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Abstract: As The main effective monomer of the traditional Chinese medicine Sophora flavescens Ait, matrine has a broad scope of
pharmacological activities such as anti-tumor, anti-inflammatory, analgesic, anti-fibrotic, anti-viral, anti-arrhythmia, and improving
immune function. These actions explain its therapeutic effects in various types of tumors, cardiopathy, encephalomyelitis, allergic
asthma, rheumatoid arthritis (RA), osteoporosis, and central nervous system (CNS) inflammation. Evidence has shown that the
mechanism responsible for the pharmacological actions of matrine may be via the activation or inhibition of certain key molecules in
several cellular signaling pathways including the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/
AKT/mTOR), transforming growth factor-B/mothers against decapentaplegic homolog (TGF-f/Smad), nuclear factor kappa B (NF-kB),
Wnt (wingless/ integration 1)/B-catenin, mitogen-activated protein kinases (MAPKSs), and Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathways. This review comprehensively summarizes recent studies on the pharmacological
mechanisms of matrine to provide a theoretical basis for molecular targeted therapies and further development and utilization of matrine.
Keywords: matrine, pharmacological effects, signaling pathways, review

Introduction
Sophora flavescens Ait is a well-known traditional Chinese herbal medicine and has been widely utilized in the clinical practice
for its effects on various damp-heat syndromes, heat-toxin syndromes like carbuncle and sore, and skin itching." Modern
pharmacological studies have shown that matrine (molecular formula: C15H24N20, molecular weight: 248.36 g/mol) is a
naturally occurring quinolizidine alkaloids rich in Sophora flavescens Ait as well as Sophora alopecuroides Linn, Sophora
tonkinensis, which mediates a variety of biological effects such as anti-tumor, anti-inflammatory, analgesic, anti-fibrotic, anti-
viral, anti-arrhythmia, antimicrobial, and insecticidal, illustrating that it has immense potential for clinical application with
various pharmacological activities.'” At present, studies have reported that the pharmacological effects of matrine involve the
PI3K/AKT/mTOR, TGF-p/Smad, NF-kB, Wnt/B-catenin, MAPKSs, JAK/STAT, and other significant signaling pathways, and
closely related to multiple biological processes such as cell proliferation, differentiation, apoptosis, and immune regulation.'
However, few studies have classified and summarized the underlying molecular mechanisms by which matrine exerts
its pharmacological effects through different signaling pathways. In this review, the pharmacological activities of matrine
and the molecular mechanisms of its pharmacological effects through the targeted regulation of different signaling
pathways will be comprehensively expounded, so as to provide theoretical support for further expanding the potential
clinical application of matrine.
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Matrine Exerts Pharmacological Effects Through the PI3BK/AKT/mTOR

Signaling Pathway
PI3K is a heterodimeric lipid kinase composed of a catalytic subunit (p110a, p110B, or p1103; encoded by the PIK3CA,
PIK3CB, and PIK3CD genes, respectively) and a regulatory subunit (p85).* PI3K is mainly activated by receptor tyrosine

kinase (RTK) signaling, via phosphorylation of the inositol lipid phosphatidylinositol 4, 5-bisphosphate (PI (4, 5) P2). It
then forms the second messenger molecule phosphatidylinositol (3, 4, 5)-trisphosphate (PI (3, 4, 5) P3) that recruits and
activates pleckstrin homology (PH) domain-containing proteins such as AKT and phosphoinositide-dependent kinases
(PDK) 1, which leads to downstream signaling events crucial for proliferation, survival, and migration.”® The serine/
threonine-protein kinase AKT is a critical mediator of signaling downstream of PI3K, which is rapidly activated by PI3K
or PDK as well as growth factors, inflammation, and DNA damage.” AKT is recruited to the plasma membrane through
the interaction of its PH domain with PI (3, 4, 5) P3, resulting in a conformational change and activation by
phosphorylation, and plays a central role in multiple cellular processes essential for cell growth, metabolism, and
survival.®* mTOR is a key kinase downstream of PI3K/AKT. It is an evolutionarily conserved atypical serine/threo-
nine-protein kinase that belongs to the PI3K-related kinase (PIKK) protein family. mTOR participates in two distinct
complexes, mTOR complex 1 (mTORC1) and mTORC?2. Both complexes consist of a structure of many large proteins
that aid in the stimulation and inhibition of key pathways and cascades in the cell. mTOR is the molecule that activates,
regulates, and inhibits the functions of the two large complexes and has important functions in regulating cell growth,
proliferation, motility, survival, protein synthesis, and transcription.’

The PI3K/AKT/mTOR pathway is crucial to many aspects of cell growth and survival in physiological as well as
pathological conditions. Phosphorylation of PI3K leads to activation of AKT, which regulates several downstream
molecules, including mTOR. These pathways are interconnected and therefore, in a certain sense, could be regarded
as a single, unique pathway.'” The PI3K/AKT/mTOR pathway serves important roles in cellular processes such as
survival, proliferation, growth, metabolism, angiogenesis, and metastasis. It is frequently hyper-activated or altered in
many types of human cancer, and may serve as a valuable target for disease therapy.'''?

Chinese medicine plays a unique role in anti-tumor research. Studies have shown that matrine may be widely utilized
in the inhibition of malignant tumors and adjuvant chemoradiotherapy through modulation of the PI3K/AKT/mTOR
pathway. Matrine is a promising treatment for lung cancer, either alone or in combination with chemotherapeutic agents.

Niu et al'?

found that matrine inhibited cell proliferation and induced apoptosis in A549 and 95D lung cancer cells in a
dose- and time-dependent manner and exerted its cancer-killing effect by promoting apoptosis in lung cancer cells via the
PI3K/AKT/mTOR signaling pathway and downregulation of the expression of the inhibitor of apoptosis protein (IAP)
family proteins. Wan et al'* evaluated the anti-lung adenocarcinoma effect of matrine and found that matrine suppressed
the proliferation of A549 lung adenocarcinoma cells by inducing apoptosis and autophagy, accompanied by the
upregulation of Bcl-2 associated X (Bax), microtubule associated protein 1 light chain 3-1I (LC3-II), and Beclin-1, as
well as the suppression of B cell leukemia/lymphoma 2 (Bcl-2) and sequestosome 1 (p62). This study demonstrated that
mechanistically, the growth inhibitory effects of matrine were dependent on the suppression of PI3K/AKT and the
upregulation of caveolae associated protein 3 (Cavin3). Xie et al'> showed that matrine significantly suppressed
proliferation and colony formation, induced cellular apoptosis, and inhibited the migration of lung cancer cells, and
further found that matrine markedly inhibited the phosphorylation of AKT and glycogen synthase kinase-33 (GSK-3p),
indicating that the inhibitory effects of matrine in lung cancer are possibly through suppression of the AKT/GSK-3f3
signaling pathway. Liao et al'® found that matrine treatment significantly inhibited the proliferation, migration, and
invasion of human NCI-H1299 lung cancer cells in a concentration-dependent manner, and the mechanism may be
related to the upregulation of microRNA (miR)-133a expression and inhibition of the epidermal growth factor receptor
(EGFR)/AKT/matrix metallopeptidase (MMP) -9 pathway.

For breast cancer, matrine has shown therapeutic and/or adjuvant therapeutic effects, but its anti-breast cancer
mechanism remains unclear. Du et al'’ showed that matrine significantly inhibited MCF-7 cells growth by inducing
apoptosis and autophagy, and suppressed the phosphorylation of AKT and mTOR, suggesting that matrine may achieve
its anti-breast cancer effect by inhibiting AKT/mTOR pathway. Yu et al'® demonstrated that matrine markedly
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suppressed the proliferation of highly metastatic breast cancer cells mDA-MB-231, and displayed synergistic effects with
existing anticancer drugs such as celecoxib, trocomycin A, and rosiglitazone. They also found that matrine induced
apoptosis and cell cycle arrest, and significantly reduced the invasion of MDA-MB-231 cells, mechanistically, the anti-
breast cancer effects of matrine may via the EGF/vascular endothelial growth factor (VEGF)/VEGFR1/AKT/NF-«B
signaling pathway. Li et al'® verified that matrine inhibited MCF-7 cell growth in a concentration-and time-dependent
manner, and upregulated phosphatase and tensin homolog (PTEN) by downregulating miR-21 which in turn depho-
sphorylated AKT, resulting in accumulation of Bcl-2 associated agonist of cell death (Bad), Cyclin dependent kinase
inhibitor 1A (p21, Cipl) and Cyclin dependent kinase inhibitor 1B (p27, Kipl), revealing that miR-21/PTEN/AKT
pathway is a signaling mechanism for the anti-breast cancer action of matrine.

Studies have evaluated the therapeutic effects of matrine on hepatocellular carcinoma (HCC). Wang et al*® investi-
gated the effects and related mechanisms of matrine in hepatoma HepG2 and Bel7402 cells and showed that both
autophagy and apoptosis were induced by treatment with matrine. They also found that autophagy was induced via
inhibition of the PI3K/AKT/mTOR pathway and upregulation of Beclin-1. In addition, apoptosis induced by matrine was
enhanced in a caspase-dependent manner via treatment with the autophagy inhibitor chloroquine (CHQ) and Beclin-1
small-interfering RNA. These results indicated that inhibition of autophagy may promote matrine-induced apoptosis in
HCC, and the combination of matrine and an autophagy inhibitor may be a promising treatment. Wang et al*! confirmed
the inhibitory function of matrine on the invasive and metastatic capabilities of HCC. Additionally, increased epithelial
(E)-cadherin expression and decreased Vimentin, MMP-2, MMP-9, snail family transcriptional repressor (Snai)-1, and
Snai-2 expression induced by matrine are attributed to enhanced PTEN activity and inhibited AKT signaling. This may
contribute to the inhibitory effects of matrine on invasion and metastasis in HCC, revealing the potential therapeutic
application of matrine as an anti-metastatic treatment for HCC.

Chi et al** explored the anti-tumor effects of matrine in glioma cells and confirmed that matrine suppressed cell
viability and induced apoptosis and autophagy, decreased the expression of circular RNA (circRNA)-104075 and Bcl-9,
while overexpression of circRNA-104075 or Bcl-9 counteracted the effects of matrine and activated the PI3K/AKT and
Wnt/B-catenin signaling pathways inhibited by matrine. This study indicated that matrine down-regulated the expression
of circ-104075 and Bcl-9 via inhibition of the PI3K/AKT and Wnt/B-catenin pathways to induce apoptosis and autophagy

in glioma cells, providing a potential candidate drug for the treatment of glioma. Wang et al*®

treated human glioma
U251 and U87 cell lines with matrine, and found that matrine significantly inhibited the proliferation, migration and
invasion of glioma cells, and decreased the phosphorylation of mitogen-activated protein kinase 14 (p38 MAPK) and
AKT, as well as the expression of N-cadherin, increased the expression of E-cadherin, suggesting that matrine play an
anti-tumor metastasis role by inhibiting the p38-MAPK and AKT signaling. Zhou et al** showed that matrine treatment
effectively suppressed the proliferation of glioblastoma cells by inducing cellular senescence, inhibited the growth of
orthotopic xenografts and prolonged the overall survival of mice, and decreased the expression of insulin like growth
factor 1 (IGF1), PI3K, and phosphorylated (p-)AKT. This study suggested that matrine may inhibit cell growth by
inhibiting the IGF1/PI3K/AKT signaling pathway, providing a potential treatment for glioblastoma. Shen et al*> found
that matrine obviously inhibited neuroblastoma cells proliferation, induced G2/M cell cycle arrest, and suppressed cell
migration by upregulating the expression of tribbles pseudokinase 3 (TRB3) and thereby blocking the activation of the
PI3K/AKT pathway, indicating the potential therapeutic effects of matrine on neuroblastoma.

Several studies have explored the therapeutic effects of matrine on leukemia. Wu et al*® demonstrated that matrine
inhibited the growth acute myelocytic leukemia (AML) cells by inducing apoptosis and autophagy both in vitro and in
vivo. They also found that matrine inhibited the phosphorylation of AKT, mTOR and downstream substrates ribosomal
protein S6 kinase B1 (p70S6K) and eukaryotic translation initiation factor 4E binding protein 1 (4EBP1), suggesting that

1?7 revealed that matrine treatment inhibited

matrine exerts anti-tumor effects through the AKT/mTOR pathway. Hao et a
the proliferation of AML THP-1 cells and induced apoptosis, and decreased the expression of p-PI3K, p-AKT, and
p-mTOR in a concentration-dependent manner, indicating that the inhibition of PI3K/AKT/mTOR signaling pathway
may be related to the anti-tumor effects of matrine. Zhang et al*® proved that matrine exerted excellent anti-leukemic

effects, they found that matrine could inhibit cell viability and induce apoptosis of AML cells through mitochondria-
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mediated pathway and inhibition of the AKT and extracellular regulated protein kinases (ERK)1/2 pathways. Given these
findings, matrine may serve as a promising candidate chemotherapeutic agent against AML.

Yang et al*’ treated human T24 bladder cancer (BC) cells with matrine and found that matrine inhibited cell proliferation
and invasion, decreased the p-PI3K and p-AKT expression in a dose-dependent manner, and subsequently increased the
expression of cell cycle-inhibiting molecules cyclin dependent kinase inhibitor 2A (p16), p21 and p27, but decreased the
expression of invasion genes MMP-2 and MMP-9, indicating that matrine could play an anti-bladder cancer role through the
PI3K/AKT signaling pathway. Li et al’® verified that matrine restrained tumor growth in vivo and inhibited BC cell
proliferation, migration, invasion but promoted apoptosis via upregulation of long intergenic non-coding RNA (LINC)
00472/programmed cell death protein 4 (PDCD4) by blocking PTEN/PI3K/AKT pathways. Liao et al’' confirmed that
matrine combined with cisplatin has better anti-tumor effect by downregulating the VEGF/PI3K/AKT signaling pathway.
They found that matrine and cisplatin combined treatment of urothelial bladder cancer (UBC) EJ and T24 cells, synergistically
and significantly inhibited cell proliferation, migration and invasion, induced G1/S cell cycle arrest and apoptosis, and
increased reactive oxygen species (ROS) levels, suggesting that matrine may be a potential option for combination therapy
of UBC.

Peng et al**

examined the anti-tumor effect of matrine on gastric cancer (GC) cells and found that matrine
significantly inhibited the proliferation and migration of SGC 7901 cells, downregulated the protein level of
U-plasminogen activator (uPA) and the phosphorylation of ERK and AKT. Further studies showed that blocking the
PI3K/AKT pathway with PI3K inhibitor LY294002 suppressed cell growth and uPA expression. This study indicates that
matrine may inhibit GC cells by inactivating the PI3K/AKT/uPA signaling pathway, suggesting that matrine may be a
potential drug for GC treatment. Li et al>* found that autophagy increased in a dose- and time-dependent manner in GC
cells exposed to matrine, and inhibition of autophagy increased matrine-induced apoptosis; in addition, matrine treatment
did not inhibit the phosphorylation of AKT and its downstream effectors mTOR and p70S6K, whereas the total levels of
AKT and mTOR decreased. These results suggest that the AKT/mTOR/p70S6K signaling pathway may not be involved
in matrine-induced autophagy in SGC-7901 cells, but inhibition of autophagy may be a promising strategy to enhance the
anti-GC potential of matrine.

Bai et al** demonstrated that matrine effectively inhibited the proliferation of prostate cancer PC-3 and RWPEI cells,
activated forkhead box O3 (FoxO3a), and then upregulated the expression of downstream target proteins Bcl-2 like 11
(Bim) and p27, leading to apoptosis and cell cycle arrest. Additionally, the expression of p-AKT and AKT were
decreased after matrine treatment, resulting in the retention of FoxO3a, indicating that AKT and FoxO3a signaling
pathways may be involved in matrine-mediated suppression of prostate cancer. Through high-throughput sequencing

analysis, Li et al*®

found that matrine exhibited extensive regulatory effects on the mRNA expression profile of PC-3 and
DU145 cells, and differentially expressed genes played important roles in cell metabolism, growth, anatomical structure
formation, cell component organization and biological regulation; besides, the forkhead box sub-group O (FOXO) and
PIBK/AKT signaling pathways showed significant differences. They further found that matrine treatment obviously
inhibited the proliferation, migration and invasion but promoted apoptosis of PC-3 and DU145 cells through FOXO and
PI3K/AKT signaling pathways, suggesting that matrine may be used as a complementary agent for prostate cancer
chemotherapy.

The antitumor activity of matrine in colon cancer has been testified, but the latent mechanism is still indistinct. Zhang et al*®
treated colon cancer LoVo cells with matrine and found that matrine inhibited cell proliferation in a dose- and time-dependent
manner, induced cell cycle arrest in G1 phase and apoptosis, and significantly reduced AKT phosphorylation; further studies
showed that specific inhibition of p-AKT induced cell apoptosis and synergistically inhibited LoVo cell proliferation with
matrine, while activation of AKT counteracted the inhibitory effect of matrine on cell proliferation. This study suggests that
matrine exerts an anti-colon cancer effect by inhibiting the AKT signaling pathway, and may serve as a potential treatment for
colon cancer.

Among gynecological cancers, ovarian cancer displays the highest mortality rate and a poor response to anticancer
1*7 used epithelial ovarian cancer cells A2780, SKOV3, and cisplatin-resistant cells A2780/
DDP to test the therapeutic effect of matrine, and found that matrine retarded cancer-related signaling transduction by

therapy. Therefore, Zhang et a

reducing the phosphorylation levels of ERK1/2, mitogen-activated extracellular signal-regulated kinase (MEK)1/2, PI3K,
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AKT, mTOR, Focal adhesion kinase (FAK), Ras homolog family member A (RhoA), VEGFR2, and TEK receptor
tyrosine kinase (Tie2) in vitro and in vivo, and then modulated cell proliferation, apoptosis, and autophagy to inhibit the
occurrence and progression of ovarian cancer, indicating that matrine, as a natural agent, is expected to be a targeted drug
against ovarian cancer with the potential to overcome chemotherapy resistance and reduce toxic side effects.

Jin et al*® evaluated the anti-tumor potential of matrine in V600EBRAF harboring melanoma M21 cells and found
that matrine effectively inhibited cell proliferation, induced cell cycle arrest at GO/G1 phase and apoptosis in a dose-
dependently manner; mechanistically, matrine inhibited the PI3K/AKT pathway by activating PTEN, ultimately leading
to upregulation of P21 and Bax in M21 cells. These findings suggest that activation of PTEN holds promise as a
practicable strategy for melanoma treatment, and matrine may serve as a potent drug candidate.

Xu et al*® found that matrine inhibited the proliferation, induced apoptosis and GO/G1 phase cell cycle arrest of
human osteosarcoma (OS) MG63, U20S, and SAOS2 cell lines in a dose-dependent manner in vitro, and was associated
with increased expression of p27/Kipl and the pro-apoptotic factor Bax and decreased expression of AKT, glycogen
synthase kinase 3 (GSK3)-B (Ser9), and cyclin D1, indicating that matrine may be an effective anti-OS drug due to cell
growth inhibitory effect possibly through modulation of the AKT signaling. Yu et al*® investigated the effects and
molecular mechanisms of matrine, arsenic trioxide, and their combination on myeloma RPMI8226 and U266 cell lines,
and demonstrated that matrine and arsenic trioxide significantly inhibited proliferation and promoted apoptosis of
myeloma cells, and synergistic effects produced when the two were combined; mechanistically, by activating caspase-
3 and poly ADP-ribose polymerase (PARP), up-regulating the expression of Bim, down-regulating the expression of Bel-
2 and survivin, and inhibiting p-AKT, matrine-mediated apoptosis was promoted.

Zhao et al*' and Li et al** found that treatment of different subtypes of thyroid cancer cells with matrine inhibited cell
proliferation, induced apoptosis and G1 phase cell cycle arrest, and downregulated miR-21 and p-AKT expression, but
up-regulate PTEN expression, indicating that the miR-21/PTEN/AKT pathway may be one of the mechanisms of
matrine-induced growth inhibition of thyroid cancer cells, and miR-21 is expected to be a potential target of matrine
for the treatment of follicular thyroid carcinoma.

Matrine also has potential therapeutic effects on benign tumors. Li et al*> demonstrated that matrine inhibited the cell
viability of pituitary tumor RC-4B/C cells and GH3 cells, decreased the levels of AKT and Foxo3a, increased the nuclear
localization of Foxo3a and the expression of apoptosis-related gene Bcl-2, and inhibited the level of cytoplasmic Foxo3a,
indicating that matrine inhibits the proliferation of pituitary tumor cells may be related to the AKT/Foxo3a signaling
pathway.

In addition to anti-tumor activity, matrine exhibits protective effects in vascular injury, cardiopathy, immune system

diseases, and the inflammatory reaction. Xu et al**

showed that matrine enhanced viability, inhibited apoptosis, and
alleviated oxidative stress in H,O,-induced H9¢2 cardiomyocytes. They also confirmed that matrine modulated H,O,-
induced myocardial oxidative stress repair through the HOX transcript antisense RNA (HOTAIR)/miR-106b-5p axis via
the AKT and STAT3 signaling pathways, providing a potential therapeutic target for oxidative stress-associated heart
diseases. Zhang et al*> demonstrated that matrine effectively improved lipid metabolism, inflammation, and vascular wall
thickness in mice fed a high-fat diet, reduced the phosphorylation of nitric oxide synthase 3 (ENOS)-Thr497, and
increased the phosphorylation of ENOS-S1177, thereby resulted in an increase in NO production, which is mediated by
PI3K/AKT and protein kinase C Alpha (PKCa), revealing the molecular mechanism underlying the protective effect of

matrine in high-fat diet-induced vascular disease. Ma et al*®

pre-treated human coronary smooth muscle cells (HCSMCs)
with matrine and then exposed them to advanced glycation end products (AGEs). They found that matrine pre-treatment
significantly reduced collagen content, increased smooth muscle myosin heavy chain 11 (MYH11) and DNA polymerase
delta interacting protein 2 (Poldip2) expression, decreased the expressions of collagen I, f1-integrin, PI3K and nuclear
p-p70S6k, and reduced the phosphorylation of AKT and mTOR in HCSMCs exposed to AGEs. These results indicate
that matrine inhibits AGEs-induced contraction synthesis phenotypic transformation and the fibrosis response by
regulating the Poldip2/mTOR signaling pathway. Liu et al*’ showed that matrine pre-treatment partially alleviated
subarachnoid hemorrhage (SAH)-induced early brain injury (EBI) in rats, inhibited apoptosis and reduced increased
levels of the inflammatory cytokines tumor necrosis factor alpha (TNF-a) and interleukin (IL)-1f. This study also found
partial suppression of SAH-induced AKT and NF-«xB inhibitor alpha (IkB-a) phosphorylation and degradation, decreased
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NF-«xB p65 protein levels, and upregulated expression of Kelch like ECH associated protein 1 (Keapl), nuclear factor
erythroid 2-related factor 2 (Nrf2), and Heme oxygenase 1 (HO-1). Mechanistically, matrine may alleviate EBI after
experimental SAH in rats possibly via PI3K/AKT-mediated NF-xB inhibition and Keapl/Nrf2-dependent HO-1
induction.

Matrine has been approved for the prevention and therapy of cancer cachexia, such as skeletal muscle atrophy, which

1*® evaluated the mechanism of matrine on skeletal

is associated with poor prognosis and suboptimal responses. Chen et a
muscle atrophy and found that matrine increased muscle fiber size and muscle mass in a CT26 colon adenocarcinoma
cachexia mouse model, and significantly improved the differentiation of C2C12 myoblasts, reduced C2C12 myotube
atrophy and apoptosis, down-regulated the levels of specifically expressed E3 ubiquitin ligases muscle-specific ring
finger protein 1 (MuRF1) and muscle atrophy F-box protein (MAFbx) in skeletal muscle, and increased the phosphor-
ylation of AKT, mTOR and FoxO3a in atrophic C2C12 myotube, indicating that matrine may alleviate muscle atrophy
and improve myoblast differentiation by inhibiting E3 ubiquitin ligases and activating the AKT/mTOR/FoxO3a signaling
pathway.

Matrine has been reported to be beneficial in experimental autoimmune encephalomyelitis (EAE) mainly through its
anti-inflammatory effect, but the underlying mechanism is unclear. Liu et al** induced EAE in C57BL/6 mice and found
that matrine treatment effectively inhibited the severity of EAE, increased the expression of protein lipoprotein, a marker
protein of CNS myelin, significantly increased the number of mature oligodendrocytes, and activated the PI3K/AKT/
mTOR signaling pathway to promote oligodendrocyte differentiation and myelination, thereby protecting myelin from
CNS inflammation-induced damage. Chen et al>® showed that matrine significantly prevented ovariectomy-induced bone
loss and inhibited osteoclastogenesis in vivo with decreased serum levels of tartrate-resistant acid phosphatase 5
(TRAcp5b), TNF-0, and IL-6, and significantly inhibited osteoclast differentiation in bone marrow monocytes and
RAW264.7 cells. Mechanistically, matrine blocked receptor activator for NF-kB ligand (RANKL)-induced activation of
NF-xB, AKT, and MAPK pathways, and inhibited the expression of osteoclastogenesis-related markers, including MMP-
9, nuclear factor of activated T cells 1 (NFATc1), tartrate-resistant acid phosphatase (TRAP), proto-oncogene tyrosine-
protein kinase Src (c-Src), and cathepsin K, suggesting that matrine inhibits osteoclastogenesis by regulating multiple
signaling pathways and may serve as a promising agent for the treatment of osteoclast-related diseases such as
osteoporosis.

In addition to the biological activities mentioned above, recent studies have also shown that matrine exhibits
antidepressant effects. Wu et al’' found that matrine exhibited significant antidepressant effects in a mouse model of
depression induced by forced swim test and tail suspension test, completely reversed the mild depression-like symptoms
caused by chronic unpredictable stress. Further, they demonstrated that matrine treatment restored the attenuating effects
of these stresses on PI3K/AKT/mTOR signaling pathway in the hippocampus, thereby exerting antidepressant-like
effects. This study sheds light on the development of novel antidepressants with better efficacy and fewer side effects
and further extends the understanding of the pharmacological effects of matrine.

Although natural matrine alkaloids have significant pharmacological activities, their shortcomings such as low
bioavailability, poor activity, large dosage, and strong side effects restrict their wide application. Therefore, the structural
modification of matrine alkaloids to develop derivative compounds with higher activity is a valuable research direction.
For instance, Feng et al’” reported a more effective thio-derivative of matrine (MD-1) and showed that it more effectively
inhibited the proliferation and migration of hepatic stellate cells (HSCs) -T6 cells and induced cell cycle GO/G1 phase
arrest and apoptosis to a greater extent than matrine. Further, they found that MD-1 bound to the EGFR on the surface of
HSC-T6 cells, further inhibiting the phosphorylation of EGFR and its downstream target AKT, resulting in decreased
expression of cyclin D1 and eventual inhibition of the activation of HSC-T6 cells, thus exhibiting an anti-hepatic fibrosis
role. Moreover, in rats with dimethylnitrosamine (DMN)-induced hepatic fibrosis, MD-1 delayed the development and
progression of hepatic fibrosis, protected hepatic parenchymal cells, and improved hepatic functions, suggesting that it
may serve as a potential anti-hepatic fibrosis drug. Sun et al*® obtained the novel derivative WM622 (C26H350N3S2)
after structural modification of matrine, which had better biological activity and a greater inhibitory effect on transplanted
tumors in vivo than matrine. WM622 also significantly inhibited the proliferation and promoted apoptosis of HCC cells,
induce GO/G1 cell cycle arrest, and dose-dependently decreased the phosphorylation levels of EGFR, AKT, PI3K, and
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GSK3p. These results indicate that WM622 can inhibit the proliferation of the HCC both in vivo and in vitro by inducing
apoptosis, blocking cell cycle in the GO/G1 phase, and inhibiting the PI3K/AKT signal pathway.

Qian et al®* modified the structure of matrine and obtained a novel derivative WM130 (C30N4H40SOS5F) with
pharmacological activity superior to matrine. They found that WM 130 significantly inhibited the proliferation, invasion
and migration, induced apoptosis of HCC cells, and inhibited Huh-7 xenograft tumors growth in a dose-dependent
manner. Furthermore, the expressions of p-EGFR, p-ERK, p-AKT, MMP-2, Ki67, and Bcl-2/Bax were down-regulated,
while the expression of PTEN was up-regulated in HCC after WM130 treatment. It is concluded that WM 130 inhibits
HCC by suppressing EGFR/ERK/MMP-2 and PTEN/AKT signaling pathways. Zou et al’> evaluated the anticancer
properties of MASM ([(6aS, 10S, 11aR, 11bR, 11¢S) 210-Methylamino-dodecahydro-3a, 7a-diaza-benzo (de) anthra-
cene-8-thione]), a potent matrine derivative, on A549 (non-small-cell lung cancer cell line), MCF-7 and MDA-MB-231
(breast cancer cell lines), and Hela (cervical cancer cell line), and found that MASM induced apoptosis and autophagy in
all cancer lines and possessed higher pharmaceutical potency than matrine, but removal of ROS with N-acetylcysteine
rescued tumor cells from apoptosis and autophagy. In addition, the inhibition of autophagy can further enhance MASM-
induced apoptosis through ROS-mediated PI3K/AKT/mTOR, ERK and p38 signaling pathways, suggesting that mod-
ulating autophagy during MASM administration may further enhance its therapeutic effects. Wu et al’® found that
matrine derivative 51 bearing benzo-a-pyranone structure effectively inhibited the proliferation of lung cancer cells in
vivo and in vitro without obvious side effects. In addition, compound 51 induced G1 cell cycle arrest and autophagy in
lung cancer cells through up-regulating P27, down-regulating cyclin dependent kinase 4 (CDK4) and Cyclin D1
(CCND1) and attenuating PI3K/Akt/mTOR pathway, and suppression of autophagy significantly attenuated the inhibitory
effect of 51 on cell proliferation; thus providing a potential paradigm for exploiting the anticancer properties of 5I.

Sophora flavescens alkaloid (SFA) gels, a compound Traditional Chinese Medicine, its effective ingredients mainly

include matrine and oxymatrine. Zhou et al®’

proved that SFA gels can inhibit the proliferation and metastasis of cervical
cancer cells, induce cell cycle arrest in G2/M phase and apoptosis; further they showed that SFA gels may exert anti-
cervical cancer effects by suppressing the AKT/mTOR signaling pathway. The results suggest that SFA gels may be a
potential anti-tumor therapeutic agent for the treatment of cervical cancer.

Xie et al’® treated nasopharyngeal carcinoma cell lines (CNE1, CNE2, and HONE1) with 14-thienyl methylene
matrine (YYJ18) and demonstrated that YYJ18 significantly inhibited proliferation and induced apoptosis of these three
cell lines in a dose-dependent manner; further, YYJ18 treatment significantly suppressed the phosphorylation of p38, but
upregulated the phosphorylation of ERK1/2 and AKT, activated the downstream signaling Bax, caspase-3, and inhibited
the activity of Bcl-2, confirming that the inhibitory effect of YYJ18 on nasopharyngeal carcinoma cells may be related to
the modulation of MAPK and PI3K/AKT signaling pathways.

Postmenopausal osteoporosis (POMP) is a metabolic bone disorder characterized by decreased bone density, micro-
architectural deterioration of bone tissue, and over-activated osteoclastogenesis. Chen et al’” developed a novel matrine
derivative MASM (M19) based on sophocarpine, which significantly inhibited RANKL/macrophage colony stimulating
factor (M-CSF) induced osteoclastogenesis through suppressing NF-kB, MAPKSs, and PI3K/AKT pathways in vitro and
ameliorated bone loss in ovariectomized mice in vivo, and confirmed that M19 targeted and stabilized ribosomal protein
S5 (RPSS5), while overexpressing of RPS5 synergized with M19 significantly inhibited osteoclastogenesis. These results
indicated that RPS5 may be a potential candidate target for inhibiting osteoclastogenesis and treating osteoporosis, and

M19 is a promising drug for the treatment of POMP. Xin et al®

found that M54, a bioactive derivative of matrine, can
also target RPSS5 and inhibit osteoclastogenesis through a mechanism similar to that of M19, which may also serve as a
potential clinical drug for treating POMP. The above results suggest that matrine derivatives indeed have more efficient
and less toxic biological activities, and are more likely to be valuable drug candidates for the therapy of various diseases.

We have summarized the relevant studies on the pharmacological effects of matrine through the PI3K/AKT/mTOR

signaling pathway in Table 1.
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Table | The Relevant Studies on the Pharmacological Effects of Matrine Through the PI3K/AKT/mTOR Signaling Pathway

Disease

Drugs

Cells/Animal Model

Action Mechanism

Reference

Lung cancer

Breast cancer

Hepatocellular
carcinoma

(HCO)

Glioma

Neuroblastoma

Matrine

A549, 95D

Down-regulated phosphorylation of (p-) AKT, promoted lung
cancer cell apoptosis through PI3K-AKT-mTOR signaling pathway

and down-regulated the expression of clAP

(13

A549

Induced the up-regulation of apoptosis protein Bax and down-
regulation of Bcl-2, along with the up-regulation of autophagy-
related genes LC3-Il, Beclin-1, and down-regulation of p62,
increased the expression of Cavin3 and inhibited the p-PI3K and
p-AKT levels, thereby suppressed the growth of lung

adenocarcinoma cells

[14]

H1299, A549

Suppressed the p-Akt and p-GSK-3p, inhibited lung cancer cell
proliferation and induce cell apoptosis by inhibiting AKT/GSK-3f

signaling pathway

[15]

NCI-HI1299

Inhibited the invasion and metastasis of lung cancer cell by up-
regulating the expression of miR-133a to further suppress
activation of the EGFR/AKT/MMP-9 pathway

[1é]

MCEF-7

Enhanced LC3-Il but decreased p62 expression, suppressed AKT
and mTOR phosphorylation, suppressd cellular growth by
triggering apoptosis and autophagy, both of which are regulated by
the AKT/mTOR signaling pathway

[17]

MDA-MB-231

Suppressed the proliferation and invasion of MDA-MB-231 cells by
affecting the expressions of Bcl-2/Bax/VEGF/p-Akt/NF-kB proteins
and MMP-9/MMP-2/Bcl-2/Bax/EGF/ VEGFRI mRNA as well as
activation of MMP-9/MMP-2 in the Akt signaling

18]

MCEF-7

Up-regulated PTEN by downregulating miR-21 which in turn
dephosphorylated Akt, resulting in accumulation of Bad, p21
(/WAF1/CIP1) and p27(/KIPI), inhibited breast cancer cells
growth by elucidating the miR2 |/PTEN/AKT pathway

[19]

HepG2, Bel7402

Elevated autophagy related protein LC3BIl and reduced p62/
SQSTMI, induced the upregulation of apoptosis related proteins
caspase-3, caspas-8, and caspas-9, decreased p-AKT and p-mTOR,
and increased Beclin-1, leading to autophagy and apoptosis in
HCC via inhibition of PI3K/AKT/mTOR pathway

[20]

Huh-7

Increased E-cadherin expression, decreased vimentin, MMP-2,
MMP-9, Snail and Snai2 levels, upregulated PTEN and reduced
p-Akt levels, suppressed tumor invasion and migration via PTEN/
Akt dependent inhibition of EMT

[21]

U251

Induced apoptosis and autophagy through down-regulating circ-
104075 and Bcl-9 expression via inhibition of PI3K/AKT and Wnt-

B-catenin pathways

[22]

U251, U7

Decreased the expression of E-cadherin and increased the
expression of N-cadherin, reduced p-p38 and p-AKT levels, and
resisted aggressive glioma cells by the p38MAPK and AKT
signaling dependent inhibition of EMT

[23]

U251, TCHu 58, U87 MG, TCHul 38, and a primary
GBM cell line P3; U251 and P3 xenografted athymic

mice

Induced cellular senescence by upregulating p27, decreased the
expression of proteins involved in promoting cell growth, IGFI,
PI3K, and pAKT, arrested cell growth through inhibition of IGFI/
PI3K/AKT signaling

[24]

SK-N-LP, LA-N-1, SK-N-JD; SK-N-LP cells tumor-
bearing SCID/beige mice

Up-regulated E-cadherin, p27 and TRB3, decrease p-AKT,
suppressesd neuroblastoma cell proliferation and migration
through enhancing TRB3 expression followed by inhibition of the
PI3K/AKT activation

[23]

(Continued)
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Table | (Continued).

Disease Drugs Cells/Animal Model Action Mechanism Reference
Acute HL-60, THP-1, C1498 and primary AML cells; Up-regulated the levels of caspase-3, PARP, LC3-Il, down- [26]
Myelocytic C1498 cell tumor-bearing C57BL/6 mice regulated the levels of SQSTMI/p62, and inhibited the p-AKT,

Leukaemia p-mTOR and their downstream substrates p70S6K and 4EBPI,

(AML) leading to the occurrence of autophagy and exerting the anti-

tumor effect through the AKT/mTOR signaling pathway

THP-1 Reduced the expression of p-PI3K, p-AKT and p-mTOR, inhibited | [27]
the proliferation of leukemia cells and induce apoptosis through
the PI3K/AKT/mTOR signaling pathway

HL-60, U937, NB4 and primary human bone Induced apoptosis by collapsing the mitochondrial membrane [28]
marrow mononuclear cells; HL-60 xenografted potential, inducing cytochrome c release from mitochondria,
SCID mice reducing the ratio of Bcl-2/Bax, increasing activation of caspase-3,

and decreasing the levels of p-Akt and p-ERK /2

Bladder cancer T24 Downregulated the expression of p-PI3K, p-AKT, MMP-2 and [29]
(BC) MMP-9, and upregulated the expression of pl6, p2| and p27,

regulated the expression of cell cycle and invasion-related genes
through the PI3K/AKT signaling pathway thus to inhibit bladder

cancer cell proliferation and invasion

T24/5637, SV-Huc-1; T24 cells xenograft BALB/c Enhanced PDCD4 expression by up-regulating LINC00472, [30]
nude mice elevated PTEN expression but decreased the ratio of p/t-PI3K/
AKT, thereby restrained BC cells growth, invasion and migration
by up-regulating LINC00472/PDCD4 via restraining PTEN/PI3K/
AKT pathways

Urothelial Matrine combined | EJ, T24 Up-regulated the expressions of E-cadherin, B-catenin, Bax, and [31]
bladder cancer with cisplatin Caspase-3, down-regulated the expressions of Fibronectin,
Vimentin, Bcl-2, p-AKT, p-PI3K, VEGFR2, and VEGF, matrine
combined with cisplatin synergistically inhibited the proliferation
of urothelial bladder cancer cells via down-regulating the VEGF/
PI3K/AKT signaling pathway

Gastric cancer Matrine SGC7901 Reduced uPA, p-PI3K, p-AKT, p-ERK proteins, inhibited the [32]
proliferation and metastasis of gastric cancer cells through the
PI3K/AKT/uPA pathway

SGC7901 Does not inhibit p-AKT and its downstream effectors p-mTOR [33]
and p-p70S6K, while the total level of AKT and mTOR is reduced.
AKT/mTOR/p70S6K signaling pathway may not participate in the
autophagy of SGC-7901 cells

Prostate cancer PC-3, RWPEI Decreased the levels of p-FoxO3a, induced the increased [34]
expression of downstream target proteins Bim and P27, down-
regulated p-AKT, increased levels of Bax and decreased levels of
Bcl-2, and participate in matrine-mediated prostate cancer

suppression by targeting the Akt/FoxO3a signaling pathway

DUI45, PC3 Increased the expression levels of FOXOIA, FOXO3A, FOXO4 [35]
and FOXO6, decreased the expression levels of PI3K, inhibitd the
proliferation, migration, as well as invasion of of prostate cancer
cells through the FOXO and PI3K-AKT signaling pathways

Colon cancer LoVo Reduced the protein levels of p-Akt, and increased the protein [36]
levels of other downstream factors, p-Bad and p-GSK-3p,
suppressed the colon cancer cells growth by inactivating the Akt

pathway

(Continued)
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Table | (Continued).

Disease Drugs Cells/Animal Model Action Mechanism Reference
Ovarian cancer A2780, SKOV3, A2780/DDP; A2780 and A2780/ Retarded the cancer associated signaling transduction by [37]
DDP xenograft BALB/c nude mice model decreasing the phosphorylation levels of ERK1/2, MEK /2, PI3K,

Akt, mTOR, FAK, RhoA, VEGFR2, and Tie2, showed excellent

antitumor effect

Melanomas MCF-7, MDB-MA-231, HCT-116, M21, A375 Upregulated the expression level of PTEN, leading to [38]
downregulation of p-Akt and p-PI3K, and activated p2| and Bax,
induced growth inhibition and apoptosis in V600EBRAF harboring

melanoma cells

Sarcoosteoma MGé3, HOS, U20S, SAOS2 Increased the expression of p27/Kip| and Bax, decreased p-AKT, | [39]
GSK3-B and cyclin DI, inhibited the proliferation and apoptosis of

sarcoma cells by inactivating the Akt pathway

Myeloma Matrine and RPMI8226, U266 Induced apoptosis via the activation of caspase-3 and PARP, [40]
arsenic trioxide upregulation of Bim, downregulation of Bcl-2 and survivin, and
inhibition of p-AKT, and combined with arsenic trioxide enhanced

the anticancer effects

Thyroid cancer Matrine TPC-1 Downregulated the expression of miR-21, increased levels of the | 41]
miR-2| target PTEN and decreased the levels of p-Akt, inhibited
thyroid cancer cells through miR-21/PTEN/Akt pathway

FTC-133 Downregulated the expression of miR-21 is, upregulated the [42]
expression of PTEN and decreased p-AKT levels, suppressed the
growth and induced apoptosis of FTC-133 cells via the miR-21/
PTEN/Akt signaling pathway.

Pituitary tumor RC-4B/C, GH3, AtT 20 Decreased the p-AKT and p-Foxo3a, increased the nuclear [43]
localization of Foxo3a and the expression of proapoptotic genes,
and inhibited the levels of cytoplasmic Foxo3a, promoted cell

death of pituitary cancer cells via Akt/Foxo3a signaling pathway

Oxidative stress H9C2 Up-regulated the expression of HOTAIR, decreased the direct [44]
in heart disease target of HOTAIR, miR-106b-5p expression, promoted the

expression of p-AKT and pSTAT3/STAT3 ratio, alleviated cardiac
myocytes oxidative stress damage through HOTAIR/miR-106b-5p
network via AKT and STAT3 pathway in H20O2-induced cell model

Cardiovascular HUVECs; High-fat diet mouse model Alleviated ox-LDL-stimulated dysfunction of HUVECs, decreased [45]
disease ROS generation and increased p-AKT, p-eNOS-Ser| 177, but

down-regulated p-eNOS-Thr495, influenced eNOS/NO via PKCa
inhibition, played a protective role in high-fat diet-induced vascular

diseases by mediating the PI3K/AKT pathway

Atherosclerotic HCSMCs Reduced collagen content, increased smooth muscle MYHI 1 and [46]
vascular disease Poldip2 expression, decreased expressions of collagen |, BI-
integrin, PI3K and nuclear p-p70Sék, and reduced p-Akt and
p-mTOR levels, suppressed AGEs-induced fibrosis of HCSMC by
regulating the Poldip2/mTOR signaling pathway

Subarachnoid SAH SD rat model Alleviated SAH-induced neural cell apoptosis, reduced the [47]
hemorrhage increased levels of inflammatory cytokines TNF-a and IL-18,
(SAH) suppressed p-Akt, p-lkB-a and NF-kB P65 protein levels, enhanced

the expression of Keap |, Nrf2, and HO-| proteins, alleviated early
brain injury after SAH via PI3K/Akt-mediated NF-kB inhibition and
Keap I/Nrf2-dependent HO-1 induction

Muscle atrophy C2Cl2, CT26; CT26 cell tumor-bearing mouse Downregulated MAFbx and MuRF| proteins, increased p-AKT, [48]
model p-mTOR and p-FOXO3q, activated the AKT/mTor/FOXO3a
signaling pathway by inhibiting E3 ubiquitin ligase, thus alleviated

muscle atrophy and improved myoblast differentiation

(Continued)
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Table | (Continued).
Disease Drugs Cells/Animal Model Action Mechanism Reference
Multiple EAE C57BL/6 mice model Increased the expression of proteolipid protein, up-regulated [49]
sclerosis p-PI3K, p-MTOR, and p-p70S6K expression, and play a beneficial
effect on oligodendrocyte differentiation and myelination by
activating the PI3K/AKT/mTOR signaling pathway
Osteoporosis Bone marrow mononuclear cells (BMMS), Inhibited osteoclast differentiation induced by receptor activator [50]
AW264.7; Ovariectomized C57BL/6 mice for NF-kB ligand (RANKL) and M-CSF, abrogated RANKL-induced
activation of NF-kB, AKT, and MAPK pathways and suppressed
osteoclastogenesis-related marker expression, inhibited
osteoclastogenesis through modulation of multiple pathways
Depression Forced swimming test (FST), tail suspension test Reversed the decreased p-AKT, p-mTOR, p-4E-BP-1, and [51]
(TST), and chronic unpredictable mild stress p-p70S6K expression in hippocampus, exerted antidepressant
(CUMS) model of depression in C57BL/6) mice effect through promoting the PI3K/AKT/mTOR signaling pathway
Hepatic fibrosis Matrine HSC-T6; SD rat hepatic fibrosis mode Binded the EGFR, and further inhibited the p-EGFR and its [52]
thioderivative downstream p-Akt, decreased the expression of cyclin DI and
MD-I eventual inhibited the activation of HSC-T6 cells, exerted the anti-
hepatic fibrosis functions via blocking the EGFR-related
downstream signaling pathways
HCC Matrine derivative | LM3, Hep3B, WRL-68; LM3 tumor xenograft Balb/c | Reduced p-EGFR, p-AKT, p-PI3K and p-GSK3p, and suppressed [53]
WM622 nude mice model the proliferation of liver cancer cells by inhibiting the PI3K/AKT
signaling pathway
Matrine derivative | Huh-7; Huh-7 cell tumor-bearing BALB/c nude mice | Down-regulated the expression of p-EGFR, p-ERK, p-AKT, MMP- [ [54]
WMI30 2, Ki67 and the ratio of Bcl-2/Bax, up-regulated the expression of
PTEN, inhibited the growth of liver cancer by inhibiting EGFR/
ERK/MMP-2 and PTEN/AKT signaling pathways
Multiple MASM, an A549, MDA-MB-231, MCF-7 Down-regulated the expression of ERK, p38 and p-AKT, and [55]
Cancers effective played the anti-tumor effect by inhibiting the AKT signaling
derivative of pathway and activating the autophagy induced by the Erk and P38
matrine signaling pathways
Lung cancer Matrine derivative | A549, H460, H1975; A549-luciferase cells tumor- Up-regulated P27, down-regulated CDK4, CyclinD| and [56]
51 with benzo-a- bearing SCID/beige mice attenuated the PI3K/Akt/mTOR pathway, induced cell cycle arrest
pyranone and autophagy in lung cancer cells
structure
Cervical cancer Sophora SiHa, C33A, HK-2 Increased Bax, E-cadherin, decreased Bcl-2, MMP2, supppressed 57]
Flavescens the p-AKTand p-mTOR, inhibited cervical cancer cells
Alkaloid gel (SFA) proliferation and migration via the suppression of AKT/mTOR
signaling pathway
Nasopharyngeal 14-Thienyl CNEI, CNE2, HONEI Suppressed p-p38, but upregulated p-ERK1/2 and p-Akt, then [58]
carcinoma Methylene altered the downstream signaling, including activation of Bax,
Matrine (YY]18) caspase-3 and inactivation of Bcl-2, inhibited nasopharyngeal
carcinoma cells by regulating the MAPK and PI3K/Akt signaling
pathways
Osteoporosis MASM (M19) BMMs, RAW264.7; Ovariectomy C57BL/6 mice By targeting and stablizing RPS5, M19 acted on the RPS5 and [59]
model blocked the NF-kB, MAPKs and PI3K/Akt pathways and
subsequently reduced the expression of nuclear transcription
factor NFATcI, thus to inhibit ANKL/M-CSF induced
osteoclastogenesis and bone loss in ovariectomized mice
Matrine derivative M54 also targeted to RPS5, exhibiting significant inhibitory effects | [60]

M54

on osteoclastogenesis amd bone loss by suppressing RANKL
induced NF-xB, PI3K/AKT, and MAPK pathways activation and the
expression of NFATc|
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Matrine Exerts Pharmacological Effects Through the TGF-f Signaling
Pathway

TGF-B belongs to a group of newly discovered superfamilies that regulate cell growth and differentiation. TGF- and
other members of the family are evolutionally conserved secreted proteins that contain many different polypeptide
morphogenesis factors and are involved in many cellular processes in both mature organisms and developing embryos.®'

The TGF-B superfamily in mammals mainly includes three subtypes: TGF-B1, TGF-B2, and TGF-B3. TGF-B1 is
mainly expressed in endothelial cells, hematopoietic cells, and connective tissues, TGF-B2 is mainly expressed in
epithelial cells and nerve cells, and TGF-P3 is mainly expressed in mesenchymal cells.®* They bind to the TGF-
receptor (TGFBR) 2 and have similar biological activities, regulating cell proliferation, migration, differentiation,
apoptosis, and exerting significant effects in the regulation of embryonic growth and development, inflammation and
repair (including angiogenesis), and host resistance mechanisms.®*** The TGF-p signaling pathway is considered to play
a key role in the process of fibrosis, exerting its biological functions by activating the downstream Smad pathway. TGF-
B1/Smad3 is the most important regulatory signaling pathway involved in tissue fibrosis in many diseases.

Zhang et al® investigated the anti-fibrosis-associated cardioprotective effects of matrine on diabetic cardiomyopathy
(DbCM). They administered matrine orally to rats with experimental DbCM and found that matrine inhibited the
expression of TGF-f and the phosphorylation of R Smad (Smad2/3) and blocked the activation of TGF-B1/R Smad
signal transduction to repress collagen production and deposition, leading to a marked recovery in left ventricular
function and heart compliance. These results indicated that matrine has therapeutic effects against cardiac fibrosis by
affecting TGF-B1/Smad signaling and exerting cardioprotective effects in DbCM. Hou et al°® found that matrine
treatment significantly decreased the level of non-fasting blood glucose, improved the hemodynamic parameters of
DbCM model rats, inhibited the expression levels of the inflammatory cytokines TNF-a and IL-6, and decreased ROS
generation, MDA, TGF-f levels, and peroxisome proliferator activator receptor § (PPARP) and PPARy1 activity. Matrine
administration also significantly inhibited p-ERK expression, and endogenic expression of p-ERK counteracted matrine-
induced apoptosis of myocardial cells. These results suggested that matrine may serve as a potential anti-inflammatory
and anti-apoptotic agent in the pathological process of DbCM by downregulating the TGF-$ induced p-ERK signaling
pathway. Ma et al®” demonstrated that matrine treatment resulted in reduced rates of atrial fibrillation (AF) inducibility
and shorter AF duration in myocardial infarction (MI) rats. They also observed improved left atrial conduction velocity
and homogeneity and decreased fibrosis positive areas and protein levels of type I collagen and type III collagen in the
left atrium. In vitro, matrine inhibited cardiac fibroblast proliferation, migration, secretion, and differentiation to
myofibroblasts, as well as the expression of TGFB-1 and MMP-9. These data indicated that matrine may reduce atrial
fibrosis through the TGF-f signaling pathway and thus decrease susceptibility to AF after ML

Yu et al°® found that treating liver fibrosis model rats with matrine significantly reduced the expression of TGF-B1,
enhanced the activity of hepatocyte growth factor (HGF), and alleviated liver tissue damage, cell necrosis and connective
tissue hyperplasia in collect abbacy, and there is a trend of obvious improvement, which clearly indicates its inhibitory
effect on liver fibrosis in rats. Li et al® designed and synthesized a series of matrine derivatives, among which compound
3F displayed the strongest anti-fibrotic activity, significantly inhibited the fibroblast-to-myofibroblast transition and
extracellular matrix (ECM) production of the human embryonic lung fibroblast (HELF) MRC-5 cell lines, as well as
the fibroblasts migration induced by TGF-B1; while the cytoplasm-to-nuclear translocation of Smad2/3 and TGF-$1-
induced upregulation of TGFBR1 were also inhibited by 3F. These data suggested that 3F may be a potential drug to treat
idiopathic pulmonary fibrosis (PF) by inhibiting the TGFp/Smad signaling pathway. Zhang et al’® construct a PF model
of HELF induced by TGF-B1, and characterized the effect of ginkgo biloba leaf extract (GBLE), shenmai (S), and
matrine on PF. The results showed that all three preparations significantly inhibited the proliferation and induced
apoptosis of lung fibroblasts, suppressed the synthesis and secretion of collagen-I/IIl and a-smooth muscle actin (o-
SMA), but promoted superoxide dismutase 3 (ECSOD) synthesis and secretion. Among them, matrine exhibited the
strongest activity in reducing collagens synthesis, possibly by inhibiting the expression of collagen genes. These data
indicated that GBLE, S, and matrine inhibited the pro-fibrotic effects of TGF-B1 by targeting different steps in TGF-f1-

171

mediated fibrosis. Liu et al”" treated the pancreatic fibrosis model rats with matrine and found that the expression of
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TGF-B1, a-SMA, collagen I, Smad2, TGFBR1, and TGFBR2 was significantly reduced in the matrine treatment group,
suggesting that matrine inhibited pancreatic fibrosis by modulating the TGF-B/Smad signaling pathway. Overall, these
findings provided useful information for the further development of matrine-based anti-fibrotic agents.

Heterotopic ossification (HO) is a debilitating disease characterized by ectopic bone formation within extraskeletal
tissues, and active TGF-B contributes to trauma-induced HO. Mao et al’* found that matrine significantly inhibited TGF-
B-induced mesenchymal stem cells (MSCs) migration, alkaline phosphatase (ALP) activity and osteogenic differentia-
tion, reduced ossification in achilles tendon puncture mice, and inhibited HO progression. Mechanistically, matrine
inhibited TGF- induced Smad2/3 phosphorylation and the transcription of RUNX family transcription factor 2 (Runx2),
ALP, and osteocalcin (Ocn) after osteoinduction, indicating that matrine can inhibit the activation of TGF-B/Smad2/3
signaling pathway in HO, and is expected to be a candidate for HO treatment.

Moreover, matrine has been proven to be an effective medication for the treatment of eczema, but the under
mechanism remains unclear. Zhang et al”> used a matrine derivative, oxymatrine to treat eczema guinea pigs, and
showed that oxymatrine treatment alleviated the symptoms of eczema, inhibited the expression of pro-inflammatory
factor proteins, increased Thl and CD4+TGFf+ levels, and regulated the expression levels of interferon gamma (IFN-y)
and TGF-B, indicating that matrine can mediate the Th1/Th2 balance to treat eczema by upregulating IFN-y and
downregulating TGF-f levels.

We have summarized the relevant studies on the pharmacological effects of matrine through the TGF-§ signaling
pathway in Table 2.

Matrine Exerts Pharmacological Effects Through the NF-kB Signaling

Pathway

NF-kB is a family of key nuclear transcription factor proteins that includes C-REL, RELB, RelA/p65, NF-xB1 (p50/
p105), and NF-xB2 (p52/p100). Mediation of the NF-kB signaling pathway affects a variety of biological processes
including innate and adaptive immunity, inflammation, the stress response, differentiation, apoptosis, and
tumorigenesis.”*

When unstimulated, NF-kB binds to its inhibitor, IkB, forms a complex in the form of homo- or heterodimers, and
remains inactive in the cytoplasm of almost all cell types.”> Only when the cell is stimulated or under stress, upstream
signals directly activate IkB kinase (IKK) to promote phosphorylation of IkB, and then, the p-IxB leads to its own
ubiquitination and is rapidly degraded and released by proteases, thereby releasing the inhibitory effect of IxkB and
dissociating NF-kB from the NF-kB-IkB complex. Mediated by nuclear localization signals, NF-kB is then translocated
into the nucleus to bind to specific DNA sequences in the promoter regions of genes and promotes downstream target
genes transcription and protein synthesis, participating in various pathophysiological reactions such as infection,
inflammation, and the immune response.’*””

Zhang et al’® investigated the effect of matrine on lipopolysaccharide (LPS)-induced lung injury, and found that
matrine significantly reduced the mortality of mice with LPS administration, improved LPS-induced lung histopathologic
changes, alleviated pulmonary edema and lung vascular leakage, inhibited MPO and MDA activity, and reduced the
production of inflammatory mediators such as TNF-a, IL-6, and high mobility group box 1 (HMGBI). In vitro, matrine
reduced the production of ROS and inflammatory factors, which may be related to the inhibition of NF-kB. These data
demonstrated that matrine exerts a protective effect against LPS-induced acute lung injury by inhibiting the inflammatory
response, which may involve the suppression of ROS and tissue oxidative stress-mediated by the NF-kB signaling
pathway.

Shao et al’’ observed that matrine effectively inhibited the proliferation of three breast cancer cell lines: estrogen
receptor (ER)-positive MCF7 cells, HER2-positive BT-474 cells, and highly metastatic MDA-MB-231 cells, and
significantly reduced the expression of IKKp, suggesting that matrine may be an effective candidate drug for the

treatment of breast cancer by inhibiting NF-kB signaling pathway.
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Table 2 The Relevant Studies on the Pharmacological Effects of Matrine Through the TGF-f Signaling Pathway

Disease Drugs Cell Line/Animal Model Action Mechanism Reference
Diabetic Matrine Cardiac fibroblasts (CFs); Inhibited the expression of TGF-f and p-R Smad [65]
cardiomyopathy Streptozotocin induced DbCM rat | (Smad2/3), without affecting | Smad, blocked the
(DbCM) model activation of TGF BI/R Smad signaling transduction to
repress collagen production and depositionand
Myocardial cells; Streptozotocin Inhibited the expression levels of TNF-a and IL-6, [66]
induced DbCM rat model decreased ROS production, MDA and TGF-f levels,
and PPARP and PPARyI activity, also significantly
inhibited PERK expression, exerting anti-inflammatory
and anti-apoptotic effects by down-regulating the
TGF-B induced PERK signaling pathway
Atrial fibrillation CFs; Myocardial infarction rat Decreased the protein levels of type | collagen and [67]
model type |l collagen, inhibited CFs differentiation to
myofibroblasts and the expression of TGF-1 and
MMP 9, reduced atrial fibrosis through the TGF-§
signaling pathway
Liver fibrosis Rat liver fibrosis model using Reduce the expression of TGF-1 and enhance the [68]
composite modulus method with | activity of HGF, thereby achieving the inhibitory effect
carbon tetrachloride (CCL4) on rat liver fibrosis
Idiopathic Matrine MRC-5 Inhibited the fibroblast-to-myofibroblast transition and | [69]
pulmonary derivative 3F extracellular matrix production, inhibited cytoplasm-
fibrosis (IPF) to-nuclear translocation of Smad2/3 and suppressed
TGF-BI-induced upregulation of TGF-§ receptor type
| (TGFBRI)
Ginkgo biloba TGF-B1-induced HELFs PF model | Inhibited the proliferation and induced the apoptosis [70]
leaf extract, of lung fibroblasts, inhibited the synthesis and
shenmai, and secretion of COL-I, COL-lll and a-SMA, and
matrine promoted the synthesis and secretion of extracellular
superoxide dismutase (ECSOD), inhibited the pro-
fibrotic role of TGF-B1 by targeting different steps in
TGF-BI-mediated fibrosis
Pancreatic Matrine Sprague Dawley (SD) rat model Reduced the expression of Smad2 by downregulating | [71]
Fibrosis with pancreatic fibrosis the expression of a-SMA, TGF-B1, and collagen,
exerted the anti-pancreatic fibrosis effect by inhibiting
the TGF-B/Smad signal pathway
Heterotopic Mesenchymal stromal cells Inhibited TGF-f induced Smad2/3 phosphorylation and | [72]
ossification (MSCs); HO mouse model transcription of Runx2, Alp, and Ocn after
(HO) established by achilles tendon osteoinduction, inhibited HO by suppressing the
puncture migration and osteogenic differentiation of TGF-f-
induced-MSCs in mice
Eczema Oxymatrine, a Guinea pigs with eczema Increased Thl and CD4+TGFp+ levels, improved the | [73]
derivative of expression of pro-inflammatory factor genes, and
matrine exerted treating eczema effect by up-regulating IFN-y
and down-regulating TGF-f levels to regulate the Thl/
Th2 balance
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Yu et al’”® demonstrated that matrine effectively inhibited the invasion of HCC SMMC-7721 cells and the expression
of MMP-9 and NF-kB, and the use of NF-kB inhibitor significantly reduced MMP-9 expression, suggesting that matrine
may downregulate MMP-9 by regulating the NF-«kB signaling pathway, thereby inhibiting the invasion of HCC.

Studies by Huang et al’® showed that matrine significantly inhibited the migration and invasion ability of pancreatic
cancer PAN-1 cells, decreased intracellular ROS levels, upregulated E-cadherin expression, and downregulated
N-cadherin, Vimentin, MMP-2, and MMP-9 expression, as well as the levels of p-p65 and p-IkBa. These data indicated
that matrine may inhibit the invasion and epithelial-to-mesenchymal transition (EMT) of pancreatic cancer cells through
the ROS/NF-kB/MMPs pathway, further validating the anti-metastasis effect of matrine. Jung et al® also evaluated the
potential of matrine to affect tumor metastasis and found that matrine downregulated the phosphorylation and nuclear
translocation of NF-kB-p65 in lung cancer (A549), prostate cancer (DU145), and pancreatic cancer (MIAPACA-2) cells,
and effectively inhibited the cellular invasion and metastasis through significantly affecting the expression levels of C-X-
C motif chemokine receptor 4 (CXCR4), MMP-2, MMP-9, and NF-«xB, and may considered as a potential candidate for
anti-tumor metastasis.

To date, the therapeutic efficacy of matrine on prostate cancer remains poorly understood. Li et al®' treated prostate
cancer DU-145 and PC-3 cells with matrine, and found that cell proliferation, migration and invasion were significantly
inhibited in a dose- and time-dependent manner, the levels of p65, IKK-0/f, IxkB-a and corresponding phosphorylation
were all decreased, suggesting matrine may exert an anti-tumor effect by regulating the NF-«kB signaling pathway, and is
expected to be a promising supplement for androgen-dependent prostate cancer drug. Huang et al®* explored the anti-
metastatic effects of matrine on castration-resistant prostate cancer (CRPC) and found that matrine inhibited the growth
of DUI145 and PC3 cells time- and dose-dependently both in vitro and in vivo, and suppressed cell migration and
invasive ability. In addition, the expression levels of MMP-2, MMP-9, NF-«kB subunit p65 and p-p65 in both cell lines
were significantly down-regulated, and it was finally demonstrated that matrine inhibited the migration and invasion of
CRPC by downregulating MMP-2/9 through the NF-kB pathway. These data reveal a potential novel application of
matrine in anti- CRPC metastatic therapy.

Luo et al® investigated the anti-GC activity of matrine and found that matrine dose-dependently inhibited the GC cell
line MNK4S5, the expression of NF-«kB, X-linked inhibitor of apoptosis (XIAP), cellular inhibitor of apoptosis 1 (CIAP),
and p-ERK were also markedly reduced under the action of matrine, indicating the matrine’s anti-tumor effect is achieved
by modulation of these proteins, which may serve as an effective potential anti-GC agent.

Multidrug resistance is currently the major obstacle to cancer chemotherapy. Chen et al** evaluated the reversal effect
of matrine on chemoresistant leukemia K562/ADR cells and found that matrine enhanced the cytotoxicity of cancer
medicines on K562/ADR cells and apoptotic rate induced by doxorubicin, and inhibited the expression of drug-exporting
factor ATP binding cassette subfamily B member 1 (ABCB1) and the phosphorylation of NF-kB. These results indicated
that matrine can downregulate the expression of ABCBI1 by inhibiting NF-«kB, thereby reducing drug transport and
promoting the endogenous apoptosis pathway, which may be an effective sensitizer for anti-tumor drug resistance.

Yi et al*® evaluated the anti-metastatic effect of matrine on osteosarcoma and showed that matrine inhibited
proliferation of osteosarcoma cells in vivo and in vitro, inhibited tumor cell metastasis in vitro, downregulated the
expression of MMP-2 and MMP-9, and reduced nuclear translocation of p50 and p65, as well as phosphorylation of IxB-
B and ERK 1/2. The results showed that matrine inhibited the invasion and proliferation of human osteosarcoma cells by
downregulating the NF-«kB signaling pathway.

Matrine has been used in anti-inflammatory and anticancer treatments for a long time. Jiang et al®*® explored the
potential application of matrine in the treatment of spinal cord injury (SCI) and found that matrine pretreatment partially
attenuated LPS-induced loss of viability, apoptotic stimulation, and release of pro-inflammatory factors (IL-1p, IL-6, and
TNF-a) in neuron-like PC12 cells, reversed LPS-reduced miR-9 levels. In addition, matrine also inhibited the activation
of c-Jun-n-terminal kinase (JNK) and NF-kB pathways under LPS conditions, and miR-9 silencing attenuated the effects
of matrine on these signal transductions. This study suggested that matrine can protect nerve cells from LPS-induced
inflammatory damage by regulating miR-9 expression and activating JNK and NF-«B signaling pathways.

The signaling pathways induced by inflammatory mediator HMGB1 have been reported to play important roles in the
pathogenesis of multiple sclerosis (MS). Matrine has the capacity to effectively inhibit MS animal model with
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experimental autoimmune encephalomyelitis (EAE), but its effect on HMGBI1-induced signaling remains unclear.
Chu et al*” showed that matrine treatment alleviated the severity of EAE, decreased inflammatory infiltration and
demyelination, as well as the production of inflammatory factors in the CNS, including TNF-a, IL-6, and IL-1B,
significantly reduced the expression of HMGBI and toll like receptor 4 (TLR4) in the spinal cord, especially in astrocytes
and microglia/infiltrating macrophages, but increased the level of IkB-a, confirming the direct inhibitory effect of matrine
on HMGB1/TLR4/NF-kB signaling in macrophages. These findings demonstrated that matrine treatment alleviated the
inflammatory demyelination and activation of astrocytes and microglia/macrophages in the CNS of EAE rats, and the
mechanism may be closely related to the modulation of HMGB1/TLR4/NF-kB signaling pathway.

Previous studies have demonstrated that matrine can alleviate brain edema induced by focal cerebral ischemia.
Xu et al®® found that matrine reduced infarction volume and improved neurological deficit in a dose-dependent manner in
the model of permanent middle cerebral artery occlusion (pMCAO), and further observed that matrine increased the level
of IkBa protein, blocked the translocation of NF-kB p65 from the cytoplasm to nucleus in ischemic cortex and injured
neurons and astrocytes induced by oxygen-glucose deprivation (OGD) in vitro, and downregulated NF-xB p65 down-
stream pro-apoptotic genes p53 and/or c-Myc (MYC proto-oncogene, bHLH transcription factor). These results sug-
gested that matrine directly protected neurons and astrocytes from focal cerebral ischemia injury by inhibiting the NF-xB
signaling pathway.

Porcine circovirus associated diseases (PCVAD) is a multifactorial disease that is quite common in the world swine
industry. Porcine reproductive respiratory syndrome virus (PRRSV) and porcine circovirus type 2 (PCV2) are the most
common pathogens of PCVAD, there is currently no effective treatment. A previous study by Sun et al® showed that
matrine treatment inhibited PRRSV and PCV2 infection, significantly downregulated the expression of TLR3, TLR4, and
TNF-a, and suppressed the expression of p-IkBa to a certain extent, indicating that the antiviral efficacy of matrine may
be partly mediated by regulating the TLR3, 4/NF-kB/TNF-a signaling pathway. Although matrine is known to have dual
effects of antiviral and anti-inflammatory, the specific molecular mechanism remains unclear. Sun et al’® established an
inflammatory model by co-stimulating porcine alveolar macrophages (PAMs) with PRRSV 5'UTR RNA and LPS to
study the specific anti-inflammatory mechanism of matrine, and found that matrine treatment strongly inhibited the
expression and secretion of IL-1pB, IL-6, IL-8, and TNF-a, inhibited the expression of MYDS88 innate immune signal
transduction adaptor (MyD88), NLR family pyrin domain containing 3 (NLRP3) and caspase-1 and the phosphorylation
of IkBa, inhibited the speck formation of apoptosis-associated speck-like protein (ASC), and interfered the translocation
of NF-xB from the cytoplasm to the nucleus. These results suggested that matrine played an important role in
inflammatory response by affecting NF-kB and the NLRP3 inflammasome, and laid a foundation for exploring the
clinical application of matrine in PRRSV disease.

Wang et al’! investigated the effect of matrine on n-methyl-N’-nitro-n-nitrosoguanidine (MNNG) induced gastric
mucosal injury in rats, and found that matrine treatment increased the body weight, drinking water, and diet, significantly
reduced the expression levels of VEGF-C, VEGFR3, BAX, caspase-3, TLR4, MyD88, and NF-«B p65, but increased the
protein level of Bcl-2 in the gastric mucosa tissues, suggesting that matrine may reduce MNNG- induced gastric mucosa
injury in rats by downregulating VEGF-C/VEGFR3 and NF-kB/TLR4 signaling pathways.

Elevated suppressor of cytokine signaling 3 (SOCS3) has been demonstrated to correlate with the severity of asthma.
Sun et al’? studied the effect of matrine on the expression of SOCS3 in airway inflammation and found that in ovalbumin
(OVA)-induced asthmatic mice, matrine treatment significantly inhibited aryl hydrocarbon receptor (AHR), inflammatory
cells infiltration, goblet cell differentiation, and mucogenesis. Further, mechanistic studies showed that matrine down-
regulated SOCS3, IL-6 and adhesion molecules, abrogated the levels of IL-4 and IL-13, but increase the expression of
IFN-y by inhibiting NF-«kB signaling in asthmatic mice and TNF-a -stimulated airway epithelial cells, thereby inhibiting
airway inflammation.

RA is a chronic and highly prevalent autoimmune disease characterized by synovial joint hyperplasia and inflamma-
tion. Niu et al>* established a rat model of RA and found that matrine treatment significantly mitigated the inflammation
and severity of RA. Mechanistically, matrine may reduce the level of Thl cytokines (IFN-y, TNF-a, IL-1B) but increase
the level of Th2 cytokines (IL-4 and IL-10) by inhibiting the NF-«xB signaling pathway in T cells, thereby modulated the
imbalance of Thl and Th2 cytokine responses in RA rats, suggesting that matrine may be a promising drug for RA
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intervention. Pu et al®® investigated the anti-arthritic effect of matrine on type II collagen-induced arthritis (CIA) in rats
and found that matrine significantly suppressed inflammatory response and the destruction of synovial tissue, and
inhibited the paw swelling, arthritis indices, and weight loss. In addition, matrine reduced the levels of TNF-a, IL-1p,
IL-6, IL-8, IL-17A, MMP-2, MMP-3, and MMP-9, downregulated the expression of p-IkB, cytochrome c oxidase 11
(Cox-2), and nitric oxide synthase (iNOS), but upregulated the expression of IkB in the synovial tissues of CIA rats.
These results suggested matrine possessed an anti-arthritic effect on CIA rats by inhibiting the release of pro-inflamma-
tory cytokines and proteins that promote the NF-kB pathway. Zou et al®> explored the therapeutic efficacy of matrine
derivative MASM on RA in CIA mice and on fibroblast-like synoviocytes (FLS) cells, and found that MASM
significantly reduced the severity of arthritis in CIA mice. Additionally, MASM induced RA-FLS apoptosis and inhibited
the expression of pro-inflammatory cytokines and matrix metalloproteinases (MMP-1, MMP-3, and MMP-13) by
inhibiting the phosphorylation of MAPKs and the activation of NF-«kB, suggesting that MASM may at least exert
therapeutic effects on CIA by blocking the phosphorylation of MAPKs and the activation of NF-xB, and may serve as a
potent drug for the treatment of RA.

IL-1B plays an important role in promoting osteoarthritis (OA) lesions, but the underlying anti-inflammatory
mechanism of matrine in this process remains unclear. Lu et al’® found that matrine significantly inhibited IL-1p-induced
chondrocytes apoptosis and the release of MMP-3 and MMP-13, increased the production of TIMP metallopeptidase
inhibitor 1 (TIMP-1), and inhibited the phosphorylation of p38, ERK, JNK and the degradation of IkBa in chondrocytes.
These results indicated that matrine played a therapeutic role in OA by inhibiting the activation of MAPK and NF-«B
signaling pathways in human chondrocytes, thereby inhibiting IL-1B-induced matrix metalloproteinases.

Jiang et al®’ investigated the protective effect of matrine on Staphylococcus aureus lipoteichoic acid (LTA)-induced
endometritis, and found that matrine significantly relieved uterine injury in mice with endometritis, and dose-dependently
reduced the expression of pro-inflammatory cytokines (TNFa and IL-1(). Besides, matrine inhibited the expression of
TLR2 and the activation of its downstream NF-kB in LTA-stimulated bovine endometrial epithelial cells (bEECs). These
findings suggested that the favorable effect of matrine on LTA-induced endometritis may be through the negative
regulation of NF-«xB signaling pathway mediated by TLR2, which may act as a potential anti-inflammatory agent.

Atherosclerosis is a chronic inflammatory disease associated with increased expression of adhesion molecules in
vascular smooth muscle cells (VSMCs). Liu et al®® found that matrine inhibited the expression of vascular cell adhesion
molecule-1 (VCAM 1) and intercellular adhesion molecule-1 (ICAM 1) in TNF-o stimulated human aortic smooth
muscle cells (HASMCs), significantly inhibited the expression of NF-kB p65 and the activation of MAPKSs, and matrine
also suppressed the production of intracellular ROS. This study demonstrated that matrine inhibited the expression of
VCAM 1 and ICAM 1 in TNF-a stimulated HASMCs by inhibiting the production of ROS and the activation of NF-xB
and MAPK pathways, which may be used to prevent the progression of atherosclerotic lesions.

We have summarized the relevant studies on the pharmacological effects of matrine through the NF-xB signaling
pathway in Table 3.

Matrine Exerts Pharmacological Effects Through the Wnt/B-Catenin
Signaling Pathway

The Wnt signaling pathway is a complex network of protein interactions that is highly conserved during species
evolution. The Wnt gene was first cloned in mouse breast cancer cells and was named Integration 1 (Intl). Later studies
found that the mouse Intl gene was homologous to the Drosophila wingless gene WG, and the two were collectively
named Wnt. Further studies showed that B-catenin is the key effector of the Wnt protein, controlling the classical Wnt/3
-Catenin signaling pathway.””

In mammalian cells, the Wnt/B-catenin signaling pathway interacts with a series of cell surface-specific receptors
through the ligand-protein Wnt, resulting in the phosphorylation of downstream protein kinases that inhibit the
degradation of B-catenin. This results in the accumulation of stable B-catenin in the cytoplasm, which then enters the
nucleus and combines with T-cell factor/lymphoid enhancing factor (TCF/LEF) family transcription factors to transmit
growth-stimulating signals and initiate the transcription of downstream target genes. The Wnt/B-catenin signaling
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Table 3 The Relevant Studies on the Pharmacological Effects of Matrine Through the NF-«xB Signaling Pathway

Disease

Drugs

Cell Line/Animal Model

Action Mechnism

Reference

Acute lung injury

Breast cancer

HCC

Pancreatic cancer

Cancers

Prostate cancer

Gastric cancer

Leukemia

Osteosarcoma

Matrine

NR8383; LPS-induced lung injury mouse
model

Inhibited the NF-kB inflammatory cascade,
down-regulating the inflam-mation mediator
TNF-q, IL-6 and HMGBI, and suppressed MPO
and MDA activity, thereby attenuated ROS and

tissue oxidative stress

[7€]

MCF-7, BT-474, MDA-MB-23 |

Reduced the expression of IKK B, play an anti-
tumor effect on breast cancer cells through NF-

«B signaling pathway

771

SMMC-7721

Suppressed the expression of MMP-9 and NF-
«B, inhibited HCC cells invasion by
downregulation the NF-kB signaling pathway

[78l]

PANC-1

Up-regulated E-cadherin expression and down-
regulated the levels of ROS, N-cadherin,
Vimentin, MMP-2, MMP-9, pP65 and pl«Ba,
inhibited pancreatic cells invasion and epithelial-
mesenchymal transition through ROS/NF-«kB/
MMPs pathway

[79]

A549, DUI45, MIAPaca-2

Negatively regulated HER2 and CXCLI2-
induced CXCR4 expression, down-regulated
expression of MMP-9/2 and NF-«B, blocking the
cancer metastasis through the negative
regulation of CXCR4 and MMP-9/2

[80]

DU-145, PC-3

Decreased the expression levels of p65, p-pé5,
ikk-a/B, p-ikk-a/B, iKB-o and p-iKB-a, indicating
the NF-kB signaling pathway was involved in the

inhibition of prostate cancer

(81

DU145, PC3; DUI45 and PC-3 xenograft

tumor model in BALB/c nude mice

Reduced the expression levels of MMP-9, MMP-
2 and p-p65, inhibited invasion of castration-
resistant prostate cancer (CRPC) by
downregulating MMP-2/9 through NF-xB
pathway

[82]

MNK45

Inhibited gastric cancer cell growth via
controlling NF-kB subunit proteins, CIAP, XIAP,
and p-ERK

[83]

K562, K562/ADR

Increased caspase-9 activity, reduced the
expression of p-NF-«B, Survivin, and Bcl-xl,
suppressed ABCBI drug transport and
facilitated the intrinsic apoptosis pathway
through inhibiting NF-kB, enhanced the effect of
anticancer drugs on K562/ADR cells

[84]

Sa0s-2, U20S, MG-63; U20S xenograft

tumor model in BALB/c nude mice

Decrease the expression of MMP-2 and 9,
reduce the nuclear translocation of p50 and
p65, and the phosphorylation level of lkB-f and
ERK 1/2, and act by down-regulating the NF-xB
signaling pathway

[85]

(Continued)
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Table 3 (Continued).

Disease

Drugs

Cell Line/Animal Model

Action Mechnism

Reference

Spinal cord injury

Multiple sclerosis

Acute ischemic stroke

Porcine circovirus

associated diseases

Porcine reproductive
and respiratory
syndrome virus
(PRRSYV) disease

Gastric mucosal

injury

Asthma

PCI2

Reversed LPS-decreased miR-9 level to
attenuate the loss of viability, stimulation of
apoptosis, and release of pro-inflammatory
cytokines (IL-1B, IL-6, and TNF-a), inhibited
LPS-evoked JNK and NF—«B pathways via a miR-
9-dependent way

[86]

Encephalomyelitisl Wistar rat model

Reduced inflammatory infiltration and
demyelination, and the production of
inflammatory factors including TNF-o, IL-6, and
IL-1B, significantly reduced the expression of
HMGBI, TLR, MyD88, TRAF6, and the p-NF-kB
p65, increased the level of lkB-a, the direct
inhibitory effect of MAT on HMGBI/TLR4/NF-

«B signaling in macrophages was confirmed

[87]

Permanent middle cerebral artery occlusion

SD rat model

Increased the protein levels of IkBa, and blocked
the translocation of NF-«xB p65 from the cytosol
to the nucleus, down-regulated NF-kB p65
downstream pro-apoptotic gene p53 and/or
c-Myc, protected neurons and astrocytes via

inhibition of NF-kB signaling pathway

(88]

Porcine alveolar macrophages (PAMs) cells
model co-infected with PRRSV/PCV2

Down-regulated the expression of TLR3, TLR4
and TNF-a, and suppressed p-lkBo expression,
ihibited antiviral activity against PRRSV/PCV2
co-infection in PAM cells by regulating TLR3, 4/
NF-kB/TNF-a signaling pathway

[89]

Inflammatory model of PAMs by transfecting
PRRSV 5'UTR RNA and LPS

Inhibited the expression of IL-18, IL-6, IL-8 and
TNF-a, down-regulated MyD88, NLRP3 and
caspase-| expression, inhibited ASC spots
formation, suppressed lkBa phosphorylation,
and interfered the translocation of NF-xB from
the cytoplasm to the nucleus, inhibited
inflammatory response through the MyD88/NF-
«B pathway and NLRP3 inflammasome

[90]

Gastric mucosal injury induced by
N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) in rats

Decreased the expression levels of VEGF-C,
VEGFR3, BAX, caspase-3, Cyt-C, TLR4, MyD88
and NF-kB p65, and increased Bcl2 protein level,
reduced gastric mucosal damage induced by
MNNG in rats via the down-regulation of
VEGF-C/VEGFR3 and NF-«xB/TLR4 signaling
pathway.

on

BEAS-2B, MLE-12; allergic airway

inflammation BALB/c mice model

Abrogated the level of IL-4 and IL-13 but
enhanced IFN-y expression, impeded TNF-a-
induced expression of IL-6 and adhesion
molecules, suppressed airway inflammation by
downregulating SOCS3 expression via inhibiting
NF-«kB signaling

[92]

(Continued)
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Table 3 (Continued).

Disease

Drugs

Cell Line/Animal Model

Action Mechnism

Reference

Rheumatoid arthritis

Rat model of rheumatoid arthritis (RA)

Modulated the imbalance of Thl and Th2
cytokine responses in rats with RA by reducing
the levels of Thl cytokines (IFN-y, TNF-a, IL-
1B), but increasing Th2 cytokine (IL-4 and IL-10)
through attenuating the NF-«kB signaling in T

cells

[93]

Type Il collagen-induced arthritis (CIA) in

rats

Decreased the levels of TNF-q, IL-16, IL-6, IL-8,
IL-17A, MMP-2, MMP-3 and MMP-9, also down-
regulated expressions of p-lkB, Cox-2, and

iNOS but up-regulated IkB, possessing the anti-
arthritic effect in CIA rats via inhibiting the NF-

«B pathway activation

[94]

MASM

DBA/I mice with collagen-induced arthritis
(CIA) and fibroblast-like synoviocytes
derived from rheumatoid arthritis patients
(RA-FLS)

Suppressed the expression of inflammatory
mediators pro-inflammatory cytokines (TNF-o,
IL-6, IL-8) and matrix metalloproteinases (MMP-
I, MMP-3 and MMP-13) by inhibiting both the
MAPK and NF-«xB pathways and inducing
apoptosis of RA-FLS

[95]

Osteoarthritis

Endometritis

Atherosclerosis

Matrine

Human articular cartilage chondrocytes

Inhibited the IL-1B-induced release of MMP-3
and MMP-13, and increased the production of
TIMP-1, inhibited the p-p38, p-ERK, p- c-JNK
and p-lkBa degradation in chondrocytes, thus
exerted anti-inflammatory effects by
suppressing the activation of MAPK and NF-xB
signaling pathways

[%€]

Bovine endometrial epithelial cells BEND
cells; Staphylococcus aureus lipoteichoic
acid (LTA)-induced endometritis in BALB/c

mice

Reduced the expression of pro-inflammatory
cytokines (TNF-o and IL- 1), suppressed TLR2
expression and its downstream nuclear factor
(NF)-xB activation, alleviating LTA-induced
endometritis through negative regulation of
TLR2-mediated NF-kB pathway

[97]

HASMCs

Inhibited the expression of VCAM | and ICAM
I in TNF a stimulated HASMC:s via the
suppression of ROS production as well as NF kB

and MAPK pathway activation

[%8]

pathway plays an important role in development, stem cell differentiation, and homeostasis, but abnormal activation or
interruption of this signaling is closely related to the occurrence of various types of diseases.'” Currently, the Wnt/p-
catenin pathway has become one of the major targets for drug discovery and development.

Dai et al'®' explored the effect of matrine on HCC cell proliferation and stemness, and found that matrine inhibited the
proliferation and colony formation of HEPG2 and Huh7 cells in a time-concentration-dependent manner, and the mechanism
may be to inhibit the activation of Wnt/B-catenin signaling pathway, and then interfere with the expression of tumor stem cell
markers epithelial cell adhesion molecule (EPCAM), CD90 and CD133, thereby weakening the malignant biological
characteristics such as infinite proliferation and differentiation of HCC cells, and playing an anti-tumor effect.

Eradication of cancer stem cell-like cells (CSCs) is of great significance for the treatment and prevention of cancer.
Li et al'® focused on the possible roles of matrine on the self-renewal capacity of non-small cell lung cancer (NSCLC)
CSCs and demonstrated that matrine inhibited the properties of CSCs, increased MicroRNA let-7b (Let-7b) levels in a
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Dicerl-dependent manner, and revealed that Let-7b directly targeted and reduced the expression of CCNDI1, thereby
inactivating the CCND1/Wnt signaling pathway and inhibiting EMT. In addition, matrine enhanced the sensitivity of
CSCs to 5-FU and inhibited the accumulation of CCNDI1 in 5-FU-induced tumor tissues. These results illustrated the role
of matrine in inhibiting the properties of NSCLC CSCs and improving the therapeutic effect of 5-FU on NSCLC, and
provided new insight for the molecular mechanism of matrine or combined 5-FU in interventing in the expansion of
NSCLC CSCs, which is helpful to fulfill the anti-NSCLC effect of matrine. Another study by them'®® explored the
potential mechanism of matrine in regulating human breast cancer stem cells (BrCSCs) and found that matrine inhibited
the differentiation and self-renewal of BrCSCs by down-regulating the expression of Lin-28 homolog A (Lin28A), a
well-characterized suppressor of Let-7b, thereby inactivating the Wnt pathway in a Let-7b-dependent manner.
Furthermore, matrine increased the sensitivity of BrCSCs to cisplatin inhibition of tumor expansion in vitro and in
vivo. These data revealed a novel mechanism by which matrine induced breast cancer regression and chemosensitivity.

Xiao et al'® studied the effect of matrine on breast cancer and found that matrine inhibited the viability of breast
cancer 4T1 and MCF-7 cells and induced apoptosis in a dose- and time-dependent manner. In addition, matrine
suppressed the growth of 4T1 tumors, promoted apoptosis, inhibited vascular endothelial growth factor expression,
and down-regulated the levels of major proteins of the Wnt/B-catenin signaling pathway in vivo, suggesting that matrine
can effectively inhibit breast cancer growth by downregulating the Wnt/B-catenin signaling pathway, and may be a
potential treatment for breast cancer.

Liu et al'®

used matrine to stimulate colon cancer SW480 and SW620 cells and found that matrine upregulated the
expression of miR-22, thereby obstructing Wnt/B-catenin and MEK/ERK pathways, significantly inhibiting cell viability,
and inducing apoptosis and cell cycle arrest at GO/G1 phase, while suppression of miR-22 reversed the effect of matrine
on colon cancer cell behaviors, revealing the antitumor activity of matrine in colon cancer cells.

Ma et al'® explored the mechanism of matrine inhibiting the migration and invasion of human pancreatic cancer cell,
and demonstrated that matrine inhibited the proliferation of human pancreatic cancer HPAC and Capan-1 cells in a dose-
effect manner within a certain concentration range, and markedly inhibited the cell migration and invasion. Moreover, the
expression of matrix metallopeptidase 14 (MT1-MMP), MMP-2, MMP-9, Wnt, and B-Catenin significantly decreased
upon matrine treatment. Analysis of MT1-MMP transcriptional activity revealed that matrine mediated downregulation
of MT1-MMP expression through the Wnt signaling pathway. These findings indicated that matrine inhibited the
migration and invasion of HPAC cells by downregulating the Wnt/B-Catenin signaling pathway.

Survivin has been reported to be overexpressed in HCC and promote the malignant progression of HCC. Yin et al'®’
established a Survivin-targeted drug screening platform, screened and identified a matrine derivative bearing a benzo-a-
pyrone structure, WM-127, which was demonstrated to be a strong Survivin inhibitor that inhibited cell proliferation,
induced cell cycle arrest and apoptosis of HCC cells, and showed low cytotoxicity in normal cells. Besides, WM-127 also
suppressed the growth of HCC xenografted tumors in nude mice. Mechanistically, WM-127 may exert its anti-tumor
effect by inhibiting the activity of the Survivin/pB-catenin pathway and upregulating Bax expression. These data implied
that WM-127 may be a promising chemotherapeutic drug for HCC with favorable safety profile.

Ni et al'® evaluated the effect of a novel matrine derivative WM130 on HCC CSCs, and demonstrated that WM 130
significantly and preferentially inhibited hepatic CSCs, while inhibiting the expression of some stemness-related genes
and HCC xenografts growth in vivo. Moreover, they indicated that WM130 in combination with Doxorubicin (DOX)
exhibits a better inhibitory efficacy. Further mechanistic studies revealed that WM130 administration notably reduced
GSK3p (Ser9) phosphorylation and decreased the expression level of B-catenin and its target gene CCND1, as well as the
expression of hepatic stem cell biomarker EPCAM, suggesting that the inhibitory effect of WM 130 on hepatic CSCs was
mediated, at least partly, by inhibiting the Wnt/B-catenin signaling pathway. These findings prompted that WM 130 may
serve as a novel therapeutic candidate for HCC.

We have summarized the relevant studies on the pharmacological effects of matrine through the Wnt/B-catenin
signaling pathway in Table 4.

Drug Design, Development and Therapy 2022:16 https: 553

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lin et al Dove

Table 4 The Relevant Studies on the Pharmacological Effects of Matrine Through the Wnt/B-Catenin Signaling Pathway

Disease Drugs Cell Line/Animal Model Action Mechanism Reference
NSCLC Matrine | A549, H460; A549 xenograft tumor model Increased Let-7b levels, reduced the expression of [102]
in BALB/c nude mice CCNDI, inactivated the CCND I/Whnt signaling pathway

and inhibited EMT, thus inhibited cancer stem-like cell
(CSC) properties

Breast MCF-7, T47D; T47D xenograft tumor Decreased BrCSCs markers (CD133 and KLF4) and Wnt/ | [103]
cancer model in SCID/beige mice CCNDI signaling, increased Let-7b level in LIN28A
dependent manner, suppressed the BrCSCs differentiation
and self-renewal through downregulating the expression of
Lin28A, inhibited BrCSCs via Let-7b/CCND/Wnt
pathway

4TI, MCF-7; 4T | xenograft tumor model in | Reduced the expression of VEGF, Wntl, B-catenin, cyclin | [104]
BALB/c mice D1 and c-Myc, effectively inhibited breast cancer growth by
downregulating the Wnt/B-catenin signaling pathway

Colon SW480, SW620 Enhanced the expression of miR-22, abated B-catenin, [105]
cancer p-MEK and p-ERK levels, thereby blocking Wnt/B-catenin
and MEK/ERK pathways

Pancreatic HPAC, CAPAN-I Reduced the expression of MT1-MMP, MMP2, MMP9, Wnt | [106]
cancer and B-catenin, inhibited HPAC cellular migration and

invasion via the Whnt signaling pathway.

HCC WM- HepG2, Hep3B, Huh-7, LM3, SMMC-7721, | Suppressed the activity of Survivin/B-catenin pathway and | [107]
127 and WRL-68; HuH-7 xenograft tumor the expression of Bax to induce cell cycle arrest and
model in BALB/c nude mice apoptosis
WMI30 | Hep3B, MHCC-LM3, and MHCC-97H; Decreased the p-GSK3p (Ser9), B-catenin and its target [108]
MHCC-LM3 xenograft tumor model genes Cyclin DI and EpCAM, remarkably inhibited hepatic
CSCs via the inhibition of GSK3f/B-catenin signaling
pathway

Matrine Exerts Pharmacological Effects Through the MAPK Signaling
Pathways

MAPK belongs to a large family of conserved serine-threonine protein kinases that mediate the cascade of important
signal transduction pathways from extracellular signals to intracellular reactions in eukaryotic cells. For example, MAPK
is phosphorylated and activated by MAPK kinase (MAPKK), MAPKK is phosphorylated and activated by MAPKK
kinase (MAPKKK), and MAPKKK is activated by interacting with small GTPase and/or other proteases, thereby linking
MAPK with cell surface receptors and extracellular signals to jointly regulate various physiological and pathological
processes, such as cell proliferation, differentiation, apoptosis, and the stress response.'’

Four MAPK cascade signal transduction pathways have been identified in eukaryotic cells: extracellular signal-
regulated protein kinase 1/2 (ERK1/2), JNK/stress-activated protein kinase (SAPK), p38 MAPK, and ERKS signal
transduction pathway. Erk1/2 was the earliest discovered classical Ras-Raf-MAPK signal transduction pathway, which
participates in the signal transduction of various growth factors, cytokines, mitogens, and hormone receptors after
activation and plays an important regulatory role in cell proliferation, growth, and differentiation. The JNK/SAPK and
p38 MAPK signaling pathways are mainly responsible for signal transduction of various stress responses (such as UV,
heat shock, and hypertonic pressure), chemotherapy drugs, and stimulation of inflammatory factors, and are involved in
the regulation of apoptosis.''® Studies have shown that abnormal or excessive activation of the MAPK signaling pathway
plays a significant role in the malignant transformation and evolution of cells.
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Tan et al''! investigated the inhibitory effect of matrine on lung cancer cells and confirmed that matrine inhibited
NSCLC cell proliferation and induced apoptosis by inhibiting Bcl-2 and activating caspase-3 and PARP. Additionally,
matrine significantly increased the phosphorylation of p38, and inhibition of the p38 pathway partially prevented
matrine-induced apoptosis. Furthermore, matrine stimulated ROS generation in a dose- and time-dependent manner.
These findings indicated that matrine may be a promising NSCLC drug by activating the p38 pathway, inducing ROS
production in non-small cell lung cancer cells, and leading to caspase-dependent apoptosis.

Yang et al''? explored the anticancer effect of matrine on human lymphoma cell line (U937) and found that matrine
significantly suppressed the proliferation of U937 cell and induced apoptosis in vitro, inhibited the activity of ERK but
increased the activities of p38 and JNK, suggesting matrine may promote apoptosis through the MAPK signaling
pathway, and further provide experimental evidence for lymphoma chemotherapy and combination therapy.

Studies have shown that the MAPK pathway, a downstream signaling pathway abnormally activated by BCR/ABL
tyrosine kinase, plays an important role in the occurrence and development of chronic myelogenous leukemia (CML).
Ma et al''® studied the underlying molecular mechanism of the effect of matrine on CML K562 and HL-60 cells and
demonstrated that matrine treatment significantly inhibited the expression of BCR/ABL in CML cells, downregulated the
phosphorylation levels of MEK1, ERK1/2, and their upstream adaptor molecules Src homology 2 domain (SPH2) and
Src homology 2 domain containing protein C (Shc), as well as the expression levels of BCL2-like 1 (Bcl-xL), CCND1,
and c-Myc. Moreover, matrine significantly reduced the mortality of human leukemia cells-bearing mice. These results
indicated that matrine inhibited the growth of CML cells by inhibiting the ERK/MAPK signaling pathway mediated by
BCR/ABL, suggesting that matrine has a certain anti-leukemia activity.

MAPK/ERK has been found to be a crucial signaling pathway promoting endothelial cell proliferation, differentiation

and survival. Lu et al''*

studied the potential mechanism of matrine against lung cancer angiogenesis and found that
matrine significantly inhibited the proliferation, migration, and p-ERK expression of HUVECs induced by conditioned
medium of A549 human lung cancer cells, implying that suppressed MAPK/ERK signaling pathway is involved in the
mechanism of matrine against angiogenesis in lung carcinoma, providing an experimental basis for the clinical applica-
tion of matrine in the treatment of lung carcinoma.

A study by Ren et al''® explored the anti-metastatic effect of matrine on colorectal cancer (CRC) and found that
matrine inhibited the proliferation, migration and invasion of CRC cells in vitro and in vivo. Additionally, matrine
treatment significantly reduced the expression levels and proteinase activities of MMP-2 and MMP-9 in a dose-dependent
manner, and decreased the phosphorylation level of p38. It was also found that the combination of p38 inhibitor
SB203580 and matrine synergistically reduced CRC cell invasion and MMP-2/9 expression. These findings suggested
that matrine may be involved in the inhibition of CRC cell migration and invasion by reducing the expression of MMP-2/
9 through the p38 signaling pathway, and may serve as a potential CRC therapeutic drug.

Xin et al''® found that matrine significantly inhibited the viability, migration and invasion of ovarian cancer cells, and
induced apoptosis. In addition, matrine treatment significantly upregulated the expression levels of p38MAPK, p-ERK/
ERK, and p-JNK/JNK, while p38MAPK knockdown significantly downregulated the expression levels of p-ERK/ERK
and p-JNK/JNK, promoting the viability, migration and invasion of ovarian cancer cells. Moreover, they also demon-
strated that p38MAPK was involved in matrine-induced apoptosis of ovarian cancer cells by upregulating the expression
of Fas cell surface death receptor (Fas) and caspase-8. This study showed that matrine significantly inhibited cell
viability, migration and invasion, and induced apoptosis by up-regulating the p38 MAPK-mediated ERK/INK signaling
pathway, and in vivo experiments further verified these findings, which may provide a basis for evaluating the efficacy of
matrine in the treatment of ovarian cancer.

Hai et al''” further studied the therapeutic potential of matrine on prostate cancer based on the cancer genome atlas
(TCGA) database, and identified growth arrest and DNA damage inducible beta (GADD45B) as one of the major target
genes of matrine. GADD45B is a tumor-suppressive gene involved in the regulation of cell cycle, DNA damage repair,
cell survival, senescence, apoptosis, and other cellular processes. They found that matrine promoted the expression of
GADDA45B through the p38/JNK and ROS-GADD45B-p38 signaling pathways, and the higher level of GADD45B
indicate the better survival of prostate cancer patients. These findings suggested that matrine can be used to treat prostate
cancer patients and improve their survival.
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A research by Ma et al''® investigated the effect of matrine against human osteosarcoma MG-63 cells through
autophagy, and found that matrine significantly inhibited cell proliferation and induced cell apoptosis, and upregulated
the expression of pro-apoptosis-related proteins Bax, LC3II, and p-ERK, and downregulated the expression of anti-
apoptotic protein Bcl-2 in a time-dependent manner. Furthermore, matrine induced protective autophagy in MG-63 cells,
and demonstrated for the first time that matrine-induced autophagy attenuated apoptosis through the ERK1/2 signaling
pathway. This study indicated that matrine combined with autophagy inhibitors (including CHQ) or ERK signaling
pathway inhibitors (including U0126) may be a promising therapeutic strategy for osteosarcoma.

Zhou et al''? studied the anti-inflammatory effect of matrine on oxidized low-density lipoprotein (ox-LDL)-exposed
macrophages, and found that matrine significantly inhibited the inflammatory response of ox-LDL-induced macrophages,
reduced the intracellular ROS levels. In addition, matrine reduced the relative phosphorylation of MAP Kinase Kinase
(MKK) 3, MKK6, and p38 MAPK. These results suggested that matrine may inhibit ox-LDL-induced inflammation by
inhibiting the activation of MKKs/p38 MAPK signaling pathway, providing evidence and clues for the potential
application of matrine in the clinical treatment of atherosclerotic diseases.

AGEs have been reported to mediate diabetic vascular complications, trigger ROS overproduction, and induce

1'?% indicated that administration of matrine-

apoptosis in aortic endothelium cells both in vitro and in vivo. Liu et a
type alkaloids (ie, matrine, oxymatrine and sophocarpine) suppressed intracellular ROS levels and endothelial cell
apoptosis by restoring the phosphorylation of MKK3/6 and the activation of p38 MAPK/Nrf2/ antioxidant response
element (ARE) in vitro and in vivo. These findings proved that matrine-type alkaloids have endothelial protective effects
on ROS-mediated AGEs-induced apoptosis of aortic endothelial cells by targeting MKK3 and p38MAPK signaling, and
provide clues for the potential clinical application of matrine-type alkaloids in the therapy of diabetic vascular
complications.

Zhang et al'?!

explored the effect of matrine on cardiac fibrosis and found that matrine significantly reduced fibrosis
reconstruction and cardiac dysfunction induced by aortic banding (AB) operation or continuous injection of isoproterenol
(ISO) in mice, and significantly inhibited the proliferation, migration, collagen production and phenotypic transdiffer-
entiation of cardiac fibroblasts. Mechanistically, matrine inhibited the activation of p38 both in vitro and in vivo, but
overexpression of p38 eliminated the protective effect of matrine. It was also confirmed that the upregulation of RPS5
was associated with matrine-mediated p38 inhibition and fibrogenesis. What’s more, matrine can improve preexisting
cardiac fibrosis in mice. From these results, it can be seen that matrine treatment attenuated cardiac fibrosis in mice by
regulating the RPS5/p38 signaling pathway, and may be an effective drug for the treatment of pathological cardiac
fibrosis.

Wu et al'*? evaluated the anti-tumor effect of matrine in cervical cancer and found that matrine significantly inhibited
the growth of cervical cancer cells by inducing apoptosis, and suppressed the invasion and migration ability of cervical
cancer cells in a concentration-dependent manner in vitro, while in vivo by intraperitoneal (i.p.) injection of matrine
significantly reduced the growth of xenograft tumor. Mechanistically, matrine reduced the expression and activity of the
ECM factors, MMP-2 and MMP-9 by inhibiting the p38 signaling pathway. These findings suggested that matrine may
suppress the growth and metastasis of cervical cancer by downregulating the p38 signaling pathway, providing a potential
drug candidate for the treatment of cervical cancer.

MASM, a matrine derivative, has been reported to inhibit the activation of macrophages, dendritic cells, and hepatic
stellate cells, and bind to RPS5. Xu et al'*® evaluate the effect of MASM on murine-established lethal sepsis and found
that MASM markedly attenuated LPS-induced release and expression of TNFa, IL-6, and NO/iNOS in murine peritoneal
macrophages and RAW264.7 cells. Meanwhile, MASM inhibited LPS-induced activation of NF-kB and MAPK path-
ways. They also found that RPSS5, a cellular target of MASM, inhibited LPS-induced inflammatory response, at least
partially mediating the anti-inflammatory effects of MASM in vitro. Furthermore, MASM significantly improved overall
survival in mice model of sepsis. The mechanism of action of MASM observed in this study may be related to the RPS5-
mediated suppression of NF-kB and MAPK activation and the decrease in the expression of proinflammatory mediators,
indicating that MASM may be further used in the treatment of sepsis. Li et al'** found a protective effect of MASM
against rats with lethal total body irradiation (TBI), and that MASM pretreatment reduced the symptoms of radiation
sickness and increased the survival of rats before or after lethal TBI, which may be mainly or partly by modulating
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multiple MAPK pathways. These results suggested that MASM has the potential to serve as an effective therapeutic or

radioprotective agent to minimize radiation damages and improve the efficacy of combined oncology radiotherapy.

The maturation of dendritic cells (DCs) is a crucial step in the development of T-cell immune responses and immune

tolerance. Xu et al'®® investigated the inhibitory effect of MASM on LPS-induced maturation of mouse bone marrow-

derived DCs and found that MASM suppressed the maturation of phenotypic and functional DCs, which was associated

with the downregulation of NF-kB, MAPKSs, and PI3K/AKT signaling pathways. These findings may provide new insight

into the immunosuppressive effects of MASM.

We have summarized the relevant studies on the pharmacological effects of matrine through the MAPKSs signaling

pathway in Table 5.

Table 5 The Relevant Studies on the Pharmacological Effects of Matrine Through the MAPK Signaling Pathway

Disease

Drugs

Cell Line/Animal Model

Action Mechanism

Reference

NSCLC

Lymphoma

CML

Lung cancer

Colorectal

cancer

Ovarian cancer

Prostate cancer

Osteosarcoma

Atherosclerosis

Matrine

A549, NCI-H358

Increased the p-p38, inhibited Bcl2 and activated caspase-3 and
PARP, caused NSCLC apoptosis via induction of ROS generation
and subsequent activation of MAPK/p38 signaling pathway

[

U937

Inhibited the activity of ERK and increased the activities of p38
and JNK, promoted cell apoptosis through MAPK signaling
pathway

[112]

K562, HL-60; K562 cells xenograft tumor model in
NOD/SCID mice

Down-regulated the p-MEKI, p-ERK1/2, and their upstream
adaptor molecules Shc and SHP2, reduced the expression of
BCR/ABL, Bcl-xL, Cyclin DI, and c-Myc, increased the expression
of p27, inhibited cell growth by inhibiting the BCR/ABL-mediated
ERK/MAPK signaling pathway

[113]

A549, HUVECs

Decreased expression of p-ERK, resisted lung cacinoma

angiogenesis by suppressing the MAPK/ERK signal transduction

114]

HT29, DLDI; HT29 xenograft BALB/c nude mice

and lung metastasis model

Reduced the expression levels and proteinase activity of MMP-2
and MMP-9, as well as the phosphorylation level of p38, inhibited
the proliferation and invasion of colorectal cancer cells via

reducing the activity of p38 signaling pathway

[115]

CAOQV-3; CAOV-3-derived xenograft mice model

Upregulated caspase 8 and Fas expression, downregulated Bcl2,
Bcl xl, ATIP3a, HMGA2, MTA-1 and FN expression levels, and
increased p38MAPK, p-ERK/ERK and pJNK/JNK expression levels,
suppressed ovarian cancer cell viability, migration and invasion via
the p38MAPK-mediated ERK/JNK signaling pathway

[116]

DU145, PC3

Promoted the expression of tumor suppressor gene GADD45B
through p38/JNK, ROS-GADD45B-p38, or other signal pathways

to inhibit tumor invasion and improve patient survivals

[17]

MG-63

Up-regulated the expression of Bax, LC3Il and phosphorylated
ERK, down-regulated Bcl-2, induced autophagy thus attenuated
cell apoptosis via the ERK /2 pathway

[118]

THP-1

Reduced intracellular ROS level and supernatant IL18 and TNFa
concentrations and increased TAC, reduced p-MKK6, p-MKK3,
and p-p38 MAPK, as well as the expression levels of ILI8 and
TNFalpha, suppressed ox-LDL-induced inflammation by inhibiting
the activation of MKKs/P38 MAPK signaling pathway

[119]

(Continued)
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Table 5 (Continued).

Disease Drugs Cell Line/Animal Model Action Mechanism Reference
Rat aortic endothelial cells (RAECs); AGEs-induced | Recovered p-MKK3/6 and p-p38 MAPK, Nrf2 nuclear [120]
oxidative stress SD rat model translocation, and antioxidant response element binding activity,

as well as the expression levels of HOI and NQOI, increased
antioxidant ability of RAECs to inhibit ROS-mediated apoptosis by
regulating the p38 MAPK/Nrf2/ARE pathway

Pathological Neonatal rat cardiac fibroblasts; aortic banding (AB) | Suppressed p38 activation, upregulated RPS5, and ameliorated [121]

cardiac fibrosis operation or isoprenaline (ISO) induced pathological | preexisting cardiac fibrosis in mice, which may attenuate cardiac
cardiac fibrosis mice model fibrosis by regulating RPS5/p38 signaling pathway

Cervical cancer Hela, C33A; Hela cells subcutaneous xenograft Decreased the expression and activity of the extracellular MMP-2 | [122]
nude mice model and MMP-9 via the suppression of p38 signaling pathway, thereby

inhibited the growth and metastasis of cervical cancer

Sepsis MASM Primary macrophages, RAW264.7; LPS-induced Attenuated release and mRNA expression of TNFa, IL6, and NO/ | [123]
endotoxemia and Cecal Ligation and Puncture inducible NO synthase, inhibited RPS5-mediated activation of
(CLP)-induced sepsis NFkB and MAPK pathways

Radiation Total-body irradiation Wistar rat Prevented differential expression of 53% (765 genes) of 1445 [124]

sickness differentially expressed genes induced by TBI, providing the

protective effects on lethal TBI mainly or partially through the
modulation of pathways, such as metabolic pathways, pathways in
cancer, and MAPK pathways

Autoimmune Primary dendritic cells Inhibited LPS-induced expression of costimulatory molecules [125]

diseases CD80 and CD86, attenuated IL-12p70, TNF-a, IL-6 and NO

release of DCs, suppressed the phenotypic and functional
maturation of murine DC by down-regulation of NF-kB, MAPKs
and PI3K/Akt signaling pathways

Matrine Exerts Pharmacological Effects Through the Notch Signaling
Pathway

The Notch gene was originally identified by Thomas H. Morgan et al in mutant fruit flies and is so named based on its
dominant wing notching phenotype. The Notch signaling pathway is an evolutionarily highly conserved transduction
system, but unlike TGF-f, Wnt, Hedgehog, and other signaling pathways, activation of canonical Notch signaling is
generally initiated by a ligand-binding process to the Notch receptor between two adjacent cells.'*

To date, four Notch receptors (Notches 1-4) expressed on the surface of cell membranes and five transmembrane
ligands, including delta-like ligand (DLL) 1, 3, and 4, and jagged canonical Notch ligand 1 and 2 (Jagged 1/2), have been
described in mammals. After activation, Notch receptors are proteolytically cleaved by two proteases, a disintegrin and
metalloprotease (ADAM) and gamma-secretase (GS), followed by cytoplasmic release and nuclear translocation of the
notch intracellular domain (NICD), and further binds to the transcription factor CSL and participates in the transcrip-
tional modulation of downstream target genes.'”” The Notch signaling pathway governs many cellular core processes
including cell fate and plays a crucial regulatory role in diverse biological processes such as the development,
differentiation, survival, and functions of many immune cell populations.

Contractile-synthetic phenotypic conversion of VSMCs results in the formation of atherosclerotic plaque through

abnormal synthesis, secretion, and deposition of ECM. Liu et al'?®

investigated the effect and underlying mechanism of
matrine on AGE-induced VSMC contractile-synthetic phenotypic conversion. They found that matrine restored AGE-
induced contractile-synthetic phenotypic conversion by increasing intracellular MYHI11 and smooth muscle o-actin
(ACTA2) in HCSMCs, reduced AGE-mediated activation of Notch signaling, and downregulated the expression levels

of NICDI, Hes family basic helix-loop-helix (bHLH) transcription factor 1 (HES1), collagen I, as well as collagen VIII

https:
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and collagen secretion. Moreover, matrine treatment inhibited the expression of DIl4 without affecting other Notch
ligands in HCSMCs exposed to AGEs. These results indicated that matrine blocked AGE-induced HCSMC phenotypic

1'% also carried out relevant

conversion by suppressing the activation of the DI14-Notch signaling pathway. Zhao et a
studies and confirmed that matrine inhibited AGE-induced phenotypic transformation of HCSMCs in a concentration-
dependent manner and reduced the expression levels of glucose-regulated protein 78 (GRP78), DII4, NICD1, and HES1
and the phosphorylation level of protein kinase RNA-like ER kinase (PERK). This suggested that matrine suppressed
AGE-induced HCSMC phenotypic conversion by attenuating endoplasmic reticulum stress PERK signaling-dependent
DIl4-Notch signaling pathway activation. These studies provide a theoretical basis for the clinical application of matrine
in the treatment of arteriosclerosis.

In vivo administration of matrine was observed to promote oval cell-mediated liver regeneration in rats, suggesting
that matrine may affect the differentiation of hepatic progenitor cells. To further investigate the effect of matrine on the
differentiation of rat hepatic progenitor WB-F344 cells, Yang et al'*® collected rat serum after administering matrine and
co-cultured WB-F344 cells with rat serum. Matrine serum was found to inhibit the proliferation of WB-F344 cells,
downregulate Jagged1 and HES1, upregulate albumin (ALB), induce WB-F344 cells differentiation; and also found that
Notch signaling pathway activator reversed the effects of matrine serum. These findings indicated that matrine may
induce differentiation of hepatic progenitor cells by inhibiting the Notch/Jagged1/HES1 signaling pathway.

Shi et al'®!' found in HCC patients, the hyperactive Notch pathway was closely related to poor liver function, and
confirmed that the Notch pathway could maintain stem cell properties of hepatic oval cells (HOCs). In addition, matrine
inhibited the stem cell properties of HOCs, inhibited Notchl, Jaggedl, HES1, and the HOC markers Alpha-fetoprotein
(AFP), cytokeratinl9 (CK-19), and C-Kit (KIT proto-oncogene, receptor tyrosine kinase) expression, but increased ALB
secretion in mature hepatocytes. In the rat Solt-Farber precancerous lesion model, prophylactic matrine attenuated liver
injury, downregulated the Notch pathway and the expression of HOC markers, and dose-dependently upregulated ALB.
These suggested that matrine can induce HOCs to differentiate into hepatocytes by inhibiting the Notch signaling
pathway and alleviate liver injury, providing a novel strategy for the treatment of severe liver damage and the prevention
of HCC.

Shi et al'*? established a rat model of drug-resistant hepatocyte and further explored the effect of matrine on the early
changes of liver carcinogenesis. They indicated that matrine treatment significantly inhibited the development of
precancerous lesions, including restoration of hepatic cord structure, reduction of hepatic edema and degeneration, and
changes in AFP and ALB expression. In addition, the activation of Notch signaling pathway was detected in the model,
while the application of high-dose matrine significantly reduced the expression levels of Notch pathway components
Notchl and HESI, indicating that matrine may prevent the early development of HCC-like lesions by suppressing the
activation of Notch signaling pathway, and may be an effective chemopreventive agent for HCC.

We have summarized the relevant studies on the pharmacological effects of matrine through the Notch signaling
pathway in Table 6.

Matrine Exerts Pharmacological Effects Through the JAK/STAT Signaling
Pathway

The JAK/STAT signaling pathway is an evolutionarily conserved signaling cascade that is essential for numerous
developmental and homeostatic processes. The pathway communicates information from extracellular chemical signals
to receptors that permit their associated intracellular JAKs to phosphorylate one another. Trans-p-JAKs then phosphor-
ylate and activate downstream STATs, which are transported into the nucleus, bind as dimers or as more complex
oligomers to specific enhancer sequences in target genes, and regulate their transcription.'*® There are three key parts of
JAK/STAT signaling: JAKs, STATs, and tyrosine kinase-related receptors (which bind the chemical signals). These
signaling pathways are involved in cell proliferation, differentiation, apoptosis, immune regulation, and hematopoiesis, as
well as other cellular processes.'** Disrupted JAK/STAT signaling may lead to a variety of diseases, such as skin
conditions, cancers, and disorders affecting the immune system.
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Table 6 The Relevant Studies on the Pharmacological Effects of Matrine Through the Notch Signaling Pathway

Disease Drugs | Cell Line/Animal Action Mechanism Reference
Model
Atherosclerosis | Matrine | HCSMCs Reduced AGEs-mediated activation of Notch signaling, inhibited Notch [128]

ligand DII4 expression, down-regulated expression of NICDI, HESI,
collagen | and collagen VIl and collagen secretion contents, blocked the
contractile-synthetic phenotypic conversion by suppressing DIl4-Notch
signaling pathway activation

Reduced expression level of GRP78, DIl4, NICDI, HES| and the [129]
phosphrylation level of PERK, and suppressed AGE-BSA-induced phenotypic
conversion of HCSMC:s via attenuating ER stress PERK signaling-dependent
DIl4-Notch pathway activation.

Liver WB-F344 Inhbited the expression of the Notch signaling ligands, Jagged| and HESI, [130]
regeneration and upregulated the expression of ALB, induced hepatic progenitor cells

differentiation by inhibiting Notch/Jagge I/HES| signaling pathway

HCC WB-F344; rat Solt- Inhibited stem cell characteristics of HOCs, the expression of Notch-I, [131]
Farber precancerous Jagge-1, Hes-1 and HOC markers AFP, CK-19, C-Kit, but upregulated ALB,
model and induced HOC: to differentiate into hepatocytes by inhibiting the Notch

signaling pathway to reduce liver damage

Rat model of drug- Decreased the expression of AFP, increased the expression of ALB, and [132]
resistant hepatocytes reduced the expression levels of Notch pathway components Notchl and
Hesl, and prevented the early development of HCC-like lesions by
inhibiting the activation of Notch pathway

Ma et al'®

matrine intragastrically. They found that matrine treatment significantly relieved the severity of alveolitis and PF,

instilled bleomycin intratracheally in C57BL/6 mice to establish a PF model and then administered

inhibited the growth of pulmonary fibrocytes, and downregulated the abnormal expression of JAK, STATI, and
STAT3, showing that matrine exerts its anti-fibrotic effect by inhibiting the JAK-STAT signal transduction pathway,
which may provide a new target for PF treatment.

Ma et al'*® investigated the growth inhibitory effect of matrine on CML K562 cells and found that matrine
significantly inhibited the phosphorylation levels of STAT3 and JAK2, inhibited the transcription and protein expression
of downstream regulatory genes Bel-xL, CCND1 and c-Myc of STAT3, and inhibited the IL-6 expression and secretion.
Furthermore, matrine treatment decreased the upregulation of STAT3, JAK2, p-STAT3, and p-JAK?2 protein in K562 cells
after IL-6 pretreatment. These findings suggested that matrine exerts its anti-leukemia effect by interfering with the JAK/
STAT?3 signaling pathway, and inhibiting the expression of IL-6 may be the initial mechanism of matrine regulated JAK/
STAT3 signaling. Lu et al,"*” who belong to the same group as Ma et al, showed that matrine induced the expression of
an killer cell lectin like receptor K1 (NKG2D) ligand UL 16 binding protein 2 (ULBP2) in CML K562 cells and enhanced
natural killer (NK) cell cytotoxicity, which is related to the inhibition of IL-6 expression, which in turn suppressed the
activation of IL-6 receptor-mediated JAK/STAT3 signaling pathway. These studies provided useful evidence for further
elucidating the underlying mechanism of matrine in the treatment of leukemia, as well as its clinical application.

Resistance to EGFR inhibitors is a major threat to patients with EGFR-mutant NSCLC. Chen et al'*® demonstrated
that matrine treatment reduced the expression of IL-6, inhibited the activation of JAK1/STAT3 signaling pathway, and
restrained the growth of T790M EGFR-mutated NSCLC H1975 cells, while afatinib and matrine combination strength-
ened the inhibitory effects of afatinib, indicating that matrine enhanced the toxicity of afatinib toward H1975 cells by
suppressing the activation of the IL-6/JAK1/STAT3 signaling pathway. Combination of matrine and afatinib in patients
with T790M EGFR-mutant NSCLC may be a successful treatment strategy.
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Excessive proliferation of FLS and intrinsic resistance to apoptosis are significant mechanisms for the occurrence of
RA. Nevertheless, the effect of matrine on FLS in RA is unclear. Yang et al'*® explored the effect of matrine in the CIA
rat model and found that matrine significantly reduced the arthritis index (AI) and improved ankle pathology, inhibited
the proliferation of FLS in CIA rats, induced G0/G1 cell cycle arrest and apoptosis. In addition, matrine treatment also
suppressed the phosphorylation of JAK2, STAT1, and STAT3. It is suggested that matrine exerted anti-proliferative and
pro-apoptotic effects on FLS by inhibiting the activation of JAK/STAT signaling pathway, and may serve as a novel RA
therapeutic agent.

We have summarized the relevant studies on the pharmacological effects of matrine through the JAK/STAT signaling
pathway in Table 7.

Matrine Exerts Pharmacological Effects Through Other Signaling Pathways
The AMP-activated protein kinase (AMPK) signaling pathway is a fuel sensor and regulator that promotes ATP-
production and inhibits ATP-consuming pathways in various tissues, and also plays an important role in the regulation
of cellular energy homeostasis.'*>"'*! It is therefore a potential target in the development of new treatments for obesity,
type II diabetes, metabolic syndrome, and cancer.'** Lu et al'*® explored the cardioprotective effect of matrine on
cardiomyocyte damage under hypoxia/reoxygenation and found that matrine significantly increased cardiomyocyte
viability and inhibited apoptosis after hypoxia/reoxygenation. In addition, matrine administration upregulated Sirtuin 3
(Sirt3) and AMPK expression and activity in the presence of hypoxia/reoxygenation, where inhibition of the Sirt3/AMPK
pathway abolished the cardioprotective effect of matrine in cardiomyocytes. These findings demonstrated that matrine
reduced hypoxia/reoxygenation-mediated cardiomyocyte death by activating the Sirt3/AMPK pathway, which may
provide novel insight into the treatment of myocardial ischemia-reperfusion injury. Xie et al'** found that matrine
inhibited proliferation and induced apoptosis in hepatoma cells and stimulated autophagy in HCC HepG2 cells in an
mTOR-independent manner. Further studies showed that autophagy induced by matrine was regulated by p53 inactiva-
tion through AMPK signal transduction, and inhibition of AMPK converted autophagy to apoptosis. These results

Table 7 The Relevant Studies on the Pharmacological Effects of Matrine Through the JAK-STAT Signaling Pathway

Disease Drugs Cell Line/Animal Model Action Mechanism Reference
Pulmonary Matrine MRCS; Bleomycin (BLM)- Down-regulated the abnormal expression of JAK, STAT| and [135]
fibrosis (PF) induced PF C57BL/6 mice STAT3, and play an anti-fibrotic effect by inhibiting the JAK-STAT

model signal transduction pathway
Leukemia K562 Down-regulated the p-STAT3 and p-JAK2 expression, decreased | [136]

the Bcl-xL, Cyclin D1, and IL-6 levels, play anti-leukemia effects
by interfering with JAK/STAT3 signaling pathway

K562, NK92 Induced the expression of the NKG2D ligand ULBP2, enhanced | [137]
the cytotoxicity of NK cells, inhibited IL-6 expression and the
protein levels of p-STAT3 and p-JAK2, and suppressed the
activation of the IL-6 receptor-mediated JAK/STAT3 signaling

pathway
NSCLC Matrine or H1975 Decreased IL 6 expression, inhibited activation of the JAKI/ [138]
combination STAT3 signaling pathway, reduced the expression levels of Bcl 2
with afatinib and inhibits cell growth; increased the inhibitory effects of

afatinib on H1975 cells with the T790M EGFR mutation

Rheumatoid | Matrine Fibroblast-like synoviocytes; Decreased Bcl-2 levels but increased Bax and caspase-3 levels, [139]
arthritis Collagen-induced arthritis SD | diminished the phosphorylation, and hence activation of JAK2,
rat model STATI and STAT3, induced apoptosis by inhibiting the activation

of JAK/STAT signaling pathway
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suggested that the p53/AMPK signaling pathway is involved in matrine-induced autophagy, and pharmacological
regulation of autophagy may improve the therapeutic effect of matrine against HCC.

Mitochondrial homeostasis is closely related to the progression of HCC through multiple mechanisms and is a
potential tumor suppressor target in clinical practice. Cao et al'*® investigated the effect of matrine on mitochondrial
homeostasis in HCC HepG2 cells and showed that matrine treatment activated mitochondrial fission, which promoted
mitochondrial dysfunction and initiated apoptotic pathways to inhibit cell proliferation. Moreover, they verified that the
macrophage stimulating 1 (MST1)/JNK signaling pathway was necessary for matrine-modulated mitochondrial fission
and that matrine-mediated mitochondrial dysfunction can be reversed by inhibiting this pathway. These results suggested
that matrine has an anti-HCC effect via activating the mitochondrial division mediated by the MST1/INK pathway. Yang
et al'*® established a rat oval cell-mediated liver regeneration model and found that matrine accelerated the recovery of
hepatic function and decreased the expression of the OV6 protein (oval cell marker), recombination signal sequence-
binding protein Jk (RBP-Jk), and HES1, suggesting that matrine promoted oval cell-mediated liver regeneration through
downregulation of the RBP-Jx/HES1 signaling pathway. These findings highlight new strategies for potential targets and
treatment of HCC.

Lu et al'¥’

studied the effect of matrine on lung adenocarcinoma A549 cells and found that matrine inhibited the
proliferation and migration ability of A549 cells, which may be associated with the induction of p53 and p21 over-
expression and the reduction of the expression of proliferating cell nuclear antigen (PCNA) and eukaryotic translation
initiation factor 4E (eIF4E), indicating the p53/p21/PCNA/eIF4E signaling pathway may be a new discovery in the
treatment of lung adenocarcinoma with matrine. Abnormalities in the c-Myc gene make the clinical manifestations of
diffuse large B-cell lymphoma (DLBCL) more aggressive. Gu et al'*® found that the growth inhibitory effect of matrine
on human B lymphoma SU-DHL-16 cells could be rescued by overexpression of c-Myc via recombinant adenovirus
infection, the ectopic expression of c-Myc protein rescued the decreased expression of CDK6, and matrine treatment
downregulated the phosphorylation of calcium/calmodulin dependent protein kinase II gamma (CaMKIly), a critical
protein kinase of c-Myc, confirming that matrine suppressed cell growth of DLBCL by inhibiting te CaMKIIy/c-Myc/
CDKG6 signaling pathway. Studies suggest that the dysregulation of the INK pathway and neurotrophic factors play a key
role in the pathogenesis of neurobehavioral disorders (anxiety and depression). Khan et al'* observed that matrine
treatment ameliorated anxiety- and depression-like emotional states in an acute burn injury mouse model by modulating
JNK-mediated inflammation, oxidative stress, apoptosis, and brain-derived neurotrophic factor (BDNF)/VEGF signaling
pathway, targeting the JNK and BDNF/VEGF signaling by matrine may represent a novel strategy for the treatment of
neurobehavioral disorders.

We have summarized the relevant studies on the pharmacological effects of matrine through other signaling pathways
in Table 8.

Conclusions

Researchers have carried out many beneficial studies on the roles and molecular mechanisms of matrine in the treatment
of different pathological processes. Matrine acts on tissues and cells through multiple signaling pathways, exerting
pharmacological functions such as anti-tumor, anti-inflammatory, and anti-fibrosis. Studies have reported that matrine has
a strong inhibitory effect on various tumor cells, and its molecular mechanism lies in regulating cell cycle progression,
promoting apoptosis, inhibiting tumor invasion and metastasis, inducing autophagy, reversing multidrug resistance in
tumor cells, and regulating metabolism through mediating multiple cellular signaling pathways such as the PI3K/AKT/
mTOR,1343 NF-1<B,77*85 Wnt/|3-catenin,1°1*108 MAPKs,m*118 Notch,13 1132 and JAK-STAT!36-138 pathways. Non-cod-

16,19,22,41,42,102,103,105 : _1: . . .
6.19.22.41.42.102.103.105 1) Jjcating that the anti-tumor mechanisms of

ing RNAs also play an important role in these events,
matrine involve multi-pathways, multi-targets, and multi-systems. In addition, matrine has anti-inflammatory effects in a
variety of organ system diseases such as those of the cardiovascular, cerebrovascular, liver, kidney, and immune systems.
Its mechanism of action may be related to blocking inflammatory signaling pathways induced by PI3K/AKT/
mTOR, 474 NF-«B,’6-86-87:90.92-95.97.98 a4 p38/MAPKs,'"” ultimately inhibiting the release of inflammatory factors
(IL-1B, IL-6, IL-8, TNF-a, etc.) and the expression of matrix metalloproteinases (MMP-1, MMP-2, MMP-3, MMP-9 and

MMP-13, etc.), promoting the antioxidant-related Nrf2 signaling pathway to inhibit oxidative damage and improving the
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Table 8 The Relevant Studies on the Pharmacological Effects of Matrine Through Other Signaling Pathways

Disease Drugs | Cell Line/ Action Mechanism References
Animal
Model
Myocardial Matrine | H9C2 Up-regulated Sirt3 and AMPK expression, reduced hypoxia/reoxygenation- [143]
Infarction mediated cardiomyocyte death by activating the Sirt3/AMPK pathway in

cardiomyocytes

HCC HepG2, Increased p70S6K, AMPK and p53 levels, decreased Akt, ERK expression, the p53/ | [144]
SMMC-7721 AMPK signaling pathway is involved in matrine-promoted autophagy

HepG2, Huh7 | Increased Caspase3, PARP, Caspase9, Bax, Bad, Mstl, and JNK; decreased Cyclin | [145]
D, CDK4, Cytc, CyclinD1, and CyclinE, induced mitochondrial dysfunction and

amplified cell apoptosis via Mst|/JNK-mediated mitochondrial fission

Liver damage 2-AAF/PH rat | Decreased OV6 protein, RBP-Jx and HESI mRNA expression, promoted oval cell- | [146]
model mediated liver regeneration by down-regulating the RBP-JK-HES| signaling
pathway
Lung cancer A549 Induced apoptosis and growth inhibition of lung cancer cells by overexpression of | [147]

p53 and p21, and reduction of PCNA and elF4E, indicating the inhibitory effect of
matrine via the p53/p21/PCNA/elF4E signal transduction pathway

Diffuse large SU-DHL-16, Remarkably reduced the levels of p-c-Myc (Ser62) and p-CaMKlly, suppressed cell | [148]
B-cell lymphom OCI-LY3 growth of DLBCL by inhibiting CaMKIly/c-MyC/CDKG® signaling pathway
Neurobehavioral Acute burn Produced significant antianxiety and antidepressant effects through suppression of | [149]
disorders injury mice JNK-mediated apoptotic/inflammatory signaling, oxidative stress, and reversed

burn-induced downregulation of BDNF/VEGF in the hippocampus

antioxidant capacity of the body. TGF-f is an important factor driving fibrosis, and the dysregulation of the TGF-f/Smad
signaling pathway is the main pathogenesis of fibrosis in the liver, lung, kidney, and myocardium.®*** The anti-fibrotic
effect of matrine is mainly mediated through the inhibition of the TGF-B/Smad signaling pathway, promoting the activity
of cell growth factors, reducing apoptosis and collagen synthesis, and inhibiting fibrosis progression.®>*”~"! Additionally,
matrine can also exert anti-fibrotic effects by inhibiting the activation of p38 and the JAK-STAT signal transduction

pathway,121’135

providing a basis for the development of anti-fibrotic drugs. By blocking multiple signaling pathways
such as NF-kB, PI3K/AKT, and MAPK, matrine inhibited osteoclast formation and may therefore be a promising drug
for the treatment of osteoporosis and other related diseases.’®’ The antiviral effects of matrine are related to NF-kB and
other signaling pathways,*® but its clinical antiviral activity still requires further exploration. Some studies have proved
that matrine exerts antidepressant effects through different mechanisms,”"'*” further expanding our understanding of the
pharmacological actions of matrine.

Over the past few decades, matrine has attracted tremendous interest in the medical community due to its widespread
biological activity and therapeutic effects. However, matrine has only moderate bioactivity and certain toxic and side
effects, which limit its further application; but it is considered to be an ideal lead compound for further modification since
its good solubility, intriguing structure and favorable safety. Recently, in order to ameliorate the bioactivity and extend its
applicability, a series of matrine derivatives have been synthesized by focusing on the structural modifications such as the
lactam ring alteration, D-ring variation and structural simplification, leading to the less toxic effects, better drug activity,
and improved pharmacokinetic properties.'>® Literature analysis found that these novel derivatives performed more

significant effects in inhibiting tumor cell proliferation, invasion and metastasis,>>>*'%’

59,60

targeted killing tumor stem
cells,'®® treating osteoporosis, and anti-inflammatory,'** and the mechanisms may be related to the regulation of the

PI3K/AKT/mTOR, NF-xB, and Survivin/B-catenin signaling pathways. Overall, novel modificatory strategies of matrine
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should be developed to explore more potent bioactive derivatives and further reveal their molecular mechanisms of
action in the future.

Matrine interferes with multiple intracellular signaling pathways and regulates multiple target genes systematically,
thus achieving anti-tumor and other pharmacological effects. These effects fully embody the advantages of the systemic,
omnidirectional, multi-angle, and multi-target mechanisms of the treatment of diseases by traditional Chinese medicine
preparations. However, current studies on the pharmacological mechanisms of matrine tend to focus on linear and single
signaling pathways, and exploratory studies on the interaction network of different targets and signaling pathways remain
rare. With the in-depth development of network pharmacology and holistic pharmacology, and the active use of gene
chips and proteomics technology, the pharmacological mechanisms of matrine will be further clarified, and its signal
transduction regulatory networks and synergistic mechanisms will be revealed. This will provide more theoretical basis
for the design of effective drug targets at the molecular level, as well as theoretical support for the further expansion of
the clinical application of matrine.
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