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Cerebral ischemia, a leading cause of neurological disability and death, is characterized 
by reduced cerebral blood flow that induces hypoxia, neuronal injury, and irreversible 
brain damage. Its complex pathophysiology involves neuroinflammation, oxidative 
stress, glial cell activation, disruption of the neurovascular unit, and increasingly 
recognized bone–brain axis crosstalk. Sinomenine (SIN), a bioactive alkaloid derived 
from Sinomenium acutum, exhibits notable anti-inflammatory, antioxidant, and 
immunomodulatory properties, and has shown protective effects on the cardiovascular 
and nervous systems. However, the clinical application of SIN is limited by its poor 
pharmacokinetic properties, such as low oral bioavailability and a short half-life. 
To address these limitations, nanotechnology-based delivery systems have been 
designed to enhance its stability, brain-targeting ability, and therapeutic potential. 
Recent studies also highlight the potential of leveraging the bone–brain axis as a 
novel route for SIN delivery, offering enhanced targeting of ischemic brain tissue. 
This review synthesizes current evidence on the neuroprotective mechanisms 
of SIN, with particular focus on its modulation of the bone–brain axis and the 
advances in delivery technologies. Collectively, these insights support the therapeutic 
potential of SIN-based nano-delivery platforms targeting the bone–brain axis in 
the treatment of cerebral ischemia.
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1 Introduction

Research on the use of traditional Chinese medicine, including single herbs, classical 
prescriptions, and isolated bioactive compounds for the prevention and treatment of central 
nervous system (CNS) disorders has been conducted for several decades. Accumulating 
evidence highlights their considerable therapeutic potential, with clinical benefits documented 
across a range of neurological conditions. For example, recent studies have shown that 
Lonicerae Japonicae Flos alleviates Alzheimer’s disease pathology through multiple targets and 
active constituents (1). Ginsenoside Rb1 has been reported to exert neuroprotective effects 
against cerebral ischemia–reperfusion injury, primarily through the regulation of antioxidant 
defenses and suppression of neuroinflammatory response (2). Similarly, Zhang et  al. (3) 
demonstrated that mangiferin preserved neurological function and improved post-stroke 
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cognitive impairment in I/R rats, primarily via regulation of 
disordered lipid metabolism. Sinomenine (SIN), a major bioactive 
alkaloid isolated from the root and stem of Sinomenium acutum 
Rehder and E. H. Wilson or its variant Sinomenium acutum var. 
cinereum, is the primary pharmacologically active component of this 
traditional Chinese medicinal herb. It has been historically used in the 
treatment of rheumatism and neuralgia and has a long history of 
clinical application in traditional medicines (4–6). The 
pharmacological activities of SIN, which include immunomodulatory 
and anti-inflammatory properties, are responsible for the significant 
therapeutic efficacy of SIN in the treatment of conditions such as 
rheumatoid arthritis, sciatic neuritis, and lumbalgia (4, 5, 7). Since its 
purification in the 1920s, SIN has also been shown to regulate 
histamine release, exert mild sedative and analgesic effects, and 
provide neuroprotective benefits. These pharmacological actions have 
been substantiated in various disorders, including ankylosing 
spondylitis and CNS diseases (4, 5, 8–13).

Stroke, particularly ischemic stroke which accounts for 
approximately 85% of all cases in China—is a major cause of death 
and long-term disability (14–16). In the event of a stroke, the depletion 
of adenosine triphosphate (ATP) triggers the ischemic cascade, which 
ultimately leads to the accumulation of calcium within the cells, the 
failure of the ion pump, and the glutamate-induced cell excitotoxicity 
(17). In addition to the response of the central neurons, the injured 
tissue also undergoes activation of the immune system. The neuronal 
cells in the brain are the cells that are most vulnerable to harm from 
ischemia (18). Damage associated molecular patterns (DAMPs) are 
molecules that are released by necrotic neurons and non-neuronal 
tissue. Examples of DAMPs include high-mobility group box 1 
(HMGB1) and heat shock proteins (HSPs), which, together with other 
pro-inflammatory mediators, contribute to the disruption of the 
blood–brain barrier (BBB) (19). Once the BBB is breached, systemic 
inflammatory cells such as monocytes, neutrophils, and T cells 
continuously infiltrate the lesion, worsening the injury. In addition, 
multi-omics analyses revealed that dynamic alterations in 
cerebrospinal fluid lipid metabolism during the course of intracerebral 
hemorrhage from onset to reperfusion are closely associated with 
patient outcomes, suggesting that lipid metabolism may serve as a 
potential target for therapeutic intervention and prognostic 
evaluation (20).

Bone, as a fundamental structural tissue, has garnered increasing 
attention for its endocrine functions. The bone-brain axis, also known 
as the brain-bone axis, is a bidirectional regulatory interaction 
between the brain and bone that can be  formed by a variety of 
methods, according to new research. The efferent neural system 
controls bone homeostasis and regeneration (21–23), However, the 
mechanisms behind the regulatory effects of bone on brain function 
are still being studied (24–26). According to recent research, bone can 
control peripheral organs’ growth and metabolism through bone-
derived cell migration and the synthesis and secretion of several 
bioactive cytokines. Certain bone-derived cytokines and cells can 
traverse the BBB to reach the CNS (27).

Given the multifaceted pharmacological actions of SIN and 
the emerging insights into the regulatory crosstalk between bone 
and brain, we propose a novel therapeutic paradigm that leverages 
the bone-brain axis for the targeted delivery of SIN in the 
treatment of cerebral ischemia. To illustrate the conceptual 
framework and hypothesized mechanisms underlying this 

approach, we present a graphical summary (Figure 1) outlining the 
pathophysiological processes of cerebral ischemia, the 
pharmacological effects of SIN, and its potential delivery via the 
bone-brain axis.

2 Pathophysiological mechanisms of 
neurovascular injury induced by 
cerebral ischemia

Studies have demonstrated that cerebral ischemia triggers a 
multifactorial and complex pathological process (28). Out of all of 
these mechanisms, inflammation is a significant contributor to the 
pathophysiology of ischemia. Nuclear factor-kappa B (NF-κB) and 
activator protein-1 (AP-1) are key transcriptional regulators of the 
inflammatory response, promoting the upregulation of 
pro-inflammatory cytokines such as interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α). The following activation of matrix 
metalloproteinases (MMPs) and cyclooxygenase-2 (COX-2) is a 
consequence of this cascade (29). The activation of MMP-2, MMP-3, 
and MMP-9 compromises key structural components, including the 
basement membrane, tight junctions, and extracellular matrix, 
thereby in-creasing BBB permeability. This results in secondary 
effects, including leukocyte in-filtration, impaired transcellular 
transport, pericyte damage, expansion of the peri-vascular space, and 
astrocyte proliferation (30, 31). Additionally, chronic cerebral 
ischemia drives the sustained activation and proliferation of M1-type 
microglia and A1-type reactive astrocytes, which also increases the 
release of pro-inflammatory cytokines like IL-1β and TNF-α, as well 
as neurotoxic mediators (32–34). This microglial activation of 
microglia is potentiated by paracrine signaling (35). On the one 
hand, IL-1β exacerbates BBB disruption by downregulating tight 
junction protein Zonula Oc-cludens-1 (ZO-1), activating caspase-1 
within the brain, and establishing a positive feedback loop that 
amplifies IL-1β production (36). On the other hand, the upregulation 
of TNF-α in endothelial cells promotes cytoskeletal rearrangement, 
thereby compromising tight junction integrity and disrupting the 
structural cohesion of the basement membrane (37). Moreover, 
TNF-α contributes to endothelial dysfunction by activating the 
NF-κB and mitogen-activated protein kinase (MAPK) signaling 
pathways, which in turn promote the transcription of additional 
pro-inflammatory cytokines and apoptosis-related genes. This 
cascade of events exacerbates endothelial cell activation and 
dysfunction (38–41).

Furthermore, activated astrocytes differentiate into neurotoxic A1 
and neuroprotective A2 subtypes (42, 43). Under cerebral ischemic 
conditions, reactive astrocytes predominantly adopt the A1 
phenotype, characterized by the release of pro-inflammatory factors 
and neurotoxic mediators. A1 astrocytes are distinguished by 
hypertrophy, reduced expression of essential ion channels and 
neurotransmitter receptors, and upregulated glial fibrillary acidic 
protein (GFAP) expression, ultimately disrupting the BBB (44). Recent 
studies have demonstrated that in the bilateral carotid artery stenosis 
(BCAS) mouse model of chronic cerebral ischemia, sham-operated 
controls were used for comparison, and a significant increase in 
GFAP+ astrocytes was observed within 28 days after surgery (45). This 
astrocytic activation was accompanied by pronounced demyelination 
and axonal injury in the white matter (45). Thus, microglia and 
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astrocytes play key roles in the pathogenesis and progression of 
cerebral ischemia.

Cerebral ischemia also activates inflammasomes, thereby 
initiating an inflammatory response. Studies have shown that the 
NOD-like receptor thermal protein domain associated protein 3 
(NLRP 3) inflammasome, in response to cerebral ischemia, is activated 
through the pathogen-associated molecular pattern (PAMP)/DAMP 
signaling pathway, which promotes the conversion of caspase-1, 
thereby accelerating the process of pyroptosis in neuronal cells (46). 
Additionally, persistent cerebral ischemia induces anaerobic 
metabolism in brain cells, leading to the onset of oxidative stress. 
Research indicates that following cerebral ischemia, antioxidant 
enzyme levels significantly de-crease, reactive oxygen species (ROS) 
production increases, and excessive deposition of amyloid-beta (Aβ) 
proteins occurs (47). Meanwhile, methyltransferase 3-mediated m6A 
modification promotes the degradation of synaptosomal-associated 
protein 29 mRNA, thereby impairing the restoration of autophagic 

flux, triggering mitochondrial crisis and excessive ROS accumulation, 
and ultimately exacerbating oxidative stress injury in the ischemic 
microenvironment (48). Consequently, these changes result in 
extensive oxidative damage to proteins, DNA, and other cellular 
components within the brain.

Notably, cerebral ischemia may interact with bone through 
multiple pathways. Stroke, a major risk factor for fragility fractures, 
increases the risk of post-stroke disability and mortality, with stroke 
survivors experiencing a seven-fold higher incidence of fragility 
fractures (49). Wang et  al. (50) found that cerebral ischemia can 
activate the sympathetic nervous system, which in turn activates 
CD4+ T cells in the bone marrow. Upon activation, Receptor 
Activator of Nuclear Factor-κB Ligand (RANKL), is produced by 
CD4+ T cells, which attaches to the RANK receptor and triggers the 
NF-κB and MAPK signaling pathways. This activation promotes 
Nuclear Factor of Activated T-Cells Cytoplasmic 1 (NFATc1), −
mediated osteoclast differentiation, ultimately enhancing 

FIGURE 1

Targeting cerebral ischemia via the bone-brain axis: therapeutic potential of Sinomenine.
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osteoclastogenesis and bone resorption (51). Conversely, bone is also 
considered an endocrine organ (52), influencing the pathological 
state of cerebral ischemia through cytokine-mediated indirect 
mechanisms. Members of the transforming growth factor-β (TGF-β) 
class, bone morphogenetic proteins (BMPs) are signaling molecules 
released by osteoblasts (OBs) and osteoclasts (OCs) (53). BMPs 
primarily regulate bone formation and maintenance via Smad-
dependent signaling and through crosstalk with other pathways such 
as MAPK, Wnt, Hedgehog, Notch, and FGF signaling (54). 
Ap-proximately 15 BMPs have been identified, with some being 
implicated in ischemic brain injury (55). For example, BMP7 is 
significantly upregulated following cerebral is-chemic injury, likely 
due to its neuroprotective effects. In a rat model of cerebral ischemia, 
Pei et  al. (56) demonstrated that exogenous injection of BMP7 
effectively mitigated neuronal death induced by ischemia, improved 
glutathione peroxidase (GSH-PX) and superoxide dismutase (SOD) 
activities, and mitigated neuronal death caused by ischemia, 
ultimately improving oxidative stress-induced brain damage. 
Similarly, BMP4/Smad1/5/8 signaling is enhanced in ischemic mice 
following isoflurane treatment (57), while BMP2 has been implicated 
in post-ischemic brain repair (58). Additionally, osteocalcin, a bone-
derived hormone, has been shown to alleviate neuronal loss in acute 
ischemic stroke by inhibiting prolyl hydroxylase domain-containing 
protein 1(PHD1) and preventing the degradation of gasdermin D, 
thereby improving prognosis (59). These findings underscore the 
complex bidirectional interactions between bone and brain, revealing 
potential therapeutic targets for cerebral ischemia and other 
neurological disorders (Figure 2).

3 Bone-brain axis

The primary physiological function of bones has traditionally 
been viewed as protecting internal organs and facilitating movement. 
Given the structural characteristics of bones, they are often considered 
as the body’s framework, with little attention paid to their interactions 
with other organs. However, the emerging concept of the “bone-brain 
axis” has challenged this traditional view (21, 60), suggesting that the 
skeletal system and the CNS are interconnected entities with distinct 
functions within the body. There exists a complex interaction between 
the CNS and bone, with one key aspect being the neuroregulation of 
bone metabolism. Researchers have discovered that the CNS mediates 
neuronal circuits that directly regulate bone metabolism. Both 
autonomic and sensory nerve fibers can regulate the balance between 
OBs and OCs, thereby influencing bone remodeling (61). Sympathetic 
nerve fibers directly control OBs and OCs, affecting bone resorption 
and formation. This process is primarily mediated by the 
neurotransmitter norepinephrine (NE), which binds to β2-adrenergic 
receptors (β2-ARs) on OBs, triggering a signaling cascade (62) hat 
upregulates receptor activator of RANKL. RANKL subsequently 
promotes OC differentiation and activation, leading to increased bone 
resorption and structural degradation (63).

Leptin, a hypothalamic neuropeptide primarily secreted by 
adipocytes (64), plays a central role in regulating bone mass and has 
been shown to be closely associated with sympathetic nervous system 
(SNS) activity. Leptin directly affects bone tissue by promoting OB 
differentiation and mineralization of the bone matrix (61). Moreover, 
leptin can cross the BBB and bind to receptors in the arcuate nucleus 

FIGURE 2

Pathophysiological mechanisms of neurovascular injury in cerebral ischemia. Neurovascular injury in cerebral ischemia is primarily driven by 
neuroinflammation, overactivation of pro-inflammatory glial cells, oxidative stress, and disruption of bone–brain axis interactions.
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of the hypothalamus, regulating neurotransmitters such as 
neuropeptide Y (NPY), cocaine-amphetamine regulated transcript 
(CART), serotonin (5-HT), and neuropeptide U (NPU), thereby 
in-directly influencing the bone-brain neural network (61). These 
changes lead to improved sympathetic outflow to the skeleton, 
followed by activation of OB β2-ARs, leading to increased bone 
resorption and decreased bone growth (65). Emerging evidence also 
suggests that the parasympathetic nervous system (PNS) can 
counterbalance the effects of the SNS on bone metabolism. Unlike the 
SNS, bone metabolic activity is primarily controlled by acetylcholine 
(ACh) through nicotinic acetylcholine receptors (nAChRs) on OBs. 
This interaction activates OBs, promoting their proliferation and 
differentiation, and thus influencing bone anabolism (65). Other 
neurotransmitters and neuropeptides, including glutamate, vasoactive 
intestinal peptide (VIP), γ-aminobutyric acid (GABA), calcitonin 
gene-related peptide (CGRP), growth hormone releasing peptide 
(GHRP), corticotropin-releasing factor (CRF), and CART (61, 62, 
65–67), have also been implicated in diverse signaling pathways that 
ultimately govern bone metabolism and synthesis.

Interestingly, bone also can produce regulatory factors that 
influence neural activity (68). Bone-derived mediators are released 
from bone cells and bone marrow, crossing the BBB to regulate 
various aspects of CNS function, including memory, mood, and 
cognitive abilities (65). This interaction suggests that bone can serve 
as a crucial regulator of brain development, function, and 
pathophysiology (69). One of the most crucial bone-derived 
components for controlling brain activity is osteocalcin, a 
non-collagenous bone matrix protein that is exclusively made by OBs 
and is essential for preserving healthy bone mineralization. By 
promoting the synthesis of monoamine neurotransmitters, inhibiting 
the production of GABA, and preventing apoptosis in hippocampus 
neurons, osteocalcin can pass the BBB (52). Increasing numbers of 
studies have explored the regulatory effects of osteocalcin on the 
brain. For instance, Bradburn et al. (70) con-ducted a study involving 
225 elderly individuals and 134 young adults that plasma osteocalcin 
levels were positively correlated with cognitive function and executive 
ability in the elderly. Oury et al. (71) demonstrated that osteocalcin 
plays a crucial role in promoting postnatal neurogenesis and 
enhancing memory, while also exerting anxiolytic and antidepressant 
effects. Furthermore, maternal osteocalcin can cross the placenta, 
supporting fetal brain development, including the maturation of 
spatial learning and memory functions. Chang et al. (72) found that 
osteocalcin alleviated pathological conditions in Alzheimer’s disease 
(AD) model mice by reducing Aβ burden and enhancing the glycolysis 
of astrocytes and microglia, providing new insights for AD treatment. 
Moreover, osteocalcin inhibits cholinergic activity in postganglionic 
parasympathetic neurons through its receptor, G protein-coupled 
receptor (GPCR) 6a, thereby enhancing the acute stress response 
(ASR) in animals, suggesting its role as a stress hormone regulating 
neural activity under danger (73).

AAs research advances, additional bone-derived proteins with 
neuroregulatory functions are being identified. Osteopontin, for 
example, is involved in both inflammatory responses and bone 
remodeling and metabolism, and it also affects the nervous system, 
playing a dual role in tissue damage and repair. By inhibiting the 
Wnt/β-catenin signaling pathway, sclerostin prevents the production of 
new bone, promoting bone resorption, and potentially impairing 
synaptic plasticity and memory. Both osteopontin and sclerostin 

exhibit potential as novel biomarkers for neurodegenerative diseases 
(74). Osteocytes and osteoblasts (OBs) secrete fibroblast growth factor 
23 (FGF23), a bone-derived hormone that may similarly influence 
behavior and brain function. Studies have shown that FGF23 reduces 
the expression of brain-derived neurotrophic factor (BDNF) and other 
synaptic proteins, thereby impairing synaptic plasticity and cognitive 
performance. Elevated FGF23 levels have been associated with 
increased anxiety- and depressive-like behaviors, as well as impairments 
in memory and spatial learning (65). Collectively, these bone-derived 
molecules significantly impact the nervous system, not only by 
influencing bone remodeling but also by modulating neurotransmitter 
release and neuronal activity, ultimately shaping mood and cognition. 
This connection offers new perspectives for understanding the 
relationship between bone function and brain health.

Beyond neuroendocrine interactions, the bone-brain axis also 
encompasses com-plex immune crosstalk. Bone marrow-derived 
immune cells have been shown to play neuroprotective, neurorepair, 
and neuroplastic roles in brain diseases (75). These cells can migrate 
into brain tissue through various mechanisms (76). A recent study 
labeled bone marrow cells residing in the skull and tibia of mice with 
spectral membrane dyes as cellular trackers. Remarkably, they 
discovered vascular channels connecting the brain and bone marrow. 
Myeloid cells migrate through these microchannels to inflamed brain 
tissue, which are located across the skull’s endothelial layer, thereby 
linking the skull’s bone marrow cavity with the dura mater (77). 
Macrophages, a critical myeloid immune cell type, also play an 
essential role in the brain immunity. Reparative macrophages secrete 
factors such as osteocalcin, insulin-like growth factor 1 (IGF-1), 
platelet-derived growth factor, BMPs, and growth differentiation 
factor 15 (GDF-15), all of which support neurogenesis and tissue 
reconstruction. Additionally, macrophages produce angiogenic factors 
that promote collateral artery growth, and depletion of these cells has 
been as-sociated with increased bleeding incidents (78). T 
lymphocytes are central to the immune response in the brain. 
Regulatory T cells (Tregs) promote neural tissue repair by suppressing 
excessive astrocyte activation and promoting myelin regeneration 
(79). Furthermore, Treg-derived OBs enhance microglial repair 
activity via integrin receptors on microglial cells, thus improving 
white matter integrity and preserving neural function in the long term 
(80). Modulating peripheral immune cell interactions with the CNS 
presents a promising therapeutic avenue for enhancing recovery from 
brain injury.

In conclusion, the bone-brain axis is a highly integrated system 
governed by intricate regulatory mechanisms. This emerging field of 
research has illuminated the multifaceted roles of skeletal tissues in 
neuroregulation, metabolic control, and immune-inflammatory 
processes. As illustrated in Figure  3, the pathological interplay 
between cerebral ischemia and the bone-brain axis suggests that this 
axis may serve as a novel therapeutic target for neurodegenerative and 
cerebrovascular diseases. These in-sights not only offer fresh 
perspectives for early neurological intervention, but also pave the way 
for personalized treatment strategies and improved patient outcomes.

4 Pharmacokinetics of SIN

SIN, first isolated by Ishiwari from Radix Sinomenii in the 1920s, 
is a morphinan alkaloid with the chemical name 
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(9α,13α,14α)-4-hydroxy-3,7-dimethoxy-17-methylmorphinan-6-one. 
Structurally, it consists of a hydrogenated phenanthrene core linked to 
an ethylamine bridge. SIN manifests as a crystalline powder, either 
whitish or pale-yellow, characterized by the molecular structure 
C₁₉H₂₃NO₄ and a comparative molecular mass of 329.38. This 
substance melts at 161 °C and dissolves in ethanol, acetone, 
chloroform, and diluted alkali, yet shows limited solubility in water, 
ether, and benzene.

SIN, mainly employed in managing rheumatoid arthritis and joint 
discomfort, has a broad range of pharmacological effects, 
encompassing anti-inflammatory, antioxidant, immunomodulatory, 
sedative, and pain-relieving impacts. Studies have shown that SIN 
reduces oxidative stress and protects against organ damage by 
downregulating inflammatory markers such as MDA and hydrogen 
peroxide (H₂O₂) in rat lungs subjected to chronic intermittent 
hypoxia-induced lung injury (81). Additionally, studies have shown 
that SIN initiates autophagy in human glioblastoma cells by 
stimulating ROS production, stopping the cell cycle during the G0/G1 
phase, and reducing cell movement and invasion. It is recognized that 
the hydrochloride salt form suppresses NF-κB activation, hinders 
MMPs (MMP-2 and MMP-9) synthesis, and reverses the transition 
from epithelial to mesenchymal traits in cancerous cells. The results 
imply that SIN could be effective in preventing the spread of tumor 
cells during glioblastoma therapy (82). By inhibiting Matrix 
Metalloproteinase-2/−9 and preventing the transition from epithelial 
to mesenchymal cells, SIN Hydrochloride prevents the growth of 
human glioblastoma cells. In further studies, lipopolysaccharide 
(LPS)-induced changes in keratinocyte viability, apoptosis, and 
increased expression of inflammatory cytokines such as TNF-α, IL-6, 
and IL-8 can be reversed by SIN intervention. The neuroprotective 
effects of SIN have also been extensively demonstrated in preclinical 
studies of neuro-logical diseases. According to both in  vitro and 
in  vivo research, SIN can inhibit or block a variety of signaling 
pathways that contribute to the development of neurological disorders. 
It also shows neuroprotective effects by reducing inflammation, 
reducing oxidative stress, and inhibiting apoptosis (83, 84). As a 

multipurpose neuroprotective agent, SIN has promise for the 
treatment and prevention of neurological disorders.

The pharmacokinetics and tissue distribution of SIN have been 
extensively investigated in rats. Following a single oral administration 
of 25 mg/kg SIN hydrochloride, female Sprague–Dawley rats exhibited 
significantly greater systemic exposure than males, with higher 
AUC₀–∞ values (13,430.6 ± 2,781.2 h·ng/mL vs. 
7,221.3 ± 2,133.5 h·ng/mL, p < 0.01) and elevated Cmax 
(1,623.5 ± 299.3 ng/mL vs. 1,138.2 ± 213.7 ng/mL, p < 0.05). In 
addition, females showed a longer elimination half-life (6.2 ± 1.4 h vs. 
4.5 ± 1.0 h) and slower clearance (1.9 ± 0.5 L/h/kg vs. 3.4 ± 0.8 L/h/kg, 
p < 0.01) compared with males (85). Consistently, SIN concentrations 
in the visceral organs of female rats were markedly higher than those 
of males, confirming pronounced sex-related differences in its 
pharmacokinetic and tissue distribution profiles (85). These findings 
suggest that sex should be considered when evaluating the therapeutic 
application of SIN. As an alkaloid, SIN readily forms water-soluble 
salts upon reaction with acids, while its lipophilic nature facilitates 
gastrointestinal absorption through passive diffusion. Research on 
tissue distribution indicates that 45 min post-administration (oral 
dose 90 mg/kg), the levels of SIN in various rat tissues, ranked from 
highest to lowest, were detected as: kidney, liver, lung, spleen, heart, 
brain, and testicles (86). After 90 min, there was a marked reduction 
in SIN concentrations across all organs, with the liver and kidneys 
maintaining relatively higher levels, suggesting these as key organs for 
metabolism and elimination. The protein binding assay showed SIN 
(at ~4 μg/mL in rat or rabbit plasma) has a binding rate to albumin 
exceeding 60%, while binding to α-1-acid glycoprotein is only 
~33% (86).

Although SIN shows potential in pharmacology, its practical use 
in clinical settings is constrained due to its brief elimination half-life 
and minimal oral bioavailability, hovering around 30%. These factors 
somewhat limit its clinical application. Despite the various 
pharmacological effects of SIN in treating cerebral ischemia, its short 
half-life and low bioavailability increase the risk of adverse reactions. 
Therefore, the development of new drug delivery systems for SIN, 

FIGURE 3

The pathological relationship between cerebral ischemia and the bone-brain axis.
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aimed at achieving sustained release, reducing clinical dosages, 
increasing drug concentrations in the brain, and improving 
therapeutic outcomes, is of significant importance. These 
developments might offer a new approach in pharmacology for 
addressing cerebral ischemic conditions (Figure 4).

5 Pharmacological activities of SIN

Recent studies improved understanding of the cardiovascular 
protective effects of SIN, highlighting its roles in anti-inflammation, 
anti-oxidation, and endothelial protection. To reflect these advances, 
Table  1 presents an updated and comprehensive summary of the 
pharmacological actions of SIN in various cardiovascular disease 
models, incorporating findings from in  vitro and in  vivo studies 
(Figure 5).

5.1 Anti-inflammatory effects

NF-κB is a key nuclear transcription factor in eukaryotic cells. In 
most quiescent cells, NF-κB exists in an inactive complex in the 
cytplasm through its interaction with IκB. Upon stimulation by 
hypoxia, oxidative stress, or pro-inflammatory cytokines, IκB 
undergoes degradation, releasing NF-κB to translocate into the 
nucleus and induce transcriptional activity (87). Extensive research 
highlights the pivotal role of NF-κB in inflammatory diseases, with 
therapeutic interventions aimed at inhibiting NF-κB signaling 
showing potential for disease modulation. SIN achieves its 

anti-inflammatory properties by inhibiting the binding of NF-κB, 
consequently reducing the expression of inflammatory elements at the 
mRNA stage (88). Study by Xu et al. (89) in animal models confirmed 
that SIN attenuates inflammation by inhibiting both NF-κB and 
MAPK signaling pathways, leading to the downregulation of 
pro-inflammatory cytokines, such as IL-6 and TNF-α. Additionally, 
Yi et  al. (90) reported the effects ofSINSIN on fibroblast-like 
synoviocytes (FLS) in adjuvant-induced arthritis (AIA) rat models. 
The research indicated that SIN amplifies the expression of adenosine 
A2A receptors in AIA rats and FLS via the α7 nicotinic acetylcholine 
receptor (α7nAChR) pathway, concurrently suppressing NF-κB 
activation, thereby mitigating arthritis. α7nAChR, an integral part of 
the cholinergic anti-inflammatory pathway (CAP), controls 
inflammation through acetylcholine signaling mediated by the vagus 
nerve. Remarkably, the elimination of α7nAChR nullified SIN’s 
inhibition of NF-κB activation, indicating a reliance on α7nAChR for 
its anti-inflammatory effects. Additionally, SIN influences the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/ heme oxygenase-1 (HO-1) 
pathway, leading to the suppression of NF-κB activity in mouse 
chondrocytes, thereby curbing inflammatory reactions and the 
breakdown of extracellular matrix elements.

SIN influences this route through the suppression of CD14/ 
Toll-like receptor 4 (TLR4) and Janus Kinase 2 (JAK2)/ STAT3 
signaling pathways, leading to a decrease in TNF-α, MCP-1, MIF, 
and MMP-9 levels in RAW 264.7 cells stimulated by LPS, and 
concurrently hindering the secretion of calcium ions within cells 
(91). Within AIA rats, TNF-α enhances FLS growth, increases 
α7nAChR levels, and stimulates the ERK/Egr-1 pathway, while SIN 
mitigates these impacts by reducing FLS growth, α7nAChR levels, 

FIGURE 4

Pharmacokinetics and physicochemical properties of sinomenine.
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TABLE 1  Summary of the cardiovascular protective effects exerted by SIN.

Experimental system Model type Mechanism insights Dose/Concentration Key findings Validation methods Year Ref.

Anti-arrhythmia I/R injury rats model

↓: PAF, ET-1, TBX2, TF, Fbg, 
PAI-1, Ck-MB, Ck, Tnl, 
MDA, LDH, AST, hs-CRP, 
MCP-1, TNF-α, IL-1β, IL-6
↑: SOD、GPx、CAT

5, 10, 20 mg/kg

↓: Duration, incidence of ventricular 
fibrillation, ventricular ectopic beat, 
ventricular tachycardia, arrhythmia 
score, myocardial infarct area, 
platelet aggregation parameters

ECG analysis, biochemical assays, 
histopathology, ELISA

2022 (191)

Ameliorates cardiac hypertrophy
Ang II-treated H9C2 cells, 
isoproterenol-treated rat

↓: Cell surface area, ANP, 
BNP, β-MHC, cell apoptosis 
rate, caspase3, Bax, MDA, 
ROS
↑: Bcl-2, Nrf2, HO-1

40, 80 mg/kg ↓: HW index, LVW index Western blot, RT-qPCR, TUNEL staining 2021 (192)

Anti-atherosclerosis Atherosclerosis model

↓: Total cholesterol, 
triglyceride, LDL, VLDL, 
ET-1, hs-CRP, TXB2, 
cTnI、LDH, CK-MB, total 
protein, HMG-CoA/
Mevalonate ratio, collagen, 
calcium, FFA, MDA, IL-1α, 
IL-1β, TNF-α, IL-6, IL-17, 
MCP-2, MCP-3, VCAM-1, 
ICAM-1
↑: HDL, NO, CAT, SOD, GPx, 
GR, IL-10

5, 10, 20 mg/kg
↓: Body weight, water and food 
intake

Lipid profile analysis, histopathology, 
ELISA

2024 (193)

Vascular relaxation

Spontaneously 
hypertensive rats, A7r5 rat 
aortic smooth muscle cell 
line

↓: Ca 2+

↑: Bcl-2, Nrf2, HO-1
2.5, 5, 10 mg/kg

↓: Systolic blood pressure
↑: vascular relaxation

↑: Vascular relaxation Blood pressure 
monitoring, vascular tension 
measurement, Western blot

2007 (194)

Protection against myocardial 
ischemia reperfusion injury

Myocardial ischemia–
reperfusion injury mice

↓: CK, LDH, caspase-3, 
caspase-9, Bax, MDA, ROS, 
DHE, IL-1β, TNF-α, IL-6
↑: EF, Bcl-2, GSH, T-AOC

80 mg/kg
↓: The ratio of infarct area to area at 
risk, the ratio of infarct area to left 
ventricle, TUNEL-positive cells

↑: Cardiac function TTC staining, 
echocardiography, TUNEL assay, 
oxidative stress markers

2022 (118)

Improve heart failure
Stress load-induced model 
of heart failure in mice

↓: ANP, type I and III 
collagen
↑: IL-10/IL-17

120 mg/kg
↓: LVEDd, LVEDs, LVPWd, 
inflammatory cell infiltration
↑: ejection fraction, shortened score

Echocardiography, Masson’s trichrome, 
ELISA

2020 (195)

Protect against sepsis-induced 
myocardial injury

Sepsis model

↓: IL-1β, TNF-α, IL-6, IFN-γ, 
CXCL8, JNK1, JAK1, JAK2, 
STAT3, NF-κB, cleaved-
caspase3/caspase3, LVID, 
LDH, CK-MB, cMLC1, cTnI
↑: EF

50, 100 mg/kg ↓: Apoptosis of cardiomyocytes
Flow cytometry, Western blot, 
echocardiography

2023 (196)

(Continued)

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Li et al.�
10

.3
3

8
9

/fm
ed

.2
0

2
5.16

776
8

5

Fro
n

tie
rs in

 M
e

d
icin

e
0

9
fro

n
tie

rsin
.o

rg

TABLE 1  (Continued)

Experimental system Model type Mechanism insights Dose/Concentration Key findings Validation methods Year Ref.

Treatment of vascular 

proliferative disease

Rat VSMCs, carotid artery 

wire injury model

↓: MAPK signalling, AKT/

GSK3β signalling, STAT3 

phosphorylation, PDGFR-β 

phosphorylation

↑: SM α-actin, smoothelin, 

SMA

150 mg/kg

↓: VSMC proliferation, VSMC cell 

cycle progression, VSMC migration, 

artery injury-induced proliferative 

response, VSMC phenotype 

dedifferentiation

Immunohistochemistry, flow cytometry, 

Western blot
2013 (197)

Reduce myocardial infarction
Myocardial infarction 

model

↓: LDH

↑: EF, FS
50 mg/kg ↓: Myocardial infarction area TTC staining, echocardiography 2022 (198)

Treatment of rheumatic carditis 

or rheumatic heart disease
HUVEC ↓: VCAM-1 NR Flow cytometry, RT-qPCR 2007 (199)

Alleviated vascular calcification Uremic rats
↑: miR-143-5p, mmu-mir-

143-5p
40 mg/kg ↓: Vascular calcification

Alizarin Red staining, RT-qPCR, Western 

blot
2025 (200)

Ameliorate vascular calcification
Uremic rats, primary rat 

VSMCs

↓: NLRP3, Caspase-1, 

GSDMD, AEG-1
30 mg/kg

↓: Calcified area, vascular 

calcification
Von Kossa staining, Western blot 2025 (201)

Treatment of vascular 

proliferative disease
VSMC

↓: Phosphorylation of 

ERK1/2 and p38, Akt, 

GSK3β, STAT3, and 

PDGFR-β.

150 mg/kg
↓: Formation of neointima and 

number of PCNAP cells.
Immunofluorescence, Western blot 2013 (197)

Improving renal function HRGECs

↑: Occludin, Nr.

↓: RhoA/ROCK signal 

transduction activation, 

abnormal occlusive protein 

distribution reversion, RhoA/

ROCK, Cell permeability, and 

ROS.

Transwell permeability assay, Western 

blot
2016 (202)

Neuroprotection
Middle cerebral artery 

occlusion mice model

↓: NLRP3, cleaved caspase-1, 

cleaved caspase-3, IL-1β, 

IL-6, IL-18, TNF-α

↑: EF, FS

10 or 20 mg/kg

↓: Infarction volume, brain water 

content, neuronal loss and apoptosis, 

neurological deficiency, activation of 

astrocytes and microglia

TTC staining, TUNEL assay, behavioral 

tests
2016 (83)

Anti-inflammatory and cerebral 

protective functions

Middle cerebral artery 

occlusion model mice, 

BV2 cells

↓: TNF-α, IL-1β, SOD, GPx, 

IL-6, NOS2, Arg-1, IL-10, 

inhibition of OGD-induced 

IκBα phosphorylation and 

NF-κB p65 nuclear 

translocation

↑: Nrf2, HO-1, NQO1, NOS2, 

Arg-1, IL-10

20 mg/kg
↓: Brain water content

↑: Nrf2
Immunofluorescence, Western blot 2021 (203)

(Continued)
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TABLE 1  (Continued)

Experimental system Model type Mechanism insights Dose/Concentration Key findings Validation methods Year Ref.

Suppresses neuroinflammation

Middle cerebral artery 

occlusion mice model, 

primary astrocyte

↓: Astrocytic activation, 

STAT3 phosphorylation, 

IL-1β, IL-6, IL-18, TNF-α, 

nuclear translocation of 

CRYAB

↑: DRD2, αB-crystallin, 

activation of STAT3

10, 20 mg/kg

↓: Infarction volume, brain water 

content

↑: alleviated neurological 

impairment

Western blot, ELISA 2016 (97)

Attenuates brain injury in 

intracerebral hemorrhage

ICH mouse model, BV2 

cells

↓: IL-1β, IL-6, TNF-α, ROS, 

NF- κB, microglial migration
20 mg/kg

↓: Brain water content, neurological 

deficit scores

Behavioral tests, ELISA, 

immunohistochemistry
2014 (204)

Anti-inflammatory
Subarachnoid hemorrhage 

model

↓: Cleaved caspase-3, Bax, 

NF-κB, IL-1β, IL-6

↑: Nrf2, HO-1, NQO1, Bcl-2

50 mg/kg

↓: Brain water content, early brain 

injury, neuronal apoptosis, neuronal 

degeneration, microglial activation, 

nrf2 expression, nuclear translocati

↑: neurological functions

TUNEL assay, Western blot, MRI 2023 (84)

Attenuates inflammatory injury
Autologous blood models, 

hippocampal tissue

↓: Matrix metalloproteinase 

3/9, iNOS, IL-1β, TNF-α

↑: IL-10, Arg-1

20 mg/kg

↓: Brain water content, neurological 

impairment, microglia mediated 

toxicity to neurons, inflammation

↑: microglia m2 polarization

Immunofluorescence, ELISA 2016 (205)

Protects against ischaemic brain 

injury

Middle cerebral artery 

occlusion mice model, 

PC12 cells

↓: LDH, Bax, caspase-3, 

phosphorylation of CaMKII, 

L-type calcium currents, 

ASIC1a currents, KCl and 

acidification-mediated 

increase in [Ca2+]i

↑: Bcl-2/Bax

10, 30 mg/kg ↓: Ischaemic sections
Electrophysiology, TTC staining, Western 

blot
2011 (144)

Anti-oxidative stress PC12 neuronal cells

↓: MDA, Nrf2, activation of 

NOX

↑: GSH, SOD

↓: H2O2-induced cytotoxicity, 

oxidative injury, H2O2-induced 

cytotoxicity

MTT assay, ROS detection, Western blot 2017 (206)
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and ERK/Egr-1 pathway activation (92). Research on lung cancer 
revealed that SIN suppresses α7nAChR, pERK1/2, ERK1/2, and the 
transcription factors TTF-1 and SP-1, simultaneously boosting 
Egr-1 expression for its cancer-fighting properties (93). 
Ad-ditionally, SIN diminishes the unusually elevated expression of 
α7nAChR through the α7nAChR/ERK/Egr-1 feedback process, 
thus hindering M1 polarization in macrophages and reducing 
inflammation (94).

In the context of cerebral ischemia, SIN mitigates the 
inflammatory cascade triggered by ischemia, which is closely linked 
to inflammatory cytokines, inflammasomes, and inflammation-
inducing enzymes. SIN protects neuronal cells by reducing the 
activation of microglia brought on by ischemia conditions and 
lowering inflammatory chemicals like IL-1β and TNF-α. This action 
is likely related to SIN’s ability to enhance IκBα protein expression, 
effectively inhibiting NF-κB signaling and regulating micro-glial 
inflammation (4, 95, 96). Moreover, SIN inhibits inflammasome 
activation during the initiation of CNS inflammation, targeting the 
NLRP3 inflammasome via an AMPK-dependent pathway and 
modulating astrocyte dopamine D2 receptors and the Alpha 
B-crystallin (CRYAB)/STAT3 axis to exert neuroprotective effects 
(97). SIN has also been shown to dose-dependently downregulate the 
expression of COX-2, a key inflammatory enzyme that facilitates 
prostaglandin synthesis and amplifies the inflammatory response (98). 

Notably, SIN inhibits the Src/FAK/P130Cas axis, reducing macrophage 
migration to inflamed regions and limiting the infiltration of 
peripheral macrophages into the brain, thus diminishing the overall 
inflammatory response (99). In a rat model of reversible arterial 
occlusion simulating cerebral ischemia, pre-treatment with SIN 
(90 mg/kg) via tail vein injection provided neuroprotection through 
an-ti-inflammatory effects, amelioration of acidosis, improvement of 
energy metabolism, and suppression of ASIC-1a levels (100). Likewise, 
in lab-based mouse models for brain ischemia and lack of oxygen–
glucose, SIN mitigated conditions like cerebral infarction, edema, 
neuron death, and neurological impairments, simultaneously 
suppressing NLRP3 inflammasome activation and regulating 
neuroinflammation through the AMPK route (83, 97). These results 
collectively highlight SIN’s potent anti-inflammatory and 
neuroprotective properties.

5.2 Immunoregulation

Lymphocytes hold a pivotal position in the body’s immune 
reaction and are crucial in the adaptive immune system. Studies 
indicate that SIN has the ability to control proteins associated with the 
cell cycle and apoptosis, thereby simultaneously influencing the cell 

FIGURE 5

The pathological relationship between cerebral ischemia and the bone-brain axis.
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cycle and apoptosis in T cells and B cells. SIN also reduces 
inflammatory cell infiltration and mesangial cell proliferation, thus 
improving and preventing IgA nephropathy (101). Additionally, SIN 
has been reported to prevent the cell cycle from progressing from the 
G0/G1 phase to the S phase, as well as from G2/M phase, with its 
immunosuppressive activity on CD4+ primary lymphocytes mainly 
mediated by cystein-aspartate protease (Caspase-3)-mediated cell 
apoptosis. The expression levels of B-cell lymphoma-2 (Bcl-2) in 
activated T cells remain largely unchanged, indicating a potential 
non-involvement of Bcl-2 in SIN-triggered T cell apoptosis (102). SIN 
successfully reduced the levels of T-box transcription factor (T-bet), 
interferon-γ (IFN-γ), and IFN-γ/IL-4, T-bet/GATA-binding protein-3 
(GATA3) in the decidua and serum of mice with recurrent 
spontaneous abortions, according to research using a mouse model of 
recurrent spontaneous abortion. However, it had no effect on the 
expression of GATA-3 and IL-4. Given that GATA-3 is a Th2 
transcription factor and T-bet is a Th1 transcription factor, it follows 
that SIN significantly inhibits Th1 production. Alterations in T-bet/
GATA-3 ratios indicate SIN’s function in maintaining the equilibrium 
between Th1 and Th2 (103).

Through various pathways, SIN suppresses the M1 polarization in 
macrophages, leading to a decrease in the production and secretion of 
diverse chemokines and pro-inflammatory cytokines, including 
TNF-α and IL-8 (89, 104). This action helps alleviate the damage of 
TNF-α, IL-8, and others to the immune system and improving 
macrophage phagocytosis and immune response. Further research 
indicates that the effects of SIN on macrophages are context-
dependent. Specifically, SIN may inhibit α7nAChR expression 
through the regulation of the ERK1/2/Egr-1 pathway (92), thereby 
suppressing M1 polarization and promoting a shift toward the M2 
phenotype (105, 106). This results in reduced secretion of M1-type 
cytokines (TNF-α, IL-1β, IL-6) and enhanced expression of M2-type 
cytokines such as Arginase-1 (Arg-1) and IL-10 via Nrf2 signaling 
(106), suggesting an immunoregulatory role in the ischemic brain. 
Conversely, in the immortalized murine macrophage-like cell line 
RAW264.7, SIN has been shown to induce apoptosis by activating 
ERK and altering the balance of Bcl-2 family proteins (107). These 
findings are not contradictory to those in T cells (102) but rather 
reflect cell type-specific responses: SIN-induced T-cell apoptosis 
proceeds via caspase-3–dependent mechanisms without Bcl-2 
involvement, whereas in macrophages, apoptosis is mediated through 
ERK activation and modulation of Bcl-2 family proteins. Together, 
these studies highlight that SIN may exert dual roles in immune 
regulation depending on the cellular context and microenvironment. 
In RAW264.7 cells stimulated with LPS, Zhu et al. (91) demonstrated 
that SIN significantly inhibited the production of TNF-α, MCP-1, 
MIF, and MMP-9, downregulated CD14 and TLR4 expression, and 
reduced intracellular free calcium release. Mechanistically, SIN 
enhanced STAT3 phosphorylation, and this effect was attenuated by 
α7nAChR antagonists. Moreover, the JAK2 inhibitor AG490 
diminished SIN’s inhibitory effect on TNF-α, indicating that SIN 
exerts anti-inflammatory actions by activating the α7nAChR/JAK2/
STAT3 pathway. Consistent results have been reported in other 
studies, where SIN suppressed NF-κB activation and reduced the 
release of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 
(108). In addition, Qin et al. (106) confirmed that SIN activates Nrf2 
signaling, thereby downregulating M1-type cytokines while 
upregulating Arg-1, IL-10, and HO-1. Collectively, these findings 

indicate that SIN regulates multiple signaling pathways, including 
α7nAChR/JAK2/STAT3, NF-κB, and Nrf2, to inhibit macrophage 
pro-inflammatory activity. Through these mechanisms, SIN helps to 
maintain the dynamic balance between M1 and M2 macrophages, 
reduces macrophage chemotaxis and secretion, and inhibits 
macrophage apoptosis, thereby exerting potent immunosuppressive 
effects (Figure 4).

5.3 Antioxidant stress

ROS, emerging naturally from standard oxygen metabolism, are 
crucial in the process of cell signal transmission. Yet, when faced with 
environmental stress, ROS levels may swiftly rise, and oxidative stress 
denotes the harm resulting from the over-production of ROS in 
tissues and cells (8). Research indicates that SIN increases Bcl-2 levels 
and reduces the expression of bcl-2-associated X protein (Bax) and 
Caspase-3. SIN, through diminishing oxidative stress and obstructing 
the NF-κB signaling route, boosts anti-inflammatory abilities and 
adjusts associated cytokines, thus lessening liver dam-age caused by 
apoptosis and easing persistent lead poisoning (109). Within a mouse 
model of kidney fibrosis, SIN stimulated the Nrf2 signaling route, 
enhancing both the expression and function of enzymes involved in 
antioxidant and detoxification. This also disrupted the pro-fibrotic 
pathways of TGFβ/Smad and Wnt/β-catenin, altering pro-fibrotic 
protein levels in kidney cells treated with TGFβ and lessening renal 
fibrosis caused by one-sided ureteral blockage, suggesting SIN’s ability 
to suppress oxidative stress and safeguard the kidneys (110). Ramazi 
et al. (111) reported that a dose of 50 mg/kg SIN significantly restored 
levels of ROS, MDA, HO-1, and SOD in a temporal lobe epilepsy rat 
model, partially inhibiting the increase in NF-κB, TLR4, TNF-α, 
GFAP, and Caspase-1, although the effect on glutathione levels was 
not significant.

SIN mainly controls ROS generation via the Nrf2-related signaling 
route and is crucial in the development of chronic inflammatory 
conditions like rheumatoid arthritis. Under basal conditions, Nrf2 is 
bound to its inhibitor, Keap1. When activated by ROS or electrophilic 
substances, Nrf2 exits Keap1 and moves to the nucleus, functioning as 
a transcription factor to enhance the production of subsequent 
antioxidant and detoxi-fying enzymes like HO-1, NAD (P)H, NQO-1, 
SOD, and GSH-PX (112, 113). Examining SIN’s effects on a mouse 
model of E. coli-induced acute lung injury (ALI), Liu et  al. (114) 
discovered that SIN greatly raised the protein expression of HO-1, 
Nrf2, and NQO-1, hence supporting Nrf2 nuclear translocation. By 
means of the Nrf2 signaling pathway, SIN reduces oxidative damage 
brought on by E. coli, as shown by these findings. Qin et al. (110) 
further showed that SIN alleviates oxidative stress induced by 
unilateral ureteral obstruction through the regulation of the Nrf2 
signaling pathway, inhibit TGF-β-associated pro-fibrotic activity, and 
alleviate renal interstitial fibrosis. This suggests that SIN can suppress 
oxidative agents induced by TGF-β or H2O2  in renal cells and 
enhance detoxifying enzyme activity, such as SOD and GSH-PX, in 
both renal cells and fibrotic kidneys. It has also been confirmed that 
SIN phosphorylates p62 at the Ser351 site (corresponding to Ser349 in 
humans), leading to the degradation of Keap1 and upregulation of 
Nrf2 expression. SIN also promotes phosphorylation at the Thr269/
Ser272 sites of p62, thereby activating the p62-Keap1-Nrf2 signaling 
pathway, exerting anti-arthritic effects (115).
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In neuronal cells, SIN markedly enhances the production of 
antioxidant enzymes like HO-1 and SOD, affecting both protein and 
mRNA levels, thereby triggering the Nrf2 pathway (116, 117). This, in 
turn, reduces MDA levels in brain tissue, thereby enhancing neuronal 
resistance to oxidative stress. Furthermore, SIN decreases Caspase-9 
expression, inhibiting cell apoptosis and protecting neural cells from 
oxidative stress-induced damage (118).

5.4 Pharmacological effects of SIN in other 
diseases

SIN has exhibited therapeutic efficacy in various diseases, 
including colitis (119), atherosclerosis (120), myocardial ischemia–
reperfusion injury (100), chronic sciatic nerve injury (CCI) (121), 
renal injury (122), colorectal cancer (123), lung cancer, liver cancer, 
cervical cancer, bladder cancer, gastric cancer, and renal cancer (93, 
124, 125). By downregulating pro-inflammatory factors including 
TNF-α and IL-6 and upregulating anti-inflammatory factors, SIN has 
anti-inflammatory actions that greatly improve experimental colitis 
(119). The anti-atherosclerotic effects of SIN (SIN) are attributed to its 
ability to inhibit inflammation progression, modulate immune cell 
functions, and suppress smooth muscle cell proliferation. 
Mechanistically, SIN reduces the expression of pro-inflammatory 
factors such as vascular cell adhesion molecule-1 (VCAM-1) and 
platelet-derived growth factor receptor-β (PDGFR-β) via multiple 
signaling pathways (120, 121, 126). B By blocking the TLR4/NF-κB 
signaling pathway, SIN successfully reduces oxidative stress and 
inflammation, reducing the atherosclerosis that rats get from a 
high-fat diet and vitamin D3 (127). SIN mitigates myocardial ischemia 
reperfusion injury by inhibiting myocardial cell apoptosis, oxidative 
stress, and reducing calcium ion levels, further alleviating arrhythmias 
caused by ischemia–reperfusion. SIN protects myocardial cells by 
increasing SOD system activity and clearing abnormal accumulation 
of ROS, and inhibition of NF-κB signaling pathway activation (128).

In a CCI rat model, SIN exerts dose-dependent analgesic effects, 
significantly alleviating heat hyperalgesia and mechanical allodynia by 
increasing withdrawal reflex latency and elevating pain thresholds 
(121). These effects are accompanied by reduced expression of 
proinflammatory cytokines (TNF-α, IL-1β, IL-6) and downregulation 
of RIP3, phosphorylated JNK, and c-Fos in the spinal cord, as well as 
an increased number of surviving neurons in the dorsal horn, 
indicating attenuation of CCI-induced neuronal death (121). The 
anticancer mechanisms of SIN primarily involve the regulation of 
NF-κB, tyrosine kinase, and STAT pathways, which inhibit the 
proliferation, invasion, and migration of tumor cells (93, 124, 125). 
Thioredoxin reductase (TrxR), an important component of the 
antioxidant system, is highly expressed in various malignant tumors 
and negatively correlates with patient prognosis, making it a potential 
novel target for cancer therapy (129). SIN is a novel TrxR inhibitor 
that effectively sup-presses TrxR activity, inducing excessive ROS 
production in tumor cells, mediating oxidative stress responses, and 
promoting tumor cell apoptosis (125). Additionally, SIN exhibits 
synergistic anticancer effects when combined with chemotherapeutic 
agents, such as 5-fluorouracil and cisplatin, potentiating their efficacy 
against multiple tumor types (120).

Beyond its role in inflammation and cancer, SIN also shows 
potential therapeutic efficacy in diseases such as diabetes, 

endotoxemia, asthma, cough, and depression. SIN has therapeutic 
effects in streptozotocin-induced gestational diabetes mellitus (GDM) 
rats with high safety, which is associated with the inhibition of 
inflammation and oxidative stress via the TLR4/MyD88/NF-κB 
signaling pathway (130). Moreover, SIN enhances pancreatic β-cell 
function and enhances insulin secretion, thereby preventing the 
occurrence of GDM and its related complications during pregnancy, 
offering a novel approach for the prevention and treatment of early 
diabetes. SIN inhibits dose-dependently the temperature elevation, 
cell adhesion, and systemic inflammatory responses induced by LPS 
in piglets, suggesting an anti-endotoxemia effect, though its main 
pathway requires further investigation (131). By inhibiting the 
activation of the TGF-β1/Smad3 signaling pathway and suppressing 
epithelial-mesenchymal transition, SIN significantly improves airway 
remodeling in an asthma mouse model, demonstrating 
bronchodilatory properties (132). On the other hand, SIN also exhibits 
therapeutic effects on chronic cough. It inhibits the expression of 
transient receptor potential vanilloid 1 (TRPV1) and decreases the 
expression of sex-determining region Y-box protein 5 (SOX5), thereby 
lowering intracellular Ca2 + concentration, reducing cough sensitivity, 
and alleviating chronic cough symptoms (133). Additionally, SIN 
exhibits antidepressant effects, significantly reversing the decrease of 
NE and serotonin levels in the hippocampus of mice subjected to 
chronic unpredictable mild stress, with improvements in depression-
related symptoms (134). Further pharmacological effects of SIN are 
still to be explored.

6 Potential mechanisms of SIN in 
treating cerebral ischemia through the 
bone-brain Axis

Recent studies have indicated that there is bidirectional regulation 
between the bone and the brain, with communication occurring 
through inflammatory mediators, bone metabolic products, and the 
endocrine system. Research by Otto et  al. (27) demonstrated that 
bioactive cytokines secreted by bones can enter the peripheral 
circulation and cross the BBB, thus modulating the function and 
metabolism of the CNS, playing a crucial central regulatory role. Ren 
et al. (135) also confirmed the existence of this communication pathway. 
Through this mechanism, bone-derived factors in circulation can 
regulate brain development and physiological processes. In particular, 
they support angiogenesis, improve synaptic plasticity, lower 
neuroinflammation, and pre-serve neuronal structure and function. 
Additionally, Herisson et al. (77) found vascular pathways connecting 
the brain and cranial bone marrow, which functioned as a route for 
bone marrow cell migration. According to this research, bone marrow 
cells and cytokines may have an impact on how brain disorders develop. 
In-depth studies have shown a close relationship between bone and 
cerebrovascular diseases. The occurrence of cerebrovascular diseases 
such as cerebral ischemia is often accompanied by BBB disruption, 
which facilitates the entry of bone marrow cells and bone-derived 
cytokines into the CNS, where they can have a variety of consequences. 
Moreover, bone marrow cavity injection can directly affect the bone-
brain axis, thus providing a new approach and direction for drug 
delivery systems to act within the bone-brain axis, offering novel 
insights for the treatment of ischemic brain diseases. SIN itself has been 
reported to cross the blood–brain barrier and reach brain tissue after 
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systemic administration. For example, Wu et al. (46) demonstrated that 
administration of SIN (10–30 mg/kg, i.p.) led to detectable levels in rat 
brain and significantly reduced infarct size in a middle cerebral artery 
occlusion (MCAO) model, via inhibition of acid-sensing ion channel 
1a and L-type calcium channels. Moreover, SIN has ability to penetrate 
the CNS and exert neuroprotective outcomes in vivo (136). Cerebral 
ischemia triggers widespread activation of the peripheral immune 
system, releasing a large number of immune cells, inflammatory 
cytokines, and chemokines, which promote immune cell infiltration 
into the brain and further exacerbate brain injury (137). Therefore, 
inhibiting peripheral immune inflammatory responses is crucial in the 
treatment of ischemic brain diseases. Several studies have confirmed 
that intraarticular injection of SIN can effectively exert its 
pharmacological effects (138). SIN modulates M1 polarization of OCs 
through multiple mechanisms and promotes their polarization to the 
M2 type, thus maintaining the dynamic balance between the M1 and 
M2 subtypes of OCs. On one hand, SIN can lower the levels of 
pro-inflammatory M1 cytokines, while inhibiting the activity of NF-κB, 
NFATc1, MAPK, Ca2+, JAK/STAT, and other signaling pathways to 
suppress osteoclast differentiation, exerting immunosuppressive effects 
(139–141). Additionally, SIN can promote the secretion of anti-
inflammatory M2 cytokines, which are bone-derived factors that can 
enter the peripheral circulation and cross the BBB, exerting anti-
inflammatory effects at the site of brain injury (142). In addition to its 
immunomodulatory functions, accumulating evidence supports the 
direct neuroprotective role of SIN in the CNS. SIN attenuates amyloid 
β-induced astrocytic activation, reduce the release of ROS and 
inflammatory mediators, and protect both rodent and human neurons 
against indirect toxicity, suggesting its broader neuroprotective potential 
in neurodegenerative conditions (143). Beyond immunomodulation, 
experimental evidence has shown that SIN exerts direct neuroprotective 
effects in the CNS. In the same study by Wu et al. (144), sinomenine 
suppressed neuronal overactivation and reduced neuronal apoptosis in 
ischemic models via modulation of calcium channel activity. Also, 
recent comprehensive reviews summarizing multiple in vivo studies 
confirm SIN’s capability to inhibit microglial activation, reduce 
oxidative stress, and enhance neuronal survival after cerebral ischemia 
(136). Furthermore, Fu et  al. demonstrated in a rat subarachnoid 
hemorrhage model that SIN administration improved neurological 
outcomes, attenuated brain edema and neuronal apoptosis, and 
suppressed microglial inflammatory responses via activation of the 
Nrf2/HO-1/NQO-1 signaling pathway (84).

In addition, various cells in the bone marrow can migrate to the 
CNS and influence the progression of CNS disorders. With the aid of 
many receptors, integrins, selectins, and proteases, bone mesenchymal 
stem cells (BMSCs) can penetrate the BBB and go to the injured brain 
region (145). Nasal delivery of BMSCs can improve mental disorders 
in rats, significantly reduce infarct size, repair the BBB and neuro-
vascular damage, and improve local cerebral blood flow in ischemic 
cortical areas. Furthermore, bone-derived cells can rescue social 
deficits in rats and promote the recovery of sensory-motor and 
olfactory functions (146). According to the emerging re-search, bone-
derived macrophages may be crucial in the management of ischemic 
brain disorders. By utilizing the phagocytic, migratory, and targeting 
abilities of macrophages, they can serve as important drug delivery 
carriers (43), avoiding immune system phagocytosis, prolonging drug 
circulation time and half-life, and improving drug stability. 
Nanoparticle-based drug encapsulation is a promising strategy to 

enhance drug efficacy and minimize side effects. In this context, SIN 
has been shown to be capable of crossing the BBB (97, 144, 147), but 
its concentration in the brain is typically low. Liu et al. confirmed that 
45 min after oral administration of SIN in rats, the drug was widely 
distributed across various organs, with the highest concentration 
observed in the kidneys, followed by the liver. In contrast, the drug 
concentrations in the brain and testes were relatively low (86). Huang 
et al. (85) also confirmed this finding. In addition, they observed a 
significant gender difference in the response of rats to sinomenine, 
with higher levels of SIN found in female rats compared to male rats. 
Currently, numerous studies have suggested that nanoparticle-
mediated drug delivery may be a successful, non-invasive method of 
treating brain disorders (148). This strategy offers a novel avenue for 
SIN-targeted de-livery via the bone-brain axis, holding significant 
promise for ischemic brain therapy. Indeed, recent work in a chronic 
cerebral hypoperfusion (CCH) rat model showed that SIN promotes 
microglial polarization to the M2 phenotype and increases release of 
neuronal exosomes enriched in miRNA-223-3p, which when taken up 
by neurons inhibits NLRP3-mediated pyroptosis and improves 
cognitive function (149). In addition, dendrimer–SIN conjugates were 
demonstrated to selectively target activated microglia/macrophages in 
a rabbit model of pediatric traumatic brain injury, where they 
significantly attenuated acute neuroinflammation and oxidative stress 
compared with the free drug (150). These examples highlight that SIN 
can be delivered directly to the CNS via BBB-crossing carriers such as 
exosomes or dendrimer conjugates. Importantly, such direct CNS 
delivery does not negate the role of the bone–brain axis, which 
provides an additional, complementary pathway by which SIN can 
modulate systemic immunity and bone-derived signaling, ultimately 
influencing cerebral ischemia outcomes. Therefore, direct 
BBB-crossing delivery and bone–brain axis–mediated regulation 
should be considered parallel and complementary mechanisms, rather 
than mutually exclusive (Figure 6).

7 Advancements in novel dosage 
forms of SIN

The conventional preparation of SIN hydrochloride is unstable 
under light, heat and alkaline conditions, prone to decomposition, 
with a short-term biological half-life and low bioavailability. It also 
tends to promote the release of histamine, leading to adverse reactions 
such as rashes and gastrointestinal distress, which limits its wide-
spread use in the management of the disease (4). To address these 
issues, scholars both domestically and internationally have combined 
pharmaceutical formulation theories with new technologies to 
improve the dosage form of SIN hydrochloride. Recent advancements 
have focused on the on new formulations such as SIN nanoparticles, 
exosomes, liposomes, microneedles, solute liquid crystal gels, and 
delivery systems, with the aim of exploring their application in the 
treatment of cerebral ischemia. Recent advancements in novel dosage 
forms of SIN are summarized in Table 2.

7.1 Nanoparticles

Nanoparticles, materials with at least one dimension on the 
nanoscale, with properties such as high surface area, easy surface 
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modification, strong stability, high encapsulation efficiency, targeted 
delivery, and the ability to simultaneously deliver therapeutic agents, 
have attracted great attention in the field of biomedical applications. 
Prussian blue nanoparticles (PBNPs) have emerged as promising drug 
carriers because of high permeability and strong biocompatibility, and 
can serve as drug carriers for targeted drug delivery, release control, 
bioavailability, and dosage reduction. The cell membrane after binding 
with nanoparticles can escape immune phagocytosis, further 
enhancing the biological functions of the drug delivery system, such 
as prolonged circulation and active targeting. To treat rheumatoid 
arthritis, multifunctional nanoparticles of hydrochloride SIN 
(HA@M@PB@SINNPs) was designed, using hyalu-ronic acid (HA) as 
a targeting molecule, with the drug loaded onto PBNPs to form PB@
SINNPs The red blood cell membrane and macrophage membrane 
were fused by sonication and subsequent magnetic stirring at 37 °C to 
form hybrid vesicles, which were then used to disguise PB@SINNPs 
(151). In vitro, HA@M@PB@SINNPs inhibited fibroblast-like 
synoviocyte proliferation by scavenging ROS and suppressing the 
secretion of pro-inflammatory cytokines. In vivo, in an AIA rat model, 
the circulation half-life of HA@M@PB@SINNPs at the site of arthritis 
reached 6.51 h, which is eight times that of free sinomenine 
hydrochloride (SH), significantly enhancing drug accumulation. This 
study demonstrates that HA@M@PB@SINNPs are excellent carriers 
for controlling the liberation and targeted accumulation of SIN in 
rheumatoid synovial joints. Shang et al. constructed a SIN-loaded 
nanomedicine with HA as the backbone, which had subchondral bone 
ad-sorption ability, prolonged residence time in inflamed joints and 
responsiveness to ROS (152). In brief, the amine-functionalized 
polyethylene glycol (PEG), alendronate (Ald), and ethyl L-methionine 
(Met) were sequentially coupled with the carboxyl group of HA 
through amination, followed by electrostatic and hydrophobic 
interactions to self-assemble with Sin, forming the PAM-HA@Sin 
NPs. PAM-HA@Sin NPs effectively prolonged the retention time of 
the drug in the joint cavity. The therapeutic PAM-HA polymer carrier 
could increase joint lubrication and reduce oxidative stress. At the 
same time, pro-inflammatory factors (TNF-α and IL-1β) were 
downregulated and anti-inflammatory factors (Arg-1 and IL-10) were 

upregulated due to SIN produced through the NF-κB pathway, which 
decreased M1 macrophage levels and increased M2 macrophage 
levels. Lin et al. (153) developed a biomimetic nanomedicine system 
targeting synovial macrophages and FLS. This system loaded SIN onto 
graphene oxide quantum dots (GOQDs) and combined them with 
hybrid membranes incorporating HA to construct a novel 
nanomedicine system named HA@RFM@GP@SIN NPs. HA@RFM@
GP@SIN NPs promoted the transition from M1 to M2 macrophages 
and inhibited the abnormal proliferation of FLS in vitro. Notably, it 
was demonstrated that HA@RFM@GP@SIN NPs had anti-arthritic 
effects via interfering with the PI3K/Akt/SGK/FoxO pathway, ovarian 
steroidogenesis, steroid biosynthesis, and the metabolism of 
tryptophan and tyrosine. In another study, SIN was combined with 
hy-droxyl-terminated fourth-generation PAMAM dendrimers to 
prepare nanoparticles (D-Sino) to alleviate early inflammation in 
traumatic brain injury (TBI). D-Sino in-creased the uptake of 
dendrimers by 1.8 times, enhancing the intracellular bioavailability of 
Sino. D-Sino complexes alleviated early/acute inflammation in mouse 
macro-phages by inhibiting pro-inflammatory cytokines (TNF-α, 
IL-1β, CCL-3, and IL-6), effectively preventing LPS-induced NF-κB 
activation and nuclear translocation, and targeting activated microglia 
in the brain injury domain, significantly reducing pro-inflammatory 
microglial activation (150).

7.2 Exosomes

Exosomes are vesicles secreted by various cells that contain 
bioactive substances. They have a diameter of 30–100 nm and possess 
a negatively charged phospholipid bi-layer structure (154). Due to their 
excellent biocompatibility, targeting ability, and high stability, they can 
serve as a potentially effective drug delivery system. Using differential 
centrifugation, exosomes were isolated from the plasma of SD rats and 
loaded with SIN, resulting in Exo-SIN with a particle size of 90 ± 4 nm 
(155). Exo-SIN was shown to inhibit the migration of HepG2 liver 
cancer cells, induce cell cycle arrest, and promote apoptosis in a dose-
dependent manner. Exo-SIN was able to continuously release over a 

FIGURE 6

Potential mechanisms of SIN in treating cerebral ischemia through the bone-brain axis.
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TABLE 2  Application of sinomenine nano-delivery system in the treatment of cerebral ischemia.

Nano-delivery 
system

Targeting 
strategy

Model (In 
Vitro/In Vivo)

Key parameters Therapeutic 
outcomes

Proposed 
mechanism

Advantages Year Ref.

Nanoparticle DSPE-PEG2000-HA AIA rats Size: 110.2 ± 12.35 nm, 

zeta potential: −12.65 mV

↓: Hind paw volume, 

arthritic score, rough 

bone surfaces, severe 

bone destruction of 

inflamed joints, 

synovial hyperplasia, 

inflammatory cell 

infiltration, joint space 

narrowing, cartilage 

destruction and bone 

erosion

↓: Activated macrophage, 

TNF-α, G-CSF, ROS, viability 

of HFLS-RA, inflammation

Controlled release, prolonged circulation half-life, 

specific arthritis-targeting abilit, escape from 

immune surveillance

2022 (151)

Alendronate sodium Collagen-induced 

arthritis rat model, 

RAW264.7 cells

Size: 396 ± 9.07 nm, drug 

loading content: 11.6 ± 1.3, 

drug loading efficiency: 

60%

↓: Thickness of CIA rat 

paws, arthritis scores, 

degree of redness and 

swelling in rats

↓: ROS, MDA, IL-1β, TNF-α, 

p-p65, inflammation

↑: IL-10, Arg-1, M2 

macrophages

Prolong the drug retention time inside the joint 

cavity, easy to synthesize, modify, and scale

2023 (152)

HA-DSPE-PEG2000 AIA rats Size: 115.00 ± 3.86 nm, 

load capacity: 103.10%, 

encapsulation capacity: 

28.96%, zeta potential: 

−9.23 ± 0.23 mV

↓: Hind paw volume, 

arthritic score, synovial 

inflammation, cartilage 

loss, chondrocyte 

count, loss of the 

cartilage matrix, rough 

joint surfaces, 

prominent marginal 

osteophytes, narrowed 

joint cavities, impaired 

interphalangeal and 

metatarsal joint 

correspondence

↓: TNF-α, IL-6, the viability of 

RAFLS, proliferating cells, 

cyclin B1, IL-6, TNF-α, PI3K/

Akt, SGK, cell cycle pathway

↑: M2 macrophages, IL-10, 

FoxO, cell apoptosis

Precise targeting of the synovial lesion site in 

arthritis

2024 (153)

D-Sino conjugates Traumatic brain 

injury rabbits model

Size: 4.87 ± 0.43 nm, zeta 

potential: −0.16 ± 0.17 mV

↓: TNF-α, NO, IL-1β, CCL-3, 

IL-1β, IL-6, iNOS, NF-κB 

activation and its nuclear 

translocation

Cross BBB, specifically targeted activated 

microglia/macrophages at the site of injury in the 

brain, increasing the therapeutic window

2020 (150)

Exosomes HepG2 and L02 cells Average diameter: 

84 ± 3 nm, loading 

efficiency: 17–19%

↑: Cell cycle arrest, cellular 

apoptosis

↓: migration of HepG2 cells, 

CD44

Improve the bioavailability of SIN and enhance the 

anti-tumor efficacy of SIN

2021 (155)

(Continued)
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TABLE 2  (Continued)

Nano-delivery 
system

Targeting 
strategy

Model (In 
Vitro/In Vivo)

Key parameters Therapeutic 
outcomes

Proposed 
mechanism

Advantages Year Ref.

Hybrid exosomes Collagen-induced 

arthritis rats

Size: 132.70 ± 4.07 nm, 

Zeta potential: 

−17.90 ± 2.13 mV, 

encapsulation rate: 

48.21% ± 3.12%, drug 

loading: 3.17% ± 0.36%

↑: Microvascular 

comprehensive score, 

vascular resistance

↑: general condition, 

swelling degree of foot, 

arthritis index and 

immune organ index

↓: TNF-α, IL-6 More stable and durable drug effect, prolonged the 

half-life of drugs

2017 (156)

Liposomes Passive targeting, 

microwave 

hyperthermia

RA model rats Size: 100 nm

EE%: 90% or more

↓: Thickness of the paw, 

arthritic scores, 

destruction, bone loss, 

synovial inflammation, 

pannus formation, bone 

erosion

↓: TNF-α, IL-6 Effectively taken up by lipopolysaccharide-

activated HUVECs

2020 (159)

Ethosomes Topical application Xylene-induced 

mouse ear edema 

model

Size: 157.08 ± 11.72 nm

cumulative amount for 

24 h: 663.8 ± 27.4 μg/cm2

↓: Xylene-induced ear 

edema

Enhance transdermal permeation of SH, strong 

anti-inflammatory activity on the xylene-induced 

ear edema

2016 (161)

Transfersomes New Zealand 

rabbits, Male 

sprague dawley rats

Size: 109.10 ± 1.80 nm, 

PDI: 0.156 ± 0.007, Zeta 

potential: −18.90 ± 2.21, 

Elasticity: 24.50 ± 0.50, EE: 

22.38 ± 0.79

Better in vitro skin permeation property than 

conventional liposomes, high trandermal drug 

delivery rate, excellent transdermal drug-delivery 

carriers, good percutaneous permeation property

2017 (166)

Topical application New Zealand 

rabbits, Male 

sprague dawley rats

Size: 102.00 ± 1.05 nm, 

PDI: 0.090 ± 0.029, Zeta 

potential: −8.37 ± 0.40, 

Elasticity: 40.84 ± 1.01, EE: 

20.12 ± 1.63

Penetrate deeply into the skin layers, deliver more 

drug to joint cavities and less to blood

2020 (167)

Transdermal 

administration

New Zealand 

rabbits, Male 

sprague dawley rats

Size: 83.31 ± 0.08 nm, PDI: 

0.062 ± 0.017, Zeta 

potential: −32.57 ± 3.27, 

EE: 39.82 ± 0.97

Penetrate through stratum corneum into deeper 

epidermis, broke down rapidly and released SH 

after entering the deep parts of the skin

2022 (168)

(Continued)
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TABLE 2  (Continued)

Nano-delivery 
system

Targeting 
strategy

Model (In 
Vitro/In Vivo)

Key parameters Therapeutic 
outcomes

Proposed 
mechanism

Advantages Year Ref.

Microneedles Transdermal drug 

delivery

Male sprague dawley 

rats

Length: 0.5 mm, center-to-

center spacing: 1.0 mm, in 

skin: T1/2α: 188.54 ± 5.16, 

T1/2β: 99.48 ± 3.65, Tmax: 

240, Cmax: 10.80 ± 0.43, 

AUC0–t: 2378.97 ± 58.68, 

MRT0–t: 272.84 ± 1.15, in 

blood: T1/2α: 108.49 ± 8.91, 

T1/2β: 383.98 ± 6.51, Tmax: 

300, Cmax: 6.80 ± 0.26, 

AUC0–t: 1327.53 ± 11.73, 

MRT0–t: 306.68 ± 1.37

Increased the cumulative permeability and 

permeability rates, enhanced the percutaneous 

penetration effect of SH

2020 (174)

Transdermal 

administration

Wistar rats Length: 500 μm, distance: 

1 mm, permeation rate: 

129.29 ± 7.52 μg cm−2 h−1, 

accumulation osmolality: 

5567.48 ± 206.57 μg cm−2,

Provide a longer retention time in blood for SH, 

lower clearance, longer retention time, higher 

bioavailability and stability

2016 (175)

Transdermal 

administration

Wistar rats Interspacing of needles: 

l.0 mm, height: 600 μm, 

diameter at the base: 

300 μm, weighted: 

1.20 ± 0.01 g

Transdermal absorption of SH was enhanced and 

sustained

2017 (176)

Transdermal 

administration

New Zealand rabbits Length: 0.8 mm, base 

diameter: 0.3 mm

Enhanced bioavailability and permeability of SH 2015 (177)

Hexagonal liquid 

crystalline system

Transdermal 

applications

Sprague–Dawley rats Hexagonal phases Penetration-promoting effect for transdermal 

applications in SH

2022 (179)

(Continued)
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TABLE 2  (Continued)

Nano-delivery 
system

Targeting 
strategy

Model (In 
Vitro/In Vivo)

Key parameters Therapeutic 
outcomes

Proposed 
mechanism

Advantages Year Ref.

Hydrogel Topical application Atopic dermatitis 

model

Size: 133.8 ± 14.5, 

viscosity: 

9.83 ± 0.11 mPa·s, pH: 

7.27 ± 0.01, encapsulation 

rate: 72.27%

↓: Ear Swelling, 

Epithelial 

keratinization, 

hyperplasia of the spiny 

layer, inflammatory 

infiltrate around the 

blood vessels in the 

dermis

↑: structure of each 

layer was more 

complete with clear 

borders

↓: Hydroxyl radicals Slow and controlled release, stable properties, good 

dispersion, an excellent dermal penetration effect

2024 (180)

Kunming mice Viscosities: 12.6679 mPa, 

drug loading: 

1.98 ± 0.01 mg/mL

↓: DPPH radicals, H2O2, 

MDA

Good sustained-release and antioxidant effects 2022 (181)

LPS-induced RAW264 

cells

OA model Sol–gel transition 

temperature: 21.8 °c, SMN 

release after 48 h: 

44.72 ± 7.83%

↑: Trabecular thickness, 

bone volume-to-tissue 

volume ratio

↓: osteophyte 

formation, knee joint 

pain, trabecular 

separation, IL-1β

↑: Chondrocyte proliferation, 

M2 macrophage polarization,

↓: apoptosis, MMP3, ROS, 

MMP-13,

Controlled release capabilities, prolonged retention 

in the synovial fluid

2025 (182)

In situ gel Topical administration Experimental 

autoimmune uveitis 

animal models

Drug release: 96.3%, over a 

period of 480 min

↓: Inflammatory 

response

↓: Inflammatory cells The percorneal retention was improved from 

10 min to 25 min, enhance bioavailability through 

its longer elimination time and the ability to sustain 

drug release

2013 (183)

In situ hexagonal liquid 

crystal

Injected into the left 

knee joint of each rat

AA rats Cumulative SMH release 

of 99.9% within 240 h,

↓: Synovial hyperplasia, 

inflammatory cell 

infiltration

↓: IL-1β Significantly reduced the leakage of SMH into 

systemic circulation,

2019 (186)

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 20 frontiersin.org

period of 48 h at pH 7.4 and 37 °C, with a cumulative release amount 
reaching 86.15%, significantly improving the bioavailability of SIN and 
extending its duration of action. Additionally, milk exosomes were 
fused with liposomes to create a mixed exosome formulation loaded 
with SIN, with milk exosomes used as a control group (156). The mixed 
exosome formulation demonstrated improved performance, with 
higher encapsulation efficiency (48.21% ± 3.12%) and drug loading 
(3.17% ± 0.36%) compared to the milk exosomes alone (31.64% ± 2.48 
and 2.35% ± 0.52%, respectively). Compared to the control group, the 
mixed exosomes demonstrated more stable and sustained drug effects 
while also successfully enhancing the drug loading and biocompatibility 
of the liposomes.

7.3 Liposomes

Liposomes exhibit excellent biocompatibility, which can reduce 
irritation and side effects of drugs, and are commonly used in 
transdermal drug delivery. SIN encapsulated in liposomes for local 
delivery can concentrate SIN at the target site, reducing systemic 
absorption-related side effects. Traditional liposomes, made from 
materials such as soybean phospholipids, cholesterol, and vitamin E, 
can be used to encapsulate SIN. In recent years, stimulus-responsive 
liposomes have attracted considerable attention, as modifying 
liposomes allows for more precise control over the timing and location 
of drug release, enhancing drug delivery and dosage control, thus 
improving therapeutic efficacy (157, 158). pH gradient methods were 
successfully used to prepare SIN hydrochloride thermosensitive 
liposomes (SIN-TSL). These liposomes were composed of dipalmitoyl 
phosphatidylcholine, hydrogenated soy lecithin, and cholesterol, with 
an encapsulation efficiency of up to 90% and a particle size of 
approximately 116.3 ± 5.03 nm, showing high drug loading. 
Thermosensitive liposomes exhibited stronger targeting capabilities 
than conventional liposomes. SIN-TSL could release the drug 
efficiently and controllably at the RA rat hind limb for 48 h, extending 
the drug’s half-life (159). A novel transdermal drug delivery system for 
SIN, based on fatty acid-arginine vesicles ([Arg][Dec]), was also 
developed to enhance SIN’s transdermal absorption (160). Importantly, 
the centrifugal stability (CS) improved to 90.4% and the encapsulation 
efficiency of SIN in [Arg][Dec] vesicles rose to 83.5%. In addition, 
in vitro release studies showed that SIN rapidly released into the water 
within the first 3 h, with the cumulative release rate exceeding 95% 
after 17 h. In transdermal experiments, the cumulative permeability of 
[Arg][Dec] vesicles was 1665.59 μg·cm−2, significantly higher than the 
663.8 μg·cm−2 reported in the literature (161). Traditional liposomes, 
due to their larger particle size, high manufacturing costs, and low 
stability, are less efficient in penetrating the skin. Ethosomal liposomes, 
a novel type of liposome containing a high concentration of ethanol 
(162), can deliver SIN via the stratum corneum to reach deeper skin 
layers and even the bloodstream (161). Yan et al. (161) prepared a novel 
SIN-loaded ethosome (SE) by injection. Within 24 h, the cumulative 
transdermal flux of SIN in SE was 663.8 μg/cm2, with a deposition of 
18.5 μg/cm2, whereas the cumulative transdermal flux of SIN in an 
ethanol-water solution was only 329.2 μg/cm2 with a deposition of 
5.2 μg/cm2, indicating that SE significantly improved SIN’s transdermal 
performance. In a xylene-induced mouse ear edema model, SE showed 
significant inhibition of ear edema (30.01%), significantly higher than 
the inhibition rate of SIN-HCl ethanol-water solution (20.83%).

Transfersomes (TFs) are a novel class of lipid vesicles made from 
edge activators and phospholipids. Edge activators cause lipid vesicles’ 
bilayer membrane to become less stable, become more deformable, 
and facilitate vesicles’ passage through the skin’s micropores while 
avoiding the stratum corneum barrier, which is the primary barrier 
and rate-limiting step for drug diffusion through the skin (163, 164). 
Furthermore, TFS can increase drug deposition in the skin and extend 
the duration of effective drug concentrations, reducing the frequency 
of administration (165). Conventional liposomes and sodium 
deoxycholate edge-activated transfersomes (DTFS) served as controls 
whereas mixed monoterpenes were employed as edge activators to 
create mixed monoterpenes edge-activated PEGylated transfersomes 
(MMPTs) (166). In in vitro skin permeation studies, the cumulative 
skin permeation of SIN in the optimized TFSs3 formulation was 1.5 
times higher than DTFS and 3 times higher than conventional 
liposomes. This indicates that MMPTs exhibited better skin 
permeation properties than traditional liposomes. In in  vivo 
pharmacokinetic studies, the steady-state concentration (Css) and 
AUC0 → t increased, while the MRT0 → inf was shortened, 
suggesting that MMPTs had a higher transdermal drug delivery rate. 
The distribution of MMPTs in various skin layers and the 
pharmacokinetics of SIN in the blood and joint cavity were examined 
in another study utilizing MMPTs using confocal laser scanning 
microscopy (CLSM) and dual-site micro dialysis in conjunction with 
LCMS/MS (167). The results showed that, compared to other types of 
vesicles, a moderate number of mixed mono-terpenes significantly 
increased the elasticity of MMPTs. CLSM analysis indicated that LPS 
was confined to the stratum corneum, while MMPTs were mainly 
localized in the deeper skin layers, indicating their potential to 
facilitate transdermal delivery of SIN. Furthermore, LC–MS/MS 
analysis showed that, in the joint cavity, the steady-state concentration 
(Css) and the area under the concentration–time curve (AUC0 → t) 
of SIN delivered by MMPTs were 2.1- and 2.5-fold higher, respectively, 
than those achieved with LPS. In contrast, in the blood, the Css and 
AUC0 → t of SIN in MMPTs were ap-proximately one-third of those 
in LPS. Therefore, MMPTs also enhanced SIN delivery to the joint 
cavity. Sodium deoxycholate was used as an edge activator to prepare 
SIN hydrochloride transfersomes (SHTs), with SH liposomes (SHLs) 
prepared as a control formulation (168). In in vitro permeation tests, 
after 36 h of administration, the cumulative permeation and 
cumulative permeation rate of SH in SHTs were ap-proximately 1.7 
times those in SHLs. Furthermore, compared to SHLs, SHTs exhibited 
a 62% higher deposition percentage (Qp) in the subcutaneous skin 
layer beneath the stratum corneum. The Css and AUC0 → t of SHTs 
were roughly 8.8 and 8.0 times those of SHLs, respectively, according 
to pharmacokinetic data. According to blood pharmaco-kinetic data, 
SHTs’ Css and AUC0 → t were roughly 3.7 and 2.9 times greater than 
SHLs’, respectively. These experiments confirmed that TFS 
demonstrated superior transdermal penetration compared to 
conventional liposomes.

7.4 Microneedles

Microneedles can overcome the skin barrier and deliver drugs 
trans dermally with minimal invasiveness (169–172). Microneedles 
consist of multiple micro-projections less than 2 mm in height and, 
due to their direct action on the lesion, can reduce the dosage and 
enhance safety, playing a vital role in transdermal drug delivery 
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systems (173). A dissolving microneedle (SH-MN) loaded with SIN 
was fabricated using a casting method from polyethylene pyrrolidone 
and chondroitin sulfate (174). SH-MN showed higher cumulative 
permeation and permeation rates than SH-G, with cumulative 
permeation and permeation rates of 5.31 and 5.06 times, respectively. 
In the skin and blood, the area under the curve (AUC) for SH-MN 
was 1.43 and 1.63 times that of SH-G, respectively, indicating that 
microneedles enhanced SIN’s transdermal penetration and increased 
its bioavailability (175). Pharmacokinetic analysis further revealed 
that the maximum plasma concentration (Cmax) of SIN in the 
microneedle group (0.74 ± 0.13 mg/mL) was more than twice that of 
the hydrogel group (0.33 ± 0.029 mg/mL). The time to reach 
maximum concentration (Tmax) was significantly prolonged in the 
microneedle group (18.24 ± 5.26 h) compared with the hydrogel 
group (7.32 ± 0.21 h), suggesting a more sustained release profile. 
After 4 h, the microneedle tips had almost completely dissolved, and 
the drug concentration in the skin reached its peak, with a 
subcutaneous penetration depth of 200 μm. A microneedle array 
made of polyvinyl alcohol (PVA) and maltose (MT) showed better 
performance compared to SH-loaded hydrogel (175). The MT/PVA 
microneedle array loaded with SH demonstrated lower clearance, 
longer retention time, higher bioavailability, and better stability. 
Another study used liquid crystal (H2)-composite dissolving 
microneedles (DM) for transdermal delivery of SH (176). Compared 
to other control groups, the composite DM enhanced and maintained 
SH’s transdermal delivery, with a significantly increased cumulative 
permeation. Wu et al. prepared dissolving microneedles (SH-DM) 
using MT and poly (lactic-co-glycolic acid) (PLGA) copolymer as 
materials (177). During the in  vivo transdermal study in rabbits, 
SH-DM was administered at a dose of 50 mg/kg by pressing the 
microneedle array (7 × 10) into the shaved dorsal skin for 20 s, while 
SH-G was applied topically at the same dose. The results showed that 
SH-DM exhibited a 1.99-fold higher AUC compared to SH-G, with a 
relative bioavailability of 199.21%, indicating that SH-DM significantly 
enhanced the bioavailability and permeability of SH (177).

7.5 Gels

Gels are semi-solid drug delivery carriers with a three-
dimensional network structure. They exhibit high drug loading 
capacity and are suitable for lipophilic, hydrophilic, and amphiphilic 
drugs, making them a promising novel transdermal drug delivery 
system (178). A hexagonal phase liquid crystal gel was prepared to 
co-load the hydrophilic drug SIN hydrochloride and the lipophilic 
drug cinnamaldehyde. Small-angle X-ray scattering, rheological 
techniques, laser scanning confocal fluorescence microscopy, and 
in vitro release studies showed that the addition of an appropriate 
amount of lipophilic drug to the hexagonal phase liquid crystal gel 
enhanced the permeability of the hydrophilic drug while slowing 
down the release of both drugs, thereby prolonging the drug retention 
time and improving local bioavailability (179). SIN hydrochloride 
liposomes (SINH-L) were uniformly dispersed in a hyaluronic acid gel 
matrix to form SINH-LH, with an encapsulation efficiency of 72.27% 
(180). SINH-LH demonstrated good transdermal effects, enabling 
slow drug release while maintaining moisture at the application site, 
and exhibited strong antioxidant proper-ties with notable scavenging 
abilities against hydroxyl and ABT free radicals. Another study also 

confirmed the antioxidant effect of SIN-loaded liposomal hydrogel, 
which also showed some ability to clear MDA in ex  vivo organ 
homogenates (181). Sheng et al. (182) developed a hydrogel system 
carrying SIN-loaded cerium dioxide nanoparticles (SMN-CeO₂@G). 
Within 48 h, the cumulative release of SIN from SMN-CeO₂@G was 
44.72 ± 7.83%. At a concentration of 0.5 μg/mL, SMN-CeO₂@G 
promoted proliferation and reduced apoptosis of ATDC5 
chondrocytes while decreasing IL-1β-induced MMP-13 secretion. It 
also reduced ROS levels in chondrocytes by promoting macrophage 
M2 polarization. A single intra-articular injection of SMN-CeO₂@G 
significantly reduced osteophyte formation, normalized subchondral 
bone, alleviated pain sensitivity, and lowered serum levels of IL-1β and 
MMP-13 in an osteoarthritis model. Song et al. (183) developed and 
optimized an in situ gel of SIN hydrochloride for the treatment of 
uveitis. The optimal formulation, F2-3, containing 0.5% SIN, released 
96.3% of its drug content within 480 min. Pharmacokinetic studies 
showed that the AUC 0-t and C_max values for the aqueous humor 
in the gel group were 2.70 times and 1.79 times higher, respectively, 
than those in the control group. Lyotropic liquid crystals (LLC), 
formed by the self-assembly of amphiphilic molecules in water into 
highly ordered lamellar and non-lamellar phases, including hexagonal 
phase and cubic phase liquid crystals, can control drug release and 
enhance drug solubility, thereby maintaining a more stable drug 
concentration (184, 185). An in situ hexagonal liquid crystal filled 
with SIN hydrochloride for intraarticular injection was used to create 
a unique medication delivery method. In order to improve patient 
compliance, this system can stay in the joint cavity for more than 
seven days, minimizing systemic exposure and lowering the need for 
frequent injections (186).

8 Discussion and conclusion

Cerebral ischemia remains a major global health challenge due 
to its high rates of morbidity, mortality, and long-term neurological 
disability. The complex pathological cascade, including 
neuroinflammation, oxidative stress, blood–brain barrier 
disruption, and glial cell activation, critically contributes to 
irreversible brain damage. At present, therapeutic strategies for 
ischemic stroke primarily involve thrombolysis with tissue 
plasminogen activator and mechanical thrombectomy procedures. 
However, the narrow therapeutic time window greatly limits both 
the efficacy and safety of these interventions (187). In addition, a 
study has shown that certain surgical procedures fail to improve 
patient recovery and may even be  linked to worse outcomes, 
including higher mortality and functional impairment (188). 
Consequently, there is an urgent need to explore alternative, more 
effective therapeutic approaches, making the development of novel 
pharmacological agents for stroke an imperative priority. Notably, 
some compound drugs have already shown encouraging results in 
this field; for instance, studies have indicated that DL-3-n-
butylphthalide together with Edaravone dexborneol can enhance 
neurological performance and mitigate cognitive deficits in 
experimental models of ischemic stroke by jointly inhibiting 
inflammatory responses and oxidative stress (189, 190). This review 
highlights the multifaceted neuroprotective potential of SIN, a 
bioactive alkaloid with well-documented anti-inflammatory, 
antioxidant, and immunomodulatory properties.
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However, despite promising preclinical results, the clinical 
translation of SIN is limited by its poor pharmacokinetic profile, 
including low oral bioavailability and rapid systemic clearance. 
Advances in nanotechnology-based drug delivery systems, such as 
microneedles, hydrogels, and liposomal formulations, have 
demonstrated significant improvements in SIN’s stability, brain-
targeting capacity, and therapeutic efficacy. These novel delivery 
strategies not only enhance drug bioavailability but also offer sustained 
release and improved patient compliance, which are essential for 
effective treatment of cerebral ischemia.

An emerging focus of this review is the bone–brain axis, a 
bidirectional communication pathway that has recently garnered 
attention for its potential in modulating neurological diseases. Bone-
derived cytokines, osteocalcin, and other mediators can cross the 
BBB and influence CNS functions, offering a unique route for 
targeted drug delivery. Leveraging this axis for SIN administration 
could represent a transformative approach, potentially enhancing 
therapeutic concentrations at the ischemic brain sites while 
minimizing systemic side effects.

Furthermore, the proposed bone marrow cavity injection-based 
delivery system may selectively modulate microglial polarization by 
suppressing the pro-inflammatory M1 phenotype and promoting the 
anti-inflammatory M2 phenotype, thereby facilitating neuroprotection. 
The interaction between microglia and astrocytes, particularly the 
activation of neuroprotective A2 astrocytes, could further contribute 
to mitigating neuroinflammation and restoring neural homeostasis.

A potential point of contention lies in the possibility that if drugs 
can cross the BBB and act directly within the CNS, the regulatory 
influence of the bone–brain axis may be relatively diminished. This 
issue can be approached by considering the distinct mechanisms of 
action of the two strategies. The bone–brain axis may play a more 
critical role in chronic or long-term regulation. On the one hand, it 
alleviates neuroinflammation by modulating immune responses; on 
the other hand, bone-derived cells and metabolites are capable of 
crossing the BBB, thereby providing sustained immune regulation 
and neuroprotection. In contrast, drugs that act directly on the 
CNS—for instance, via nanoparticle-based delivery systems capable 
of penetrating the BBB—can exert more rapid neuroprotective effects 
during the acute phase. Such approaches enable direct delivery of 
therapeutic agents to ischemic regions, alleviating brain tissue injury 
within a short time frame. Nevertheless, these two mechanisms are 
not mutually exclusive but rather complementary. The bone–brain 
axis provides continuous immune modulation and long-term 
neuroprotection, whereas direct CNS drug delivery offers immediate 
mitigation of acute brain injury. The integration of these strategies 
has the potential to markedly enhance therapeutic efficacy, 
particularly in ischemic brain injury, by improving outcomes across 
both the acute and chronic phases.

Nevertheless, several challenges remain before clinical application 
can be realized. The precise mechanisms governing the bone–brain 
axis-mediated delivery and SIN’s interaction with neural and immune 
cells require further elucidation. Additionally, comprehensive in vivo 
studies and well-designed clinical trials are needed to validate the 
safety, efficacy, and optimal dosing regimens of SIN nanoformulations 
targeting the bone–brain axis.

In summary, SIN can improve the inflammatory microenvironment 
through various mechanisms, inhibit neuronal damage, alleviate 
symptoms of cerebral ischaemia and improve patients’ quality of life. 

However, due to the inherent limitations of traditional Chinese medicine, 
we believe that the combination of novel dosage forms with traditional 
drug delivery systems can reduce the required dosage of SIN, improve its 
targeting ability and provide new approaches for the treatment of 
cerebral ischemia. We propose a bone marrow cavity injection-based 
drug delivery system designed to suppress M1 microglial polarization 
while promoting M2 polarization, thereby facilitating the release of anti-
inflammatory factors and reducing neuronal damage. In addition, given 
the ‘cross-talk’ between microglia and astrocytes, this system could 
potentially activate A2 reactive astrocytes, which may help limit the 
excessive production of pro-inflammatory factors and oxidative stress 
molecules, ultimately restoring neural homeostasis. In conclusion, as a 
widely used traditional medicine, further research on SIN will be of 
significant clinical value and may contribute to the development of 
advanced therapeutic approaches.

Author contributions

XL: Methodology, Writing – review & editing, Writing – original 
draft, Conceptualization, Visualization, Funding acquisition, Project 
administration. XZ: Writing – original draft, Visualization, Investigation, 
Writing – review & editing, Methodology. TW: Validation, Methodology, 
Writing – review & editing, Writing – original draft, Investigation. HL: 
Visualization, Writing – review & editing, Investigation. YL: Validation, 
Investigation, Writing – review & editing, Visualization. JL: Writing – 
review & editing, Investigation, Methodology. YB: Investigation, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Acknowledgments

All authors give final approval of the version to be published. 
Thanks to all authors for their contributions to this study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 23 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Xiang Q, Xiang Y, Liu Y, Chen Y, He Q, Chen T, et al. Revealing the potential 

therapeutic mechanism of Lonicerae Japonicae Flos in Alzheimer’s disease: a 
computational biology approach. Front Med. (2024) 11:1468561. doi: 
10.3389/fmed.2024.1468561

	2.	He H, Yang Y, Zhang X, Ying Y, Zheng B. Regulation of Nrf2/A20/eEF1A2 Axis by 
Ginsenoside Rb1: a key pathway in alleviating cerebral ischemia-reperfusion injury. 
Discov Med. (2024) 36:1743–57. doi: 10.24976/Discov.Med.202436187.160

	3.	Zhang H, Wang L, Wang X, Deng L, He B, Yi X, et al. Mangiferin alleviated 
poststroke cognitive impairment by modulating lipid metabolism in cerebral ischemia/
reperfusion rats. Eur J Pharmacol. (2024) 977:176724. doi: 10.1016/j.ejphar.2024.176724

	4.	Wang Q, Li X-K. Immunosuppressive and anti-inflammatory activities of 
sinomenine. Int Immunopharmacol. (2011) 11:373–6. doi: 10.1016/j.intimp.2010.11.018

	5.	Yamasaki H. Pharmacology of sinomenine, an anti-rheumatic alkaloid from 
Sinomenium acutum. Acta Med Okayama. (1976) 30:1–20.

	6.	Xu M, Liu L, Qi C, Deng B, Cai X. Sinomenine versus NSAIDs for the treatment of 
rheumatoid arthritis: a systematic review and meta-analysis. Planta Med. (2008) 
74:1423–9. doi: 10.1055/s-2008-1081346

	7.	Zeng C, Shuai Y-F, Li X. Meta-analysis of efficacy and safety of sinomenine 
combined with methotrexate in treatment of rheumatoid arthritis. Zhongguo Zhong Yao 
Za Zhi. (2021) 46:214–24. doi: 10.19540/j.cnki.cjcmm.20200322.501

	8.	Jiang W, Fan W, Gao T, Li T, Yin Z, Guo H, et al. Analgesic mechanism of 
Sinomenine against chronic pain. Pain Res Manag. (2020) 2020:1–10. doi: 
10.1155/2020/1876862

	9.	Zhang Y-S, Han J-Y, Iqbal O, Liang A-H. Research advances and prospects on 
mechanism of Sinomenin on histamine release and the binding to histamine receptors. 
Int J Mol Sci. (2018) 20:70. doi: 10.3390/ijms20010070

	10.	Lin S-S, Liu C-X, Zhang J-H, Wang H, Zhai J-B, Mao J-Y, et al. Efficacy and safety 
of Sinomenine preparation for ankylosing spondylitis: a systematic review and Meta-
analysis of clinical randomized controlled trials. Evid Based Complement Alternat Med. 
(2020) 2020:4593412. doi: 10.1155/2020/4593412

	11.	Zhao X-X, Peng C, Zhang H, Qin L-P. Sinomenium acutum: a review of chemistry, 
pharmacology, pharmacokinetics, and clinical use. Pharm Biol. (2012) 50:1053–61. doi: 
10.3109/13880209.2012.656847

	12.	Li Y, Liu Y, Yan X, Liu Q, Zhao Y-H, Wang D-W. Pharmacological effects and 
mechanisms of Chinese medicines modulating NLRP3 Inflammasomes in ischemic 
cardio/cerebral vascular disease. Am J Chin Med. (2018) 46:1727–41. doi: 
10.1142/S0192415X18500878

	13.	Nishida S, Satoh H. Cardiovascular pharmacology of sinomenine: the mechanical 
and electropharmacological actions. Drug Target Insights. (2007) 2:97–104. doi: 
10.33393/dti.2007.1313

	14.	Hossmann K-A. Pathophysiology and therapy of experimental stroke. Cell Mol 
Neurobiol. (2006) 26:1057–83. doi: 10.1007/s10571-006-9008-1

	15.	Musuka TD, Wilton SB, Traboulsi M, Hill MD. Diagnosis and management of 
acute ischemic stroke: speed is critical. CMAJ. (2015) 187:887–93. doi: 
10.1503/cmaj.140355

	16.	Z M, W H, Z X, Y P, Z J, C W, et al. Mortality, morbidity, and risk factors in China 
and its provinces, 1990-2017: a systematic analysis for the global burden of disease study 
2017. Lancet. (2019) 394:1145–58. doi: 10.1016/S0140-6736(19)30427-1

	17.	Taxin ZH, Neymotin SA, Mohan A, Lipton P, Lytton WW. Modeling molecular 
pathways of neuronal ischemia. Prog Mol Biol Transl Sci. (2014) 123:249–75. doi: 
10.1016/B978-0-12-397897-4.00014-0

	18.	Adachi N, Seyfried FJ, Arai T. Blockade of central histaminergic H2 receptors 
aggravates ischemic neuronal damage in gerbil hippocampus. Crit Care Med. (2001) 
29:1189–94. doi: 10.1097/00003246-200106000-00021

	19.	Gülke E, Gelderblom M, Magnus T. Danger signals in stroke and their role on 
microglia activation after ischemia. Ther Adv Neurol Disord. (2018) 
11:1756286418774254. doi: 10.1177/1756286418774254

	20.	Jiang Y, Lam SM, Zhang S, Miao H, Zhou Y, Zhang Q, et al. CSF multi-omics of 
intracerebral hemorrhage from onset to reperfusion underscores lipid metabolism in 
functional outcome. Sci Bull. (2025) 70:162–6. doi: 10.1016/j.scib.2024.06.005

	21.	Dimitri P, Rosen C. The central nervous system and bone metabolism: an evolving 
story. Calcif Tissue Int. (2017) 100:476–85. doi: 10.1007/s00223-016-0179-6

	22.	Idelevich A, Baron R. Brain to bone: what is the contribution of the brain to 
skeletal homeostasis? Bone. (2018) 115:31–42. doi: 10.1016/j.bone.2018.05.018

	23.	Miyan JA, Broome CS, Whetton AD. Neural regulation of bone marrow. Blood. 
(1998) 92:2971–2. doi: 10.1182/blood.V92.8.2971b

	24.	Frame G, Bretland KA, Dengler-Crish CM. Mechanistic complexities of bone loss 
in Alzheimer’s disease: a review. Connect Tissue Res. (2020) 61:4–18. doi: 
10.1080/03008207.2019.1624734

	25.	Obri A, Khrimian L, Karsenty G, Oury F. Osteocalcin in the brain: from embryonic 
development to age-related decline in cognition. Nat Rev Endocrinol. (2018) 14:174–82. 
doi: 10.1038/nrendo.2017.181

	26.	Yuan J, Meloni BP, Shi T, Bonser A, Papadimitriou JM, Mastaglia FL, et al. The 
potential influence of bone-derived modulators on the progression of Alzheimer’s 
disease. J Alzheimer's Dis. (2019) 69:59–70. doi: 10.3233/JAD-181249

	27.	Otto E, Knapstein P-R, Jahn D, Appelt J, Frosch K-H, Tsitsilonis S, et al. Crosstalk 
of brain and bone-clinical observations and their molecular bases. Int J Mol Sci. (2020) 
21:4946. doi: 10.3390/ijms21144946

	28.	Rajeev V, Chai YL, Poh L, Selvaraji S, Fann DY, Jo D-G, et al. Chronic cerebral 
hypoperfusion: a critical feature in unravelling the etiology of vascular cognitive 
impairment. Acta Neuropathol Commun. (2023) 11:93. doi: 10.1186/s40478-023-01590-1

	29.	Yan N, Xu Z, Qu C, Zhang J. Dimethyl fumarate improves cognitive deficits in 
chronic cerebral hypoperfusion rats by alleviating inflammation, oxidative stress, and 
ferroptosis via NRF2/ARE/NF-κB signal pathway. Int Immunopharmacol. (2021) 
98:107844. doi: 10.1016/j.intimp.2021.107844

	30.	Ashok A, Rai NK, Raza W, Pandey R, Bandyopadhyay S. Chronic cerebral 
hypoperfusion-induced impairment of aβ clearance requires HB-EGF-dependent 
sequential activation of HIF1α and MMP9. Neurobiol Dis. (2016) 95:179–93. doi: 
10.1016/j.nbd.2016.07.013

	31.	Turner RJ, Sharp FR. Implications of MMP9 for blood brain barrier disruption and 
hemorrhagic transformation following ischemic stroke. Front Cell Neurosci. (2016) 
10:56. doi: 10.3389/fncel.2016.00056

	32.	Kim JY, Park J, Chang JY, Kim S-H, Lee JE. Inflammation after ischemic stroke: 
the role of leukocytes and glial cells. Exp Neurobiol. (2016) 25:241–51. doi: 
10.5607/en.2016.25.5.241

	33.	Wang C, Li L. The critical role of KLF4 in regulating the activation of A1/A2 
reactive astrocytes following ischemic stroke. J Neuroinflammation. (2023) 20:44. doi: 
10.1186/s12974-023-02742-9

	34.	Chen A-Q, Fang Z, Chen X-L, Yang S, Zhou Y-F, Mao L, et al. Microglia-derived 
TNF-α mediates endothelial necroptosis aggravating blood brain–barrier disruption 
after ischemic stroke. Cell Death Dis. (2019) 10:487. doi: 10.1038/s41419-019-1716-9

	35.	Stratoulias V, Venero JL, Tremblay M-È, Joseph B. Microglial subtypes: diversity 
within the microglial community. EMBO J. (2019) 38:e101997. doi: 
10.15252/embj.2019101997

	36.	Labus J, Häckel S, Lucka L, Danker K. Interleukin-1β induces an inflammatory 
response and the breakdown of the endothelial cell layer in an improved human 
THBMEC-based in  vitro blood–brain barrier model. J Neurosci Methods. (2014) 
228:35–45. doi: 10.1016/j.jneumeth.2014.03.002

	37.	Coelho-Santos V, Leitão RA, Cardoso FL, Palmela I, Rito M, Barbosa M, et al. The 
TNF-α/NF-κB signaling pathway has a key role in methamphetamine–induced blood–
brain barrier dysfunction. J Cereb Blood Flow Metab. (2015) 35:1260–71. doi: 
10.1038/jcbfm.2015.59

	38.	Pasparakis M. Regulation of tissue homeostasis by NF-κB signalling: implications 
for inflammatory diseases. Nat Rev Immunol. (2009) 9:778–88. doi: 10.1038/nri2655

	39.	Miller F, Fenart L, Landry V, Coisne C, Cecchelli R, Dehouck M, et al. The MAP 
kinase pathway mediates transcytosis induced by TNF-α in an in vitro blood–brain 
barrier model. Eur J Neurosci. (2005) 22:835–44. doi: 10.1111/j.1460-9568.2005.04273.x

	40.	Förster C, Burek M, Romero IA, Weksler B, Couraud P-O, Drenckhahn D. 
Differential effects of hydrocortisone and TNFα on tight junction proteins in an in vitro 
model of the human blood–brain barrier. J Physiol. (2008) 586:1937–49. doi: 
10.1113/jphysiol.2007.146852

	41.	Franzén B, Duvefelt K, Jonsson C, Engelhardt B, Ottervald J, Wickman M, et al. 
Gene and protein expression profiling of human cerebral endothelial cells activated with 
tumor necrosis factor-alpha. Brain Res Mol Brain Res. (2003) 115:130–46. doi: 
10.1016/s0169-328x(03)00185-2

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3389/fmed.2024.1468561
https://doi.org/10.24976/Discov.Med.202436187.160
https://doi.org/10.1016/j.ejphar.2024.176724
https://doi.org/10.1016/j.intimp.2010.11.018
https://doi.org/10.1055/s-2008-1081346
https://doi.org/10.19540/j.cnki.cjcmm.20200322.501
https://doi.org/10.1155/2020/1876862
https://doi.org/10.3390/ijms20010070
https://doi.org/10.1155/2020/4593412
https://doi.org/10.3109/13880209.2012.656847
https://doi.org/10.1142/S0192415X18500878
https://doi.org/10.33393/dti.2007.1313
https://doi.org/10.1007/s10571-006-9008-1
https://doi.org/10.1503/cmaj.140355
https://doi.org/10.1016/S0140-6736(19)30427-1
https://doi.org/10.1016/B978-0-12-397897-4.00014-0
https://doi.org/10.1097/00003246-200106000-00021
https://doi.org/10.1177/1756286418774254
https://doi.org/10.1016/j.scib.2024.06.005
https://doi.org/10.1007/s00223-016-0179-6
https://doi.org/10.1016/j.bone.2018.05.018
https://doi.org/10.1182/blood.V92.8.2971b
https://doi.org/10.1080/03008207.2019.1624734
https://doi.org/10.1038/nrendo.2017.181
https://doi.org/10.3233/JAD-181249
https://doi.org/10.3390/ijms21144946
https://doi.org/10.1186/s40478-023-01590-1
https://doi.org/10.1016/j.intimp.2021.107844
https://doi.org/10.1016/j.nbd.2016.07.013
https://doi.org/10.3389/fncel.2016.00056
https://doi.org/10.5607/en.2016.25.5.241
https://doi.org/10.1186/s12974-023-02742-9
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.15252/embj.2019101997
https://doi.org/10.1016/j.jneumeth.2014.03.002
https://doi.org/10.1038/jcbfm.2015.59
https://doi.org/10.1038/nri2655
https://doi.org/10.1111/j.1460-9568.2005.04273.x
https://doi.org/10.1113/jphysiol.2007.146852
https://doi.org/10.1016/s0169-328x(03)00185-2


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 24 frontiersin.org

	42.	Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. 
Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017) 
541:481–7. doi: 10.1038/nature21029

	43.	Liddelow SA, Barres BA. Reactive astrocytes: production, function, and 
therapeutic potential. Immunity. (2017) 46:957–67. doi: 10.1016/j.immuni.2017.06.006

	44.	Yu W, Li Y, Hu J, Wu J, Huang Y. A study on the pathogenesis of vascular cognitive 
impairment and dementia: the chronic cerebral Hypoperfusion hypothesis. J Clin Med. 
(2022) 11:4742. doi: 10.3390/jcm11164742

	45.	Liu Q, Bhuiyan MIH, Liu R, Song S, Begum G, Young CB, et al. Attenuating 
vascular stenosis-induced astrogliosis preserves white matter integrity and cognitive 
function. J Neuroinflammation. (2021) 18:187. doi: 10.1186/s12974-021-02234-8

	46.	Wu J, Yan Z, Schwartz DE, Yu J, Malik AB, Hu G. Activation of NLRP3 
inflammasome in alveolar macrophages contributes to mechanical stretch-induced lung 
inflammationand injury. J Immunol. (2013) 190:3590–9. doi: 10.4049/jimmunol.1200860

	47.	Chichai AS, Popova TN, Kryl’skii ED, Oleinik SA, Razuvaev GA. Indole-3-carbinol 
mitigates oxidative stress and inhibits inflammation in rat cerebral ischemia/reperfusion 
model. Biochimie. (2023) 213:1–11. doi: 10.1016/j.biochi.2023.04.018

	48.	Yang N, Lai Y, Yu G, Zhang X, Shi J, Xiang L, et al. METTL3-dependent m6A 
modification of SNAP29 induces “autophagy-mitochondrial crisis” in the ischemic 
microenvironment after soft tissue transplantation. Autophagy. (2025) 21:2168–91. doi: 
10.1080/15548627.2025.2493455

	49.	Kanis J, Oden A, Johnell O. Acute and long-term increase in fracture risk after 
hospitalization for stroke. Stroke. (2001) 32:702–6. doi: 10.1161/01.str.32.3.702

	50.	Wang J, Yu L, Jiang C, Fu X, Liu X, Wang M, et al. Cerebral ischemia increases bone 
marrow CD4+CD25+FoxP3+ regulatory T cells in mice via signals from sympathetic 
nervous system. Brain Behav Immun. (2015) 43:172–83. doi: 10.1016/j.bbi.2014.07.022

	51.	Choi J-H, Lim S-K, Kim D-I, Park M-J, Kim Y-K, Lee A-C, et al. Safflower bud 
inhibits RANKL-induced osteoclast differentiation and prevents bone loss in 
ovariectomized mice. Phytomedicine. (2017) 34:6–13. doi: 10.1016/j.phymed.2017.07.006

	52.	G K, En O. Bone and muscle endocrine functions: unexpected paradigms of inter-
organ communication. Cell. (2016) 164:1248–56. doi: 10.1016/j.cell.2016.02.043

	53.	Wu M, Chen G, Li Y-P. TGF-β and BMP signaling in osteoblast, skeletal 
development, and bone formation, homeostasis and disease. Bone Res. (2016) 4:16009. 
doi: 10.1038/boneres.2016.9

	54.	Chen G, Deng C, Li Y-P. TGF-β and BMP signaling in osteoblast differentiation 
and bone formation. Int J Biol Sci. (2012) 8:272–88. doi: 10.7150/ijbs.2929

	55.	Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al. Bone 
morphogenetic protein (BMP) signaling in development and human diseases. Genes Dis. 
(2014) 1:87–105. doi: 10.1016/j.gendis.2014.07.005

	56.	Pei H, Cao D, Guo Z, Liu G, Guo Y, Lu C. Bone morphogenetic Protein-7 
ameliorates cerebral ischemia and reperfusion injury via inhibiting oxidative stress and 
neuronal apoptosis. Int J Mol Sci. (2013) 14:23441–53. doi: 10.3390/ijms141223441

	57.	Yuan M, Ge M, Yin J, Dai Z, Xie L, Li Y, et al. Isoflurane post-conditioning down-
regulates expression of aquaporin 4 in rats with cerebral ischemia/reperfusion injury 
and is possibly related to bone morphogenetic protein 4/Smad1/5/8 signaling pathway. 
Biomed Pharmacother. (2018) 97:429–38. doi: 10.1016/j.biopha.2017.10.082

	58.	Zhang Y, Liu J, Su M, Wang X, Xie C. Exosomal microRNA-22-3p alleviates 
cerebral ischemic injury by modulating KDM6B/BMP2/BMF axis. Stem Cell Res Ther. 
(2021) 12:111. doi: 10.1186/s13287-020-02091-x

	59.	Wu J, Dou Y, Liu W, Zhao Y, Liu X. Osteocalcin improves outcome after acute 
ischemic stroke. Aging (Albany NY). (2020) 12:387–96. doi: 10.18632/aging.102629

	60.	Quiros-Gonzalez I, Yadav VK. Central genes, pathways and modules that regulate 
bone mass. Arch Biochem Biophys. (2014) 561:130–6. doi: 10.1016/j.abb.2014.06.005

	61.	Zhang Y-W, Li Y-J, Lu P-P, Dai G-C, Chen X-X, Rui Y-F. The modulatory effect and 
implication of gut microbiota on osteoporosis: from the perspective of “brain-gut-bone” 
axis. Food Funct. (2021) 12:5703–18. doi: 10.1039/d0fo03468a

	62.	Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, et al. Leptin regulation 
of bone resorption by the sympathetic nervous system and CART. Nature. (2005) 
434:514–20. doi: 10.1038/nature03398

	63.	Jiao K, Zeng G, Niu L-N, Yang H-X, Ren G-T, Xu X-Y, et al. Activation of α2A-
adrenergic signal transduction in chondrocytes promotes degenerative remodelling of 
temporomandibular joint. Sci Rep. (2016) 6:30085. doi: 10.1038/srep30085

	64.	Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al. Leptin inhibits 
bone formation through a hypothalamic relay: a central control of bone mass. Cell. 
(2000) 100:197–207. doi: 10.1016/s0092-8674(00)81558-5

	65.	Shi H, Chen M. The brain-bone axis: unraveling the complex interplay between 
the central nervous system and skeletal metabolism. Eur J Med Res. (2024) 29:317. doi: 
10.1186/s40001-024-01918-0

	66.	Matta C, Juhász T, Fodor J, Hajdú T, Katona É, Szűcs-Somogyi C, et al. N-methyl-
D-aspartate (NMDA) receptor expression and function is required for early 
chondrogenesis. Cell Commun Signal. (2019) 17:166. doi: 10.1186/s12964-019-0487-3

	67.	Coluzzi F, Scerpa MS, Centanni M. The effect of opiates on bone formation and 
bone healing. Curr Osteoporos Rep. (2020) 18:325–35. doi: 10.1007/s11914-020-00585-4

	68.	Zhao Y, Peng X, Wang Q, Zhang Z, Wang L, Xu Y, et al. Crosstalk between the 
neuroendocrine system and bone homeostasis. Endocr Rev. (2024) 45:95–124. doi: 
10.1210/endrev/bnad025

	69.	Li R, Miao Z, Liu Y, Chen X, Wang H, Su J, et al. The brain-gut-bone Axis in 
neurodegenerative diseases: insights, challenges, and future prospects. Adv Sci. (2024) 
11:e2307971. doi: 10.1002/advs.202307971

	70.	Bradburn S, McPhee JS, Bagley L, Sipila S, Stenroth L, Narici MV, et al. Association 
between osteocalcin and cognitive performance in healthy older adults. Age Ageing. 
(2016) 45:844–9. doi: 10.1093/ageing/afw137

	71.	Oury F, Khrimian L, Denny CA, Gardin A, Chamouni A, Goeden N, et al. 
Maternal and offspring pools of osteocalcin influence brain development and functions. 
Cell. (2013) 155:228–41. doi: 10.1016/j.cell.2013.08.042

	72.	Shan C, Zhang D, Ma D, Hou Y, Zhuang Q, Gong Y, et al. Osteocalcin ameliorates 
cognitive dysfunctions in a mouse model of Alzheimer’s disease by reducing amyloid β 
burden and upregulating glycolysis in neuroglia. Cell Death Discovery. (2023) 9:46. doi: 
10.1038/s41420-023-01343-y

	73.	Berger JM, Singh P, Khrimian L, Morgan DA, Chowdhury S, Arteaga-Solis E, et al. 
Mediation of the acute stress response by the skeleton. Cell Metab. (2019) 30:890–902.e8. 
doi: 10.1016/j.cmet.2019.08.012

	74.	Zhang F, Zhang W. Research progress in Alzheimer’s disease and bone-brain axis. 
Ageing Res Rev. (2024) 98:102341. doi: 10.1016/j.arr.2024.102341

	75.	Croese T, Castellani G, Schwartz M. Immune cell compartmentalization for brain 
surveillance and protection. Nat Immunol. (2021) 22:1083–92. doi: 
10.1038/s41590-021-00994-2

	76.	Castellani G, Croese T, Peralta Ramos JM, Schwartz M. Transforming the 
understanding of brain immunity. Science. (2023) 380:eabo7649. doi: 
10.1126/science.abo7649

	77.	Herisson F, Frodermann V, Courties G, Rohde D, Sun Y, Vandoorne K, et al. Direct 
vascular channels connect skull bone marrow and the brain surface enabling myeloid 
cell migration. Nat Neurosci. (2018) 21:1209–17. doi: 10.1038/s41593-018-0213-2

	78.	He J, Zhang Y, Guo Y, Guo J, Chen X, Xu S, et al. Blood-derived factors to brain 
communication in brain diseases. Science Bulletin. (2024) 69:3618–32. doi: 
10.1016/j.scib.2024.09.022

	79.	Ma Y, Yang S, He Q, Zhang D, Chang J. The role of immune cells in post-stroke 
angiogenesis and neuronal remodeling: the known and the unknown. Front Immunol. 
(2021) 12:784098. doi: 10.3389/fimmu.2021.784098

	80.	Shi L, Sun Z, Su W, Xu F, Xie D, Zhang Q, et al. Treg cell-derived osteopontin 
promotes microglia-mediated white matter repair after ischemic stroke. Immunity. 
(2021) 54:1527–1542.e8. doi: 10.1016/j.immuni.2021.04.022

	81.	Zhang X, Rui L, Wang M, Lian H, Cai L. Sinomenine attenuates chronic 
intermittent hypoxia-induced lung injury by inhibiting inflammation and oxidative 
stress. Med Sci Monit. (2018) 24:1574–80. doi: 10.12659/msm.906577

	82.	Jiang Y, Jiao Y, Liu Y, Zhang M, Wang Z, Li Y, et al. Sinomenine hydrochloride 
inhibits the metastasis of human glioblastoma cells by suppressing the expression of 
matrix Metalloproteinase-2/−9 and reversing the endogenous and exogenous epithelial-
mesenchymal transition. Int J Mol Sci. (2018) 19:844. doi: 10.3390/ijms19030844

	83.	Qiu J, Wang M, Zhang J, Cai Q, Lu D, Li Y, et al. The neuroprotection of 
Sinomenine against ischemic stroke in mice by suppressing NLRP3 inflammasome via 
AMPK signaling. Int Immunopharmacol. (2016) 40:492–500. doi: 
10.1016/j.intimp.2016.09.024

	84.	Fu C, Xin H, Qian Z, Li X, Gao J, Fan Y, et al. Sinomenine protects against early 
brain injury by inhibiting microglial inflammatory response via Nrf2-dependent 
pathway after subarachnoid hemorrhage. Brain Sci. (2023) 13:716. doi: 
10.3390/brainsci13050716

	85.	Huang H, Zhang E-B, Yi O-Y, Wu H, Deng G, Huang Y-M, et al. Sex-related 
differences in safety profiles, pharmacokinetics and tissue distribution of sinomenine 
hydrochloride in rats. Arch Toxicol. (2022) 96:3245–55. doi: 10.1007/s00204-022-03368-1

	86.	Liu Z-Q, Chan K, Zhou H, Jiang Z-H, Wong Y-F, Xu H-X, et al. The 
pharmacokinetics and tissue distribution of sinomenine in rats and its protein binding 
ability in vitro. Life Sci. (2005) 77:3197–209. doi: 10.1016/j.lfs.2005.05.054

	87.	Zhang Q, Lenardo MJ, Baltimore D. 30 years of NF-κB: a blossoming of relevance 
to human pathobiology. Cell. (2017) 168:37–57. doi: 10.1016/j.cell.2016.12.012

	88.	Sehnert B, Burkhardt H, Dübel S, Voll RE. Cell-type targeted NF-kappaB 
inhibition for the treatment of inflammatory diseases. Cells. (2020) 9:1627. doi: 
10.3390/cells9071627

	89.	Xu M, Liu S, Wan R, Chen Y. Combined treatment with sinomenine and 
acupuncture on collagen-induced arthritis through the NF-κB and MAPK signaling 
pathway. Oncol Lett. (2018) 15:8770–6. doi: 10.3892/ol.2018.8394

	90.	Yi L, Ke J, Liu J, Lai H, Lv Y, Peng C, et al. Sinomenine increases adenosine A2A 
receptor and inhibits NF-κB to inhibit arthritis in adjuvant-induced-arthritis rats and 
fibroblast-like synoviocytes through α7nAChR. J Leukoc Biol. (2021) 110:1113–20. doi: 
10.1002/JLB.3MA0121-024RRRR

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.3390/jcm11164742
https://doi.org/10.1186/s12974-021-02234-8
https://doi.org/10.4049/jimmunol.1200860
https://doi.org/10.1016/j.biochi.2023.04.018
https://doi.org/10.1080/15548627.2025.2493455
https://doi.org/10.1161/01.str.32.3.702
https://doi.org/10.1016/j.bbi.2014.07.022
https://doi.org/10.1016/j.phymed.2017.07.006
https://doi.org/10.1016/j.cell.2016.02.043
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.7150/ijbs.2929
https://doi.org/10.1016/j.gendis.2014.07.005
https://doi.org/10.3390/ijms141223441
https://doi.org/10.1016/j.biopha.2017.10.082
https://doi.org/10.1186/s13287-020-02091-x
https://doi.org/10.18632/aging.102629
https://doi.org/10.1016/j.abb.2014.06.005
https://doi.org/10.1039/d0fo03468a
https://doi.org/10.1038/nature03398
https://doi.org/10.1038/srep30085
https://doi.org/10.1016/s0092-8674(00)81558-5
https://doi.org/10.1186/s40001-024-01918-0
https://doi.org/10.1186/s12964-019-0487-3
https://doi.org/10.1007/s11914-020-00585-4
https://doi.org/10.1210/endrev/bnad025
https://doi.org/10.1002/advs.202307971
https://doi.org/10.1093/ageing/afw137
https://doi.org/10.1016/j.cell.2013.08.042
https://doi.org/10.1038/s41420-023-01343-y
https://doi.org/10.1016/j.cmet.2019.08.012
https://doi.org/10.1016/j.arr.2024.102341
https://doi.org/10.1038/s41590-021-00994-2
https://doi.org/10.1126/science.abo7649
https://doi.org/10.1038/s41593-018-0213-2
https://doi.org/10.1016/j.scib.2024.09.022
https://doi.org/10.3389/fimmu.2021.784098
https://doi.org/10.1016/j.immuni.2021.04.022
https://doi.org/10.12659/msm.906577
https://doi.org/10.3390/ijms19030844
https://doi.org/10.1016/j.intimp.2016.09.024
https://doi.org/10.3390/brainsci13050716
https://doi.org/10.1007/s00204-022-03368-1
https://doi.org/10.1016/j.lfs.2005.05.054
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.3390/cells9071627
https://doi.org/10.3892/ol.2018.8394
https://doi.org/10.1002/JLB.3MA0121-024RRRR


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 25 frontiersin.org

	91.	Zhu R-L, Zhi Y-K, Yi L, Luo J-F, Li J, Bai S-S, et al. Sinomenine regulates CD14/
TLR4, JAK2/STAT3 pathway and calcium signal via α7nAChR to inhibit inflammation 
in LPS-stimulated macrophages. Immunopharmacol Immunotoxicol. (2019) 41:172–7. 
doi: 10.1080/08923973.2019.1568451

	92.	Yi L, Lyn Y-J, Peng C, Zhu R-L, Bai S-S, Liu L, et al. Sinomenine inhibits fibroblast-
like synoviocyte proliferation by regulating α7nAChR expression via ERK/Egr-1 
pathway. Int Immunopharmacol. (2018) 56:65–70. doi: 10.1016/j.intimp.2018.01.015

	93.	Bai S, Wen W, Hou X, Wu J, Yi L, Zhi Y, et al. Inhibitory effect of sinomenine on 
lung cancer cells via negative regulation of α7 nicotinic acetylcholine receptor. J Leukoc 
Biol. (2021) 109:843–52. doi: 10.1002/JLB.6MA0720-344RRR

	94.	Zhi Y-K, Li J, Yi L, Zhu R-L, Luo J-F, Shi Q-P, et al. Sinomenine inhibits 
macrophage M1 polarization by downregulating α7nAChR via a feedback pathway of 
α7nAChR/ERK/Egr-1. Phytomedicine. (2022) 100:154050. doi: 
10.1016/j.phymed.2022.154050

	95.	Ou Y, Chen L, Li X, Lin Z, Li W. Sinomenine influences capacity for invasion and 
migration in activated human monocytic THP-1 cells by inhibiting the expression of 
MMP-2, MMP-9, and CD147. Acta Pharmacol Sin. (2009) 30:435–41. doi: 
10.1038/aps.2009.21

	96.	He L, Li X, Zeng X, Duan H, Wang S, Lei L, et al. Sinomenine induces apoptosis 
in RAW 264.7 cell-derived osteoclasts in vitro via caspase-3 activation. Acta Pharmacol 
Sin. (2014) 35:203–10. doi: 10.1038/aps.2013.139

	97.	Qiu J, Yan Z, Tao K, Li Y, Li Y, Li J, et al. Sinomenine activates astrocytic dopamine 
D2 receptors and alleviates neuroinflammatory injury via the CRYAB/STAT3 pathway 
after ischemic stroke in mice. J Neuroinflammation. (2016) 13:263. doi: 
10.1186/s12974-016-0739-8

	98.	Lv Y, Li C, Li S, Hao Z. Sinomenine inhibits proliferation of SGC-7901 gastric 
adenocarcinoma cells via suppression of cyclooxygenase-2 expression. Oncol Lett. (2011) 
2:741–5. doi: 10.3892/ol.2011.305

	99.	Gao W-J, Liu J-X, Xie Y, Luo P, Liu Z-Q, Liu L, et al. Suppression of macrophage 
migration by down-regulating Src/FAK/P130Cas activation contributed to the anti-
inflammatory activity of sinomenine. Pharmacol Res. (2021) 167:105513. doi: 
10.1016/j.phrs.2021.105513

	100.	Yang S, Ning F, Li J, Guo D, Zhang L, Cui R, et al. Therapeutic effect analysis of 
Sinomenine on rat cerebral ischemia-reperfusion injury. J Stroke Cerebrovasc Dis. (2016) 
25:1263–9. doi: 10.1016/j.jstrokecerebrovasdis.2016.02.023

	101.	Li J-J, Li L, Li S, Tang X-Y, Sun H-F, Liu J-X. Sinomenine hydrochloride protects 
IgA nephropathy through regulating cell growth and apoptosis of T and B lymphocytes. 
Drug Des Devel Ther. (2024) 18:1247–62. doi: 10.2147/DDDT.S449119

	102.	Shu L, Yin W, Zhang J, Tang B, Kang Y-X, Ding F, et al. Sinomenine inhibits 
primary CD4+ T-cell proliferation via apoptosis. Cell Biol Int. (2007) 31:784–9. doi: 
10.1016/j.cellbi.2007.01.035

	103.	Luo J, Wang Y, Qi Q, Cheng Y, Xu W, Yang J. Sinomenine improves embryo 
survival by regulating Th1/Th2 balance in a mouse model of recurrent spontaneous 
abortion. Med Sci Monit. (2021) 27:e927709. doi: 10.12659/MSM.927709

	104.	Gao Z, Yang C, Zeng G, Lin M, Li W, Sun M, et al. Sinomenine protects against 
atherosclerosis in apolipoprotein E-knockout mice by inhibiting of inflammatory 
pathway. Inflammopharmacology. (2024) 32:2647. doi: 10.1007/s10787-024-01497-w

	105.	Zhang Q, Lu Y, Bian H, Guo L, Zhu H. Activation of the α7 nicotinic receptor 
promotes lipopolysaccharide-induced conversion of M1 microglia to M2. Am J Transl 
Res. (2017) 9:971–85.

	106.	Qin T, Du R, Huang F, Yin S, Yang J, Qin S, et al. Sinomenine activation of Nrf2 
signaling prevents hyperactive inflammation and kidney injury in a mouse model of 
obstructive nephropathy. Free Radic Biol Med. (2016) 92:90–9. doi: 
10.1016/j.freeradbiomed.2016.01.011

	107.	He X, Wang J, Guo Z, Liu Q, Chen T, Wang X, et al. Requirement for ERK 
activation in sinomenine-induced apoptosis of macrophages. Immunol Lett. (2005) 
98:91–6. doi: 10.1016/j.imlet.2004.10.027

	108.	Yin N, Xiong Y, Tao W, Chen J, Wang Z. Sinomenine alleviates lipopolysaccharide-
induced inflammatory responses in RAW264.7 macrophages. Immunopharmacol 
Immunotoxicol. (2020) 42:147–55. doi: 10.1080/08923973.2020.1732407

	109.	Li Y, Cai W, Ai Z, Xue C, Cao R, Dong N. Protective effects of sinomenine 
hydrochloride on lead-induced oxidative stress, inflammation, and apoptosis in mouse 
liver. Environ Sci Pollut Res Int. (2023) 30:7510–21. doi: 10.1007/s11356-022-22386-1

	110.	Qin T, Yin S, Yang J, Zhang Q, Liu Y, Huang F, et al. Sinomenine attenuates renal 
fibrosis through Nrf2-mediated inhibition of oxidative stress and TGFβ signaling. 
Toxicol Appl Pharmacol. (2016) 304:1–8. doi: 10.1016/j.taap.2016.05.009

	111.	Ramazi S, Fahanik-Babaei J, Mohamadi-Zarch S-M, Tashakori-Miyanroudi M, 
Nourabadi D, Nazari-Serenjeh M, et al. Neuroprotective and anticonvulsant effects of 
sinomenine in kainate rat model of temporal lobe epilepsy: involvement of oxidative 
stress, inflammation and pyroptosis. J Chem Neuroanat. (2020) 108:101800. doi: 
10.1016/j.jchemneu.2020.101800

	112.	Aminzadeh MA, Nicholas SB, Norris KC, Vaziri ND. Role of impaired Nrf2 
activation in the pathogenesis of oxidative stress and inflammation in chronic tubulo-
interstitial nephropathy. Nephrol Dial Transplant. (2013) 28:2038–45. doi: 
10.1093/ndt/gft022

	113.	Kovac S, Angelova PR, Holmström KM, Zhang Y, Dinkova-Kostova AT, Abramov 
AY. Nrf2 regulates ROS production by mitochondria and NADPH oxidase. Biochim 
Biophys Acta. (2015) 1850:794–801. doi: 10.1016/j.bbagen.2014.11.021

	114.	Liu S, Chen Q, Liu J, Yang X, Zhang Y, Huang F. Sinomenine protects against 
E.Coli-induced acute lung injury in mice through Nrf2-NF-κB pathway. Biomed 
Pharmacother. (2018) 107:696–702. doi: 10.1016/j.biopha.2018.08.048

	115.	Liao K, Su X, Lei K, Liu Z, Lu L, Wu Q, et al. Sinomenine protects bone from 
destruction to ameliorate arthritis via activating p62Thr269/Ser272-Keap1-Nrf2 
feedback loop. Biomed Pharmacother. (2021) 135:111195. doi: 
10.1016/j.biopha.2020.111195

	116.	Zhang L, Zhang W, Zheng B, Tian N. Sinomenine attenuates traumatic spinal 
cord injury by suppressing oxidative stress and inflammation via Nrf2 pathway. 
Neurochem Res. (2019) 44:763–75. doi: 10.1007/s11064-018-02706-z

	117.	Guan T, Li N, Xu X, Xiong D, Wang B, Xiao L, et al. Involvement of the Keap1-
Nrf2-ARE pathway in the antioxidant activity of sinomenine. Arch Biochem Biophys. 
(2024) 753:109928. doi: 10.1016/j.abb.2024.109928

	118.	Xia B, Li Q, Wu J, Yuan X, Wang F, Lu X, et al. Sinomenine confers protection 
against myocardial ischemia reperfusion injury by preventing oxidative stress, cellular 
apoptosis, and inflammation. Front Pharmacol. (2022) 13:922484. doi: 
10.3389/fphar.2022.922484

	119.	Zhou Y, Chen S, Gu W, Sun X, Wang L, Tang L. Sinomenine hydrochloride 
ameliorates dextran sulfate sodium-induced colitis in mice by modulating the gut 
microbiota composition whilst suppressing the activation of the NLRP3 inflammasome. 
Exp Ther Med. (2021) 22:1287. doi: 10.3892/etm.2021.10722

	120.	Zhang M-W, Wang X-H, Shi J, Yu J-G. Sinomenine in cardio-cerebrovascular 
diseases: potential therapeutic effects and pharmacological evidences. Front Cardiovasc 
Med. (2021) 8:749113. doi: 10.3389/fcvm.2021.749113

	121.	He N, Qu Y-J, Li D-Y, Yue S-W. RIP3 inhibition ameliorates chronic constriction 
injury-induced neuropathic pain by suppressing JNK signaling. Aging (Albany NY). 
(2021) 13:24417–31. doi: 10.18632/aging.203691

	122.	Chen Y, Zhang W, Xin L, Wang Z, Zheng M, Vijayalakshmi A. Modulatory 
apoptotic effects of sinomenine on Mycoplasma pneumonia through the attenuation of 
inflammation via ERK/JNK/NF-κB signaling pathway. Arch Microbiol. (2022) 204:441. 
doi: 10.1007/s00203-022-03039-w

	123.	Zhang J, Huang D, Dai Y, Xia Y-F. Sinomenine ameliorates colitis-associated 
Cancer by modulating lipid metabolism via enhancing CPT1A expression. Meta. (2022) 
12:946. doi: 10.3390/metabo12100946

	124.	Li X, Chen W, Huang L, Zhu M, Zhang H, Si Y, et al. Sinomenine hydrochloride 
suppresses the stemness of breast cancer stem cells by inhibiting Wnt signaling pathway 
through down-regulation of WNT10B. Pharmacol Res. (2022) 179:106222. doi: 
10.1016/j.phrs.2022.106222

	125.	Luo Y, Liu L, Zhao J, Jiao Y, Zhang M, Xu G, et al. PI3K/AKT1 signaling pathway 
mediates Sinomenine-induced hepatocellular carcinoma cells apoptosis: an in vitro and 
in vivo study. Biol Pharm Bull. (2022) 45:614–24. doi: 10.1248/bpb.b21-01063

	126.	Wang X, Liu Y, Zhang H, Jin J, Ma Y, Leng Y. Sinomenine alleviates dorsal root 
ganglia inflammation to inhibit neuropathic pain via the p38 MAPK/CREB signalling 
pathway. Eur J Pharmacol. (2021) 897:173945. doi: 10.1016/j.ejphar.2021.173945

	127.	Geng P, Xu X, Gao Z. Sinomenine suppress the vitamin D3 and high fat induced 
atherosclerosis in rats via suppress of oxidative stress and inflammation. J Oleo Sci. 
(2021) 70:1815–28. doi: 10.5650/jos.ess21255

	128.	Rout A, Tantry US, Novakovic M, Sukhi A, Gurbel PA. Targeted pharmacotherapy 
for ischemia reperfusion injury in acute myocardial infarction. Expert Opin 
Pharmacother. (2020) 21:1851–65. doi: 10.1080/14656566.2020.1787987

	129.	Duan D, Wang Y, Pan D, Jin X, Yan Y, Song P, et al. Rheumatoid arthritis drug 
sinomenine induces apoptosis of cervical tumor cells by targeting thioredoxin reductase 
in vitro and in vivo. Bioorg Chem. (2022) 122:105711. doi: 10.1016/j.bioorg.2022.105711

	130.	Lin Y, Li H, Peng J, Li C, Zhu C, Zhou Y, et al. Decrease of morphine-CPP by 
sinomenine via mediation of tyrosine hydroxylase, NMDA receptor subunit 2B and 
opioid receptor in the zebrafish brain. Pak J Pharm Sci. (2021) 34:1659–65. doi: 
10.36721/PJPS.2021.34.5.REG.1659-1665.1

	131.	Yang H, Wang J, Chen X, Jiang C, He K, Li B, et al. Effects of sinomenine in LPS-
associated diseases are related to inhibition of LBP, mac-1, and L-selectin levels. J Vet 
Pharmacol Ther. (2019) 42:732–7. doi: 10.1111/jvp.12807

	132.	He H, Cao L, Wang Z, Wang Z, Miao J, Li X-M, et al. Sinomenine relieves airway 
remodeling by inhibiting epithelial-mesenchymal transition through downregulating 
TGF-β1 and Smad3 expression in vitro and in vivo. Front Immunol. (2021) 12:736479. 
doi: 10.3389/fimmu.2021.736479

	133.	Ma J-L, Ji K, Shi L-Q, Li N-N, Wang L-Y, Dong S-J, et al. Sinomenine attenuated 
capsaicin-induced increase in cough sensitivity in Guinea pigs by inhibiting SOX5/
TRPV1 Axis and inflammatory response. Front Physiol. (2021) 12:629276. doi: 
10.3389/fphys.2021.629276

	134.	Liu S, Xu S, Wang Z, Guo Y, Pan W, Shen Z. Anti-depressant-like effect of 
Sinomenine on chronic unpredictable mild stress-induced depression in a mouse model. 
Med Sci Monit. (2018) 24:7646–53. doi: 10.12659/MSM.908422

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1080/08923973.2019.1568451
https://doi.org/10.1016/j.intimp.2018.01.015
https://doi.org/10.1002/JLB.6MA0720-344RRR
https://doi.org/10.1016/j.phymed.2022.154050
https://doi.org/10.1038/aps.2009.21
https://doi.org/10.1038/aps.2013.139
https://doi.org/10.1186/s12974-016-0739-8
https://doi.org/10.3892/ol.2011.305
https://doi.org/10.1016/j.phrs.2021.105513
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.02.023
https://doi.org/10.2147/DDDT.S449119
https://doi.org/10.1016/j.cellbi.2007.01.035
https://doi.org/10.12659/MSM.927709
https://doi.org/10.1007/s10787-024-01497-w
https://doi.org/10.1016/j.freeradbiomed.2016.01.011
https://doi.org/10.1016/j.imlet.2004.10.027
https://doi.org/10.1080/08923973.2020.1732407
https://doi.org/10.1007/s11356-022-22386-1
https://doi.org/10.1016/j.taap.2016.05.009
https://doi.org/10.1016/j.jchemneu.2020.101800
https://doi.org/10.1093/ndt/gft022
https://doi.org/10.1016/j.bbagen.2014.11.021
https://doi.org/10.1016/j.biopha.2018.08.048
https://doi.org/10.1016/j.biopha.2020.111195
https://doi.org/10.1007/s11064-018-02706-z
https://doi.org/10.1016/j.abb.2024.109928
https://doi.org/10.3389/fphar.2022.922484
https://doi.org/10.3892/etm.2021.10722
https://doi.org/10.3389/fcvm.2021.749113
https://doi.org/10.18632/aging.203691
https://doi.org/10.1007/s00203-022-03039-w
https://doi.org/10.3390/metabo12100946
https://doi.org/10.1016/j.phrs.2022.106222
https://doi.org/10.1248/bpb.b21-01063
https://doi.org/10.1016/j.ejphar.2021.173945
https://doi.org/10.5650/jos.ess21255
https://doi.org/10.1080/14656566.2020.1787987
https://doi.org/10.1016/j.bioorg.2022.105711
https://doi.org/10.36721/PJPS.2021.34.5.REG.1659-1665.1
https://doi.org/10.1111/jvp.12807
https://doi.org/10.3389/fimmu.2021.736479
https://doi.org/10.3389/fphys.2021.629276
https://doi.org/10.12659/MSM.908422


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 26 frontiersin.org

	135.	Cui MY, Lin Y, Sheng JY, Zhang X, Cui RJ. Exercise intervention associated with 
cognitive improvement in Alzheimer’s disease. Neural Plast. (2018) 2018:1–10. doi: 
10.1155/2018/9234105

	136.	Hong H, Lu X, Lu Q, Huang C, Cui Z. Potential therapeutic effects and 
pharmacological evidence of sinomenine in central nervous system disorders. Front 
Pharmacol. (2022) 13:1015035. doi: 10.3389/fphar.2022.1015035

	137.	Iadecola C, Buckwalter MS, Anrather J. Immune responses to stroke: 
mechanisms, modulation, and therapeutic potential. J Clin Invest. (2020) 130:2777–88. 
doi: 10.1172/JCI135530

	138.	Feng S, Zhu L, Huang Z, Wang H, Li H, Zhou H, et al. Controlled release of 
optimized electroporation enhances the transdermal efficiency of sinomenine 
hydrochloride for treating arthritis in vitro and in clinic. Drug Des Devel Ther. (2017) 
11:1737–52. doi: 10.2147/DDDT.S136313

	139.	Wang Y, Fang Y, Huang W, Zhou X, Wang M, Zhong B, et al. Effect of sinomenine 
on cytokine expression of macrophages and synoviocytes in adjuvant arthritis rats. J 
Ethnopharmacol. (2005) 98:37–43. doi: 10.1016/j.jep.2004.12.022

	140.	He L, Duan H, Li X, Wang S, Zhang Y, Lei L, et al. Sinomenine down-regulates 
TLR4/TRAF6 expression and attenuates lipopolysaccharide-induced osteoclastogenesis 
and osteolysis. Eur J Pharmacol. (2016) 779:66–79. doi: 10.1016/j.ejphar.2016.03.014

	141.	Li X, He L, Hu Y, Duan H, Li X, Tan S, et al. Sinomenine suppresses osteoclast 
formation and Mycobacterium tuberculosis H37Ra-induced bone loss by modulating 
RANKL signaling pathways. PLoS One. (2013) 8:e74274. doi: 
10.1371/journal.pone.0074274

	142.	Banks WA, Kastin AJ, Broadwell RD. Passage of cytokines across the blood-brain 
barrier. Neuroimmunomodulation. (1995) 2:241–8. doi: 10.1159/000097202

	143.	Singh D, Agrawal A, Singal CMS, Pandey HS, Seth P, Sharma SK. Sinomenine 
inhibits amyloid beta-induced astrocyte activation and protects neurons against indirect 
toxicity. Mol Brain. (2020) 13:30. doi: 10.1186/s13041-020-00569-6

	144.	Wu WN, Wu PF, Chen XL, Zhang Z, Gu J, Yang YJ, et al. Sinomenine protects 
against ischaemic brain injury: involvement of co-inhibition of acid-sensing ion channel 
1a and L-type calcium channels. Br J Pharmacol. (2011) 164:1445–59. doi: 
10.1111/j.1476-5381.2011.01487.x

	145.	Chen H, Shang D, Wen Y, Liang C. Bone-derived modulators that regulate brain 
function: emerging therapeutic targets for neurological disorders. Front Cell Dev Biol. 
(2021) 9:683457. doi: 10.3389/fcell.2021.683457

	146.	Li L, Chu L, Ren C, Wang J, Sun S, Li T, et al. Enhanced migration of bone 
marrow-derived mesenchymal stem cells with tetramethylpyrazine and its synergistic 
effect on angiogenesis and neurogenesis after cerebral ischemia in rats. Stem Cells Dev. 
(2019) 28:871–81. doi: 10.1089/scd.2018.0254

	147.	Long L, Wu P, Chen X, Zhang Z, Chen Y, Li Y, et al. HPLC and LC-MS analysis 
of sinomenine and its application in pharmacokinetic studies in rats. Acta Pharmacol 
Sin. (2010) 31:1508–14. doi: 10.1038/aps.2010.122

	148.	Zhou Y, Peng Z, Seven ES, Leblanc RM. Crossing the blood-brain barrier with 
nanoparticles. J Control Release. (2018) 270:290–303. doi: 10.1016/j.jconrel.2017.12.015

	149.	Yang Q, Chen Q, Zhang K-B, Liu Y, Zheng J-C, Hu D-X, et al. Sinomenine 
alleviates neuroinflammation in chronic cerebral hypoperfusion by promoting M2 
microglial polarization and inhibiting neuronal pyroptosis via exosomal miRNA-223-3p. 
Acta Neuropathol Commun. (2025) 13:48. doi: 10.1186/s40478-025-01950-z

	150.	Sharma R, Kambhampati SP, Zhang Z, Sharma A, Chen S, Duh EI, et al. 
Dendrimer mediated targeted delivery of sinomenine for the treatment of acute 
neuroinflammation in traumatic brain injury. J Control Release. (2020) 323:361–75. doi: 
10.1016/j.jconrel.2020.04.036

	151.	Lin Y, Yi O, Hu M, Hu S, Su Z, Liao J, et al. Multifunctional nanoparticles of 
sinomenine hydrochloride for treat-to-target therapy of rheumatoid arthritis via 
modulation of proinflammatory cytokines. J Control Release. (2022) 348:42–56. doi: 
10.1016/j.jconrel.2022.05.016

	152.	Shang W, Sun Q, Zhang C, Liu H, Yang Y, Liu Y, et al. Drug in therapeutic 
polymer: Sinomenine-loaded oxidation-responsive polymeric nanoparticles for 
rheumatoid arthritis treatment. ACS Appl Mater Interfaces. (2023) 15:47552–65. doi: 
10.1021/acsami.3c10562

	153.	Lin Y, Tang Y, Yi O, Zhu J, Su Z, Li G, et al. Graphene oxide quantum dots-loaded 
sinomenine hydrochloride nanocomplexes for effective treatment of rheumatoid 
arthritis via inducing macrophage repolarization and arresting abnormal proliferation 
of fibroblast-like synoviocytes. J Nanobiotechnology. (2024) 22:383. doi: 
10.1186/s12951-024-02645-8

	154.	Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, 
composition, purpose, and methods for exosome isolation and analysis. Cells. (2019) 
8:727. doi: 10.3390/cells8070727

	155.	Wang Y, Zhao L, Yuan W, Liang L, Li M, Yu X, et al. A natural membrane vesicle 
exosome-based Sinomenine delivery platform for hepatic carcinoma therapy. Curr Top 
Med Chem. (2021) 21:1224–34. doi: 10.2174/1568026621666210612032004

	156.	Wen W-L, Zhang W-Y, He Y-X, Sun X, Liu M, Yu Z-B, et al. Preparation of hybrid 
exosomes based on bovine milk exosomes and liposomes and pharmacodynamic study 
of sinomenine loaded exosomes in treatment of rheumatoid arthritis. Zhongguo Zhong 
Yao Za Zhi. (2024) 49:4069–77. doi: 10.19540/j.cnki.cjcmm.20240422.301

	157.	Torchilin VP. Recent advances with liposomes as pharmaceutical carriers. Nat 
Rev Drug Discov. (2005) 4:145–60. doi: 10.1038/nrd1632

	158.	Barhoumi A, Liu Q, Kohane DS. Ultraviolet light-mediated drug delivery: 
principles, applications, and challenges. J Control Release. (2015) 219:31–42. doi: 
10.1016/j.jconrel.2015.07.018

	159.	Shen Q, Zhang X, Qi J, Shu G, Du Y, Ying X. Sinomenine hydrochloride loaded 
thermosensitive liposomes combined with microwave hyperthermia for the treatment 
of rheumatoid arthritis. Int J Pharm. (2020) 576:119001. doi: 
10.1016/j.ijpharm.2019.119001

	160.	Wang Y, Zhang M, Zhen D, Liu F, Peng Q, Sun J. Fatty acid-arginine vesicles with 
prominent encapsulation efficiency and substantial transdermal delivery of sinomenine 
hydrochloride. Colloids Surf A Physicochem Eng Asp. (2024) 698:134514. doi: 
10.1016/j.colsurfa.2024.134514

	161.	Yan Y, Zhang H, Sun J, Wang P, Dong K, Dong Y, et al. Enhanced transdermal 
delivery of sinomenine hydrochloride by ethosomes for anti-inflammatory treatment. J 
Drug Deliv Sci Technol. (2016) 36:201–7. doi: 10.1016/j.jddst.2016.10.013

	162.	Godin B, Touitou E. Ethosomes: new prospects in transdermal delivery. Crit Rev 
Ther Drug Carrier Syst. (2003) 20:63–102. doi: 10.1615/critrevtherdrugcarriersyst.v20.i1.20

	163.	Rai K, Gupta Y, Jain A, Jain SK. Transfersomes: self-optimizing carriers for 
bioactives. PDA J Pharm Sci Technol. (2008) 62:362–79.

	164.	Trommer H, Neubert RHH. Overcoming the stratum corneum: the modulation 
of skin penetration. A review. Skin Pharmacol Physiol. (2006) 19:106–21. doi: 
10.1159/000091978

	165.	Chaudhary H, Kohli K, Kumar V. Nano-transfersomes as a novel carrier for 
transdermal delivery. Int J Pharm. (2013) 454:367–80. doi: 10.1016/j.ijpharm.2013.07.031

	166.	Wang J, Wei Y, Fei Y-R, Fang L, Zheng H-S, Mu C-F, et al. Preparation of mixed 
monoterpenes edge activated PEGylated transfersomes to improve the in  vivo 
transdermal delivery efficiency of sinomenine hydrochloride. Int J Pharm. (2017) 
533:266–74. doi: 10.1016/j.ijpharm.2017.09.059

	167.	Zheng H, Xu C, Fei Y, Wang J, Yang M, Fang L, et al. Monoterpenes-containing 
PEGylated transfersomes for enhancing joint cavity drug delivery evidenced by CLSM 
and double-sited microdialysis. Mater Sci Eng C Mater Biol Appl. (2020) 113:110929. doi: 
10.1016/j.msec.2020.110929

	168.	Fan Y, Lu Y, Cheng B, Wei Y, Wei Y, Piao J, et al. Correlation between in vivo 
microdialysis pharmacokinetics and ex vivo permeation for sinomenine hydrochloride 
transfersomes with enhanced skin absorption. Int J Pharm. (2022) 621:121789. doi: 
10.1016/j.ijpharm.2022.121789

	169.	Henry S, McAllister DV, Allen MG, Prausnitz MR. Microfabricated microneedles: 
a novel approach to transdermal drug delivery. J Pharm Sci. (1998) 87:922–5. doi: 
10.1021/js980042+

	170.	Kim NW, Kim S-Y, Lee JE, Yin Y, Lee JH, Lim SY, et al. Enhanced Cancer 
vaccination by in situ Nanomicelle-generating dissolving microneedles. ACS Nano. 
(2018) 12:9702–13. doi: 10.1021/acsnano.8b04146

	171.	Fakhraei Lahiji S, Seo SH, Kim S, Dangol M, Shim J, Li CG, et al. Transcutaneous 
implantation of valproic acid-encapsulated dissolving microneedles induces hair 
regrowth. Biomaterials. (2018) 167:69–79. doi: 10.1016/j.biomaterials.2018.03.019

	172.	Boopathy AV, Mandal A, Kulp DW, Menis S, Bennett NR, Watkins HC, et al. 
Enhancing humoral immunity via sustained-release implantable microneedle patch 
vaccination. Proc Natl Acad Sci USA. (2019) 116:16473–8. doi: 10.1073/pnas.1902179116

	173.	Liu D, Zhang Y, Jiang G, Yu W, Xu B, Zhu J. Fabrication of dissolving microneedles 
with thermal-responsive coating for NIR-triggered transdermal delivery of metformin 
on diabetic rats. ACS Biomater Sci Eng. (2018) 4:1687–95. doi: 
10.1021/acsbiomaterials.8b00159

	174.	Shu Z, Cao Y, Tao Y, Liang X, Wang F, Li Z, et al. Polyvinylpyrrolidone 
microneedles for localized delivery of sinomenine hydrochloride: preparation, release 
behavior of in  vitro & in  vivo, and penetration mechanism. Drug Deliv. (2020) 
27:642–51. doi: 10.1080/10717544.2020.1754524

	175.	Cao Y, Tao Y, Zhou Y, Gui S. Development of sinomenine hydrochloride-loaded 
polyvinylalcohol/maltose microneedle for transdermal delivery. J Drug Deliv Sci Technol. 
(2016) 35:1–7. doi: 10.1016/j.jddst.2016.06.007

	176.	Gui Z, Wu X, Wang S, Cao Y, Wan J, Shan Q, et al. Dissolving microneedles 
integrated with liquid crystals facilitate transdermal delivery of Sinomenine 
hydrochloride. J Pharm Sci. (2017) 106:3548–55. doi: 10.1016/j.xphs.2017.07.027

	177.	Wu X, Chen Y, Gui S, Wu X, Chen L, Cao Y, et al. Sinomenine hydrochloride-
loaded dissolving microneedles enhanced its absorption in rabbits. Pharm Dev Technol. 
(2016) 21:1–7. doi: 10.3109/10837450.2015.1055766

	178.	Silvestrini AVP, Caron AL, Viegas J, Praça FG, Bentley MVLB. Advances in 
lyotropic liquid crystal systems for skin drug delivery. Expert Opin Drug Deliv. (2020) 
17:1781–805. doi: 10.1080/17425247.2020.1819979

	179.	Chen J, Long W, Dong B, Cao W, Yuhang X, Meng Y, et al. Hexagonal liquid 
crystalline system containing cinnamaldehyde for enhancement of skin permeation of 
sinomenine hydrochloride. Pharm Dev Technol. (2022) 27:684–94. doi: 
10.1080/10837450.2022.2107011

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1155/2018/9234105
https://doi.org/10.3389/fphar.2022.1015035
https://doi.org/10.1172/JCI135530
https://doi.org/10.2147/DDDT.S136313
https://doi.org/10.1016/j.jep.2004.12.022
https://doi.org/10.1016/j.ejphar.2016.03.014
https://doi.org/10.1371/journal.pone.0074274
https://doi.org/10.1159/000097202
https://doi.org/10.1186/s13041-020-00569-6
https://doi.org/10.1111/j.1476-5381.2011.01487.x
https://doi.org/10.3389/fcell.2021.683457
https://doi.org/10.1089/scd.2018.0254
https://doi.org/10.1038/aps.2010.122
https://doi.org/10.1016/j.jconrel.2017.12.015
https://doi.org/10.1186/s40478-025-01950-z
https://doi.org/10.1016/j.jconrel.2020.04.036
https://doi.org/10.1016/j.jconrel.2022.05.016
https://doi.org/10.1021/acsami.3c10562
https://doi.org/10.1186/s12951-024-02645-8
https://doi.org/10.3390/cells8070727
https://doi.org/10.2174/1568026621666210612032004
https://doi.org/10.19540/j.cnki.cjcmm.20240422.301
https://doi.org/10.1038/nrd1632
https://doi.org/10.1016/j.jconrel.2015.07.018
https://doi.org/10.1016/j.ijpharm.2019.119001
https://doi.org/10.1016/j.colsurfa.2024.134514
https://doi.org/10.1016/j.jddst.2016.10.013
https://doi.org/10.1615/critrevtherdrugcarriersyst.v20.i1.20
https://doi.org/10.1159/000091978
https://doi.org/10.1016/j.ijpharm.2013.07.031
https://doi.org/10.1016/j.ijpharm.2017.09.059
https://doi.org/10.1016/j.msec.2020.110929
https://doi.org/10.1016/j.ijpharm.2022.121789
https://doi.org/10.1021/js980042+
https://doi.org/10.1021/acsnano.8b04146
https://doi.org/10.1016/j.biomaterials.2018.03.019
https://doi.org/10.1073/pnas.1902179116
https://doi.org/10.1021/acsbiomaterials.8b00159
https://doi.org/10.1080/10717544.2020.1754524
https://doi.org/10.1016/j.jddst.2016.06.007
https://doi.org/10.1016/j.xphs.2017.07.027
https://doi.org/10.3109/10837450.2015.1055766
https://doi.org/10.1080/17425247.2020.1819979
https://doi.org/10.1080/10837450.2022.2107011


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 27 frontiersin.org

	180.	Chen X, Wu Y, Jia R, Fang Y, Cao K, Yang X, et al. Antioxidant activity and the 
therapeutic effect of Sinomenine hydrochloride-loaded liposomes-in-hydrogel on atopic 
dermatitis. Int J Mol Sci. (2024) 25:7676. doi: 10.3390/ijms25147676

	181.	Yang X, Xia H, Li Y, Cheng Y, Wang Y, Xia Y, et al. In vitro and ex vivo antioxidant 
activity and sustained release properties of sinomenine-loaded liposomes-in-hydrogel 
biomaterials simulating cells-in-extracellular matrix. Nat Prod Commun. (2022) 
17:1934578X221130699. doi: 10.1177/1934578X221130699

	182.	Sheng C, Zhu B, Lin X, Shen H, Wu Z, Shi J, et al. Hydrogel doped with 
Sinomenine-CeO2 nanoparticles for sustained intra-articular therapy in knee 
osteoarthritis. J Drug Target. (2025) 33:1–32. doi: 10.1080/1061186X.2024.2449488

	183.	Song J, Bi H, Xie X, Guo J, Wang X, Liu D. Preparation and evaluation of 
sinomenine hydrochloride in situ gel for uveitis treatment. Int Immunopharmacol. 
(2013) 17:99–107. doi: 10.1016/j.intimp.2013.05.020

	184.	Yariv D, Efrat R, Libster D, Aserin A, Garti N. In vitro permeation of diclofenac 
salts from lyotropic liquid crystalline systems. Colloids Surf B Biointerfaces. (2010) 
78:185–92. doi: 10.1016/j.colsurfb.2010.02.029

	185.	Mishraki T, Libster D, Aserin A, Garti N. Temperature-dependent behavior of 
lysozyme within the reverse hexagonal mesophases (H(II)). Colloids Surf B Biointerfaces. 
(2010) 75:391–7. doi: 10.1016/j.colsurfb.2009.08.052

	186.	Liang X, Chen Y, Wu L, Maharjan A, Regmi B, Zhang J, et al. In situ hexagonal 
liquid crystal for intra-articular delivery of sinomenine hydrochloride. Biomed 
Pharmacother. (2019) 117:108993. doi: 10.1016/j.biopha.2019.108993

	187.	Adams HP, del Zoppo G, Alberts MJ, Bhatt DL, Brass L, Furlan A, et al. 
Guidelines for the early management of adults with ischemic stroke: a guideline from 
the American Heart Association/American Stroke Association stroke council, clinical 
cardiology council, cardiovascular radiology and intervention council, and the 
atherosclerotic peripheral vascular disease and quality of care outcomes in research 
interdisciplinary working groups: the American Academy of Neurology affirms the value 
of this guideline as an educational tool for neurologists. Stroke. (2007) 38:1655–711. doi: 
10.1161/STROKEAHA.107.181486

	188.	Zhang C, Zhang S, Yin Y, Wang L, Li L, Lan C, et al. Clot removAl with or without 
decompRessive craniectomy under ICP monitoring for supratentorial IntraCerebral 
hemorrhage (CARICH): a randomized controlled trial. Int J Surg. (2024) 110:4804–9. 
doi: 10.1097/JS9.0000000000001466

	189.	Zhang H, Zhu C, Zhou X, Wang L, Deng L, He B, et al. Edaravone dexborneol 
protected neurological function by targeting NRF2/ARE and NF-κB/AIM2 pathways in 
cerebral ischemia/reperfusion injury. Front Pharmacol. (2025) 16:1581320. doi: 
10.3389/fphar.2025.1581320

	190.	Zhang H, Wang L, Zhu B, Yang Y, Cai C, Wang X, et al. A comparative study of 
the neuroprotective effects of dl-3-n-butylphthalide and edaravone dexborneol on 
cerebral ischemic stroke rats. Eur J Pharmacol. (2023) 951:175801. doi: 
10.1016/j.ejphar.2023.175801

	191.	Lu C, Guo X, He X, Chang Y, Zheng F, Xu C, et al. Cardioprotective effects of 
sinomenine in myocardial ischemia/reperfusion injury in a rat model. Saudi Pharm J. 
(2022) 30:669–78. doi: 10.1016/j.jsps.2022.04.005

	192.	Yuan M, Zhao B, Jia H, Zhang C, Zuo X. Sinomenine ameliorates cardiac 
hypertrophy by activating Nrf2/ARE signaling pathway. Bioengineered. (2021) 
12:12778–88. doi: 10.1080/21655979.2021.2000195

	193.	Gao Z, Yang C, Zeng G, Lin M, Li W, Sun M, et al. Sinomenine protects against 
atherosclerosis in apolipoprotein E-knockout mice by inhibiting of inflammatory 
pathway. Inflammopharmacology. (2024) 32:1387–400. doi: 10.1007/s10787-024-01437-8

	194.	Lee PY, Chen W, Liu IM, Cheng JT. Vasodilatation induced by sinomenine lowers 
blood pressure in spontaneously hypertensive rats. Clin Exp Pharmacol Physiol. (2007) 
34:979–84. doi: 10.1111/j.1440-1681.2007.04668.x

	195.	Fu Y-F, Li L, Fang P, Song J, Sun X-H, Meng T-H, et al. Sinomenine’s protective 
role and mechanism in stress load-induced heart failure. J Pharm Pharmacol. (2020) 
72:209–17. doi: 10.1111/jphp.13181

	196.	Sun L, Chen Z, Ni Y, He Z. Network pharmacology-based approach to explore 
the underlying mechanism of sinomenine on sepsis-induced myocardial injury in rats. 
Front Pharmacol. (2023) 14:1138858. doi: 10.3389/fphar.2023.1138858

	197.	Zhu L, Hao Y, Guan H, Cui C, Tian S, Yang D, et al. Effect of sinomenine on 
vascular smooth muscle cell dedifferentiation and neointima formation after vascular 
injury in mice. Mol Cell Biochem. (2013) 373:53–62. doi: 10.1007/s11010-012-1474-9

	198.	Yang C, Guo X, Li Y, Chen J, Zhu C, Wang H, et al. Integration of in vivo exposure 
and network pharmacology to investigate the pharmacodynamic material basis and 
action mechanism of Sinomenii caulis in the treatment of myocardial infarction. (2022) 
(Preprint).

	199.	Huang J, Lin Z, Luo M, Lu C, Kim MH, Yu B, et al. Sinomenine suppresses TNF-
alpha-induced VCAM-1 expression in human umbilical vein endothelial cells. J 
Ethnopharmacol. (2007) 114:180–5. doi: 10.1016/j.jep.2007.07.036

	200.	Yu F, Peng Z, Gao N, Tang Z, Liao Z, Zhao S, et al. Sinomenine attenuates uremia 
vascular calcification by miR-143-5p. Sci Rep. (2025) 15:1798. doi: 
10.1038/s41598-025-86055-2

	201.	Tang Z, Yu F, Peng Z, Gao N, Liao Z, Zhao S, et al. Sinomenine ameliorates 
vascular calcification by inhibiting pyroptosis-related molecules and AEG-1 in chronic 
kidney disease. Eur J Pharmacol. (2025) 996:177594. doi: 10.1016/j.ejphar.2025.177594

	202.	Yin Q, Xia Y, Wang G. Sinomenine alleviates high glucose-induced renal 
glomerular endothelial hyperpermeability by inhibiting the activation of RhoA/ROCK 
signaling pathway. Biochem Biophys Res Commun. (2016) 477:881–6. doi: 
10.1016/j.bbrc.2016.06.152

	203.	Bi F, Zhang Y, Liu W, Xie K. Sinomenine activation of Nrf2 signaling prevents 
inflammation and cerebral injury in a mouse model of ischemic stroke. Exp Ther Med. 
(2021) 21:647. doi: 10.3892/etm.2021.10079

	204.	Yang Z, Liu Y, Yuan F, Li Z, Huang S, Shen H, et al. Sinomenine inhibits microglia 
activation and attenuates brain injury in intracerebral hemorrhage. Mol Immunol. (2014) 
60:109–14. doi: 10.1016/j.molimm.2014.03.005

	205.	Shi H, Zheng K, Su Z, Su H, Zhong M, He X, et al. Sinomenine enhances 
microglia M2 polarization and attenuates inflammatory injury in intracerebral 
hemorrhage. J Neuroimmunol. (2016) 299:28–34. doi: 10.1016/j.jneuroim.2016.08.010

	206.	Fan H, Shu Q, Guan X, Zhao J, Yan J, Li X, et al. Sinomenine protects PC12 
neuronal cells against H2O2-induced cytotoxicity and oxidative stress via a ROS-
dependent up-regulation of endogenous antioxidant system. Cell Mol Neurobiol. (2017) 
37:1387–98. doi: 10.1007/s10571-017-0469-1

https://doi.org/10.3389/fmed.2025.1677685
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3390/ijms25147676
https://doi.org/10.1177/1934578X221130699
https://doi.org/10.1080/1061186X.2024.2449488
https://doi.org/10.1016/j.intimp.2013.05.020
https://doi.org/10.1016/j.colsurfb.2010.02.029
https://doi.org/10.1016/j.colsurfb.2009.08.052
https://doi.org/10.1016/j.biopha.2019.108993
https://doi.org/10.1161/STROKEAHA.107.181486
https://doi.org/10.1097/JS9.0000000000001466
https://doi.org/10.3389/fphar.2025.1581320
https://doi.org/10.1016/j.ejphar.2023.175801
https://doi.org/10.1016/j.jsps.2022.04.005
https://doi.org/10.1080/21655979.2021.2000195
https://doi.org/10.1007/s10787-024-01437-8
https://doi.org/10.1111/j.1440-1681.2007.04668.x
https://doi.org/10.1111/jphp.13181
https://doi.org/10.3389/fphar.2023.1138858
https://doi.org/10.1007/s11010-012-1474-9
https://doi.org/10.1016/j.jep.2007.07.036
https://doi.org/10.1038/s41598-025-86055-2
https://doi.org/10.1016/j.ejphar.2025.177594
https://doi.org/10.1016/j.bbrc.2016.06.152
https://doi.org/10.3892/etm.2021.10079
https://doi.org/10.1016/j.molimm.2014.03.005
https://doi.org/10.1016/j.jneuroim.2016.08.010
https://doi.org/10.1007/s10571-017-0469-1


Li et al.� 10.3389/fmed.2025.1677685

Frontiers in Medicine 28 frontiersin.org

Glossary

SIN - Sinomenine

CNS - Central nervous system

ATP - Adenosine triphosphate

DAMPs - Damage associated molecular patterns

HMGB1 - High-mobility group box 1

HSPs - Heat shock proteins

BBB - Blood–brain barrier

NF-κB - Nuclear Factor kappa B

AP-1 - Activator Protein 1

TNF-α - Tumor necrosis factor-α

IL-1β - Interleukin-1β

COX2 - Cyclooxygenase-2

MMP - Matrix Metalloproteinases

ZO-1 - Zonula Occludens-1

MAPK - Mitogen-activated protein kinase

GFAP - Glial fibrillary acidic protein

NLRP  3 - NOD-like receptor thermal protein domain associated 
protein 3

PAMP - Pathogen-associated molecular pattern

ROS - Reactive oxygen species

Aβ - Amyloid-beta

RANKL - Receptor activator of nuclear factor-κB ligand

NFATc1 - Nuclear factor of activated T-cells cytoplasmic 1

BMPs - Bone morphogenetic proteins

TGF-β - Transforming growth factor-β

OBs - Osteoblasts

OCs - Osteoclasts

MDA - Malondialdehyde

SOD - Superoxide dismutase

GSH-PX - Glutathione peroxidase

PHD1 - Prolyl hydroxylase domain-containing protein 1

NE - Norepinephrine

SNS - Sympathetic nervous system

NPY - Neuropeptide Y

CART - Cocaine-amphetamine regulated transcript

5-HT - Serotonin

NPU - Neuropeptide U

PNS - Parasympathetic nervous system

Ach - Acetylcholine

nAChRs - Nicotinic acetylcholine receptors

VIP - Vasoactive intestinal peptide

CGRP - Calcitonin gene-related peptide

GABA - γ-aminobutyric acid

GHRP - Growth hormone releasing peptide

CRF - Corticotropin-releasing factor

AD - Alzheimer’s disease

GPCR - G protein-coupled receptor

ASR - Acute stress response

FGF23 - Fibroblast growth factor 23

BDNF - Brain-derived neurotrophic factor

IGF-1 - Insulin-like growth factor 1

GDF-15 - Growth differentiation factor 15

Treg - Regulatory T cell

H₂O₂ - Hydrogen peroxide

LPS - Lipopolysaccharide

FLS - Fibroblast-like synoviocytes

AIA - Adjuvant-induced arthritis

α7nAChR - α7 nicotinic acetylcholine receptor
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CAP - Cholinergic anti-inflammatory pathway

Nrf2 - Nuclear factor erythroid 2-related factor 2

HO-1 - Heme oxygenase-1

TLR4 - Toll-like receptor 4

JAK2 - Janus kinase 2

STAT3 - Signal transducer and activator of transcription 3

ERK - Extracellular signal-regulated kinase

Egr-1 - Early growth response 1

CRYAB - Alpha B-crystallin

Caspase-3 - Cystein-aspartate protease

Bcl-2 - B-cell lymphoma-2

T-bet - T-box transcription factor

IFN-γ - Interferon-γ

GATA3 - GATA-binding protein-3

Arg-1 - Arginase-1

MyD88 - Myeloid differentiation factor 88

Bax - Bcl-2-associated X protein

NAD(P)H - Nicotinamide adenine dinucleotide

NQO-1 - Quinone dehydrogenase-1

ALI - Acute lung injury

VCAM-1 - Vascular cell adhesion molecule-1

PDGFR-β - Platelet-derived growth factor receptor-β

TrxR - Thioredoxin reductase

GDM - Gestational diabetes mellitus

SOX5 - Sex-determining region Y-box protein 5

TRPV1 - Transient receptor potential vanilloid 1

MCAO - Middle cerebral artery occlusion

BMSCs - Bone mesenchymal stem cells

CCH - Chronic cerebral hypoperfusion

PBNPs - Prussian blue nanoparticles

HA - Hyaluronic acid

SH - Sinomenine hydrochloride

PEG - Polyethylene glycol

Ald - Alendronate

Met - Ethyl L-methionine

GOQDs - Graphene oxide quantum dots

TBI - Traumatic brain injury

SIN-TSL - Sinomenine hydrochloride thermosensitive liposomes

CS - Centrifugal stability

SE - SIN-loaded ethosome

TFs - Transfersomes

MMPTs - Mixed monoterpenes edge-activated 
PEGylated transfersomes

DTFs - Deoxycholate edge-activated transfersomes

Css - Steady-state concentration

CLSM - Confocal laser scanning microscopy

SHTs - Sinomenine hydrochloride transfersomes

SHLs - SH liposomes

AUC - Area under the curve

PVA - Polyvinyl alcohol

MT - Maltose

DM - Dissolving microneedles

PLGA - Poly(lactic-co-glycolic acid)

SINH-L - Sinomenine hydrochloride liposomes
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