutase; SSRIs, selective serotonin 
reuptake inhibitors; STAT3, signal transducer and activator of 
transcription 3; TAK1, transforming growth factor-β-activated 
kinase 1; TBI, traumatic brain injury; TCM, traditional Chinese 
medicine; TERT, telomerase reverse transcriptase; TGF-β, 
transforming growth factor-β; TH, tyrosine hydroxylase; 
TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor alpha; 
VEGF, vascular endothelial growth factor; VEGFR2, vascular 
endothelial growth factor receptor 2
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