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Abstract: Liver disease is a common chronic illness with increasing incidence and mortality. Exosomes are small membrane vesicles
(30-200 nm) containing complex RNAs and proteins that serve as mediators of intercellular communication. The role of exosomes in
liver disease is complex and sometimes contradictory. In certain situations, they may suppress liver disease, whereas in others, they
promote its progression. This duality raises important questions regarding the overall impact of these drugs on the treatment of liver
disease. The Transforming Growth Factor-betal (TGF-B1)/Smads signaling pathway plays a significant role in the occurrence and
development of liver diseases, and exosomes mediate liver disease by regulating the TGF-B1/Smads signaling pathway. Research has
shown that Traditional Chinese Medicine (TCM) can exert liver-protective effects by influencing exosomes to modulate the TGF-p1/
Smads signaling pathway. Using keywords such as “exosomes”, “TGF-B1/Smads signaling pathway”, “liver fibrosis”, “hepatocellular
carcinoma”, “liver diseases”, and “traditional Chinese medicine”, this article reviews the literature from databases, including CNKI,
PubMed, and SCOPUS. It summarizes how exosome-mediated regulation of the TGF-B1/Smads signaling pathway affects the
development of liver diseases and compiles relevant studies on the anti-liver disease effects of TCM through exosomal modulation
of this pathway.
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The liver, as a central organ in material metabolism and energy conversion, is essential for maintaining bodily home-
ostasis. The incursion of various factors can lead to liver damage. The inflammatory infiltration resulting from liver
damage induces alterations in liver cell structure and necrosis, which, in severe instances, may progress to hepatitis, liver
fibrosis, and even liver cancer.' It has been reported that chronic liver diseases account for 3.5% of the global mortality
rate. Clearly, liver diseases have emerged as a significant global health threat.® In light of this trend, the pursuit of a safe
and effective therapeutic approach has emerged as a paramount concern within the field of biomedicine. TCM offers
notable advantages in both the prevention and treatment of diseases, demonstrating significant therapeutic efficacy across
various conditions. Exosomes and their components are pivotal in the pathogenesis and progression of diseases, primarily
through the regulation of gene expression and cellular signal transduction. Current research indicates that the exosome-
mediated transfer of RNA, miRNAs, proteins, and lipids is intricately linked to the onset and progression of diverse liver
diseases.> The TGF-B1/Smads signaling pathway is recognized as a critical pathway in liver pathologies. Modulating the
release of exosomes via TCM and its active constituents may represent a novel therapeutic avenue for liver diseases, as
illustrated in Figure 1.
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Figure | Shows that traditional Chinese medicine inhibits the activation of the TGF-B1/Smads signaling pathway by suppressing exosomes, thereby intervening in liver diseases.

Exosomes
Exosomes are membrane-bound vesicles encapsulated within a phospholipid bilayer, with diameters ranging from 30 to
200 nm. They are secreted by nearly all cell types and are present in all biological fluids.* Exosome secretion occurs
under both physiological and pathological conditions, and their formation is intricately linked to the multivesicular
endosomal pathway. The biogenesis of exosomes involves two endocytic processes. Initially, the cell membrane
encapsulates surface proteins and soluble proteins from the extracellular environment, forming an early endosome.
Subsequently, the cell membrane selectively encapsulates intracellular molecules, undergoing another endocytic process
to form intracellular multivesicular bodies. These bodies may then fuse with lysosomes or the cell membrane, releasing
numerous small vesicles known as exosomes,’ as illustrated in Figure 2. Exosomes facilitate the transport of their
contents to the cytoplasm of target cells through three mechanisms: direct targeting of cell receptor signals, fusion with
the target cell’s cytoplasmic membrane, and internalization into the target cell, thereby enabling intercellular material
exchange.®” As mediators of intercellular communication, exosomes, when internalized by recipient cells, deliver
various bioactive substances, including DNA, mRNA, lipids, miRNAs, and functional proteins. These substances play
a crucial role in intercellular communication and can alter the phenotype of recipient cells through a paracrine mechan-
ism mediated by exosomes.®

Exosomes perform their physiological functions upon binding to target cells. Exosomes originating from various
cellular sources exhibit specificity in their interactions with target cells, thereby performing distinct physiological roles.
They can modulate a range of pathological and physiological processes, including immune responses, inflammatory
reactions and immune evasion mechanisms. The discovery of exosomes was first made by Pan and Johnstone in 1983
within the reticular cells of sheep.’ Initially, exosomes were perceived as cellular mechanisms for waste excretion.
However, Raposo et al highlighted their involvement in antigen presentation and adaptive immune responses,'® which
subsequently drew significant research attention to exosomes. Further investigations have demonstrated that exosomes
play a role in tumor immune evasion and chronic inflammatory responses.'' Additionally, exosomes harbor valuable

biomarkers that are of substantial significance in clinical disease treatment.
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Figure 2 The Formation Process of Exosomes.

TGF-B1/Smads Signaling Pathway
The TGF-B1/Smads signaling pathway is the mechanism through which TGF-B1 transmits signals via the Smad protein
family to exert its biological effects. This pathway comprises the TGF-B superfamily and Smad proteins. Intracellularly,
TGF-B1 exists in its inactive form. Upon binding to the type II receptor (TBRII) on the cell membrane, extracellular TGF-
B1 activates this receptor. The activated TPRII subsequently recruits the TBRI, forming a heterotrimer consisting of the
TPRII, ligand, and TPRI. Concurrently, the TPRII phosphorylates the kinase domain of the TBRI, which in turn
phosphorylates Smad2 and Smad3. Phosphorylated Smad2/Smad3 (p-Smad2/Smad3) complexes with Smad4 to form
a heterotrimer that translocates into the cell nucleus, thereby initiating transcription. Only p-Smad3 can transmit the
TGF-B1 stimulation signal from the cytoplasm to the nucleus, thereby exerting biological effects. Smad7 functions as an
inhibitory factor by counteracting the TGF-B1 signaling pathway and preventing the binding of Smad4 to Smad2/3. As an
inhibitor of TGF-B1 signal transduction, Smad7 can bind to TPRI, thereby obstructing the phosphorylation of Smad2/3.'
This is illustrated in Figure 3.

TGF-B is integral to maintaining the equilibrium of early embryonic development and adult physiological processes.
It is intricately associated with epithelial-mesenchymal transition (EMT), extracellular matrix (ECM) deposition, and the
formation of cancer-associated fibroblasts.'? The TGF-p signaling pathway is significantly implicated in the progression
of liver diseases, spanning from the initial inflammatory response due to chronic liver injury to the activation of hepatic
stellate cells (HSC) that secrete ECM, leading to liver fibrosis and eventually to the advanced stages of liver cirrhosis and
liver cancer.'® Given its role in HSC activation and ECM deposition, TGF-B is recognized as the primary pro-fibrotic
cytokine,'* with TGF-P1 being its predominant isoform. Smads, which serve as kinase substrates for TGF-p receptors,
are involved in intracellular TGF-P signal transduction and regulate the ECM through nuclear transcription.'> The TGF-
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Figure 3 Schematic diagram of the TGF-B1/Smads signaling pathway.

B1/Smads signaling pathway is pivotal in HSC activation and the progression of chronic liver diseases. Liver cells,
including parenchymal, Kupffer, and sinusoidal endothelial cells, produce TGF-f1 via paracrine or HSC autocrine
mechanisms, which in turn activates HSC, resulting in liver inflammation and damage. This process promotes ECM
production via the TGF-B1/Smads signaling pathway, thereby contributing to the development of chronic liver diseases.'®

Exosomes Mediating the TGF-1/Smads Signaling Pathway
Exosomes Mediating the TGF-f1/Smads Signaling Pathway and Liver Fibrosis

Liver fibrosis is a cyclical process characterized by continuous hepatic damage, resulting in hepatocyte injury, necrosis,
and alterations in the hepatic microenvironment. The underlying mechanisms are complex and multifaceted in nature.
Pro-inflammatory factors, apoptotic bodies of hepatocytes, growth factors mediated by endothelial cells, and reactive
oxygen species generated by damaged hepatocytes and macrophages can perpetually activate HSC, leading to excessive
ECM deposition and the development of liver fibrosis.'” Liu et al demonstrated that exosomes can modulate the TGF-B1/
Smads signaling pathway, thereby contributing to the pathogenesis of liver fibrosis.'"® TGF-B1 is a pivotal factor in
promoting HSC activation, and the TGF-B1/Smads signaling pathway is critical for ECM expression and production.
Exosomes not only facilitate HSC activation by acting as pro-fibrotic agents but also exert an anti-fibrotic effect by
targeting TGF-p rece.

Exosomes Mediate TGF-$1/Smads Signaling Pathway to Promote Liver Fibrosis

Exosomes from various sources have been shown to activate the TGF-B1/Smads signaling pathway, thereby activating
HSC and facilitating liver fibrosis. Specifically, exosomes derived from macrophages containing NEAT1 have been
observed to elevate the levels of TGF-B1 and phosphorylated Smad2/3 in LX-2 cells, leading to HSC activation. Further
investigations have revealed that NEAT1 contributes to HSC activation through the phagocytosis of miRNA-342, which
subsequently induces the downstream Spl/TGF-Bl1/Smad signaling pathway, thereby promoting liver fibrosis."
Additionally, research has identified that miRNA-33 from Schistosoma japonicum egg-derived exosomes enhances the
expression of a-SMA, COLI al, and COLIII al in LX-2 cells via the TGF-B1 pathway, thus advancing liver fibrosis
progression.”’ In HSC expressing activated TGF-p1, exosomal miRNA-497 was upregulated. Studies have demonstrated
that exosomal miRNA-497 targets Smad7, facilitating the transduction of the TGF-B1/Smad signaling pathway, which
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increases the level of phosphorylated Smad2/3, promotes HSC activation, and contributes to liver fibrosis.?' TBRIII
serves as a negative regulator of TGF-f signaling and is directly targeted by sja-miRNA-2162 in hematopoietic stem
cells. An increase in the secretion of sja-miRNA-2162 from parasites or plants acts on TBRIII to promote liver fibrosis.*>
Furthermore, miRNA-139-5p of the IncRNA NEAT1 sponge can inhibit the expression of B-catenin, which interacts with
SOX9 to promote the activation of hematopoietic stem cells. SOX9 can bind to the TGF-B1 promoter, thereby
accelerating the transcriptional activity of TGF-p1 and promoting liver fibrosis.**

Exosomes Mediate the TGF-f1/Smads Signaling Pathway for Anti-Liver Fibrosis

TGF-B1 is the primary factor responsible for ECM accumulation, and disruption of the signal transduction involving
TGF-B1 can effectively prevent tissue fibrosis.>* The TGF-p receptors, TBRI and TBRII, are the principal proteins that
mediate the transport of TGF-f1 from the extracellular environment into the cells. Exosomes can exert anti-liver fibrosis
effects by targeting TPRI/II. In TGF-Bl-activated LX-2 cells, exosomes derived from human embryonic stem cells
(HESC) carrying miRNA-6766-3p target TBRII and inhibit the TGF-B1/Smads pathway, thereby reducing COL I and a-
SMA expression, attenuating HSC activation, and inhibiting liver fibrosis.”> Exosomes derived from mesenchymal stem
cells (MSC) transport Let-7b to HSC, downregulating TPRI expression, inhibiting COL I synthesis, and alleviating liver
fibrosis.?® In a thioacetamide-induced liver cirrhosis rat model, exosomes derived from HESC increased the levels of
anti-inflammatory cytokines TGF-B1 and interleukin (IL)-10, while reducing the levels of tumor necrosis factor (TNF)-a
and IL-2, thereby inhibiting the inflammatory response and promoting liver recovery.”” Exosomes derived from MSC
inhibit the TGF-B1 signaling pathway, reduce p-Smad2, a-SMA, and COL I levels, inhibit HSC activation, and
consequently reduce ECM deposition and liver fibrosis.”*?° Li et al found that exosomes derived from human umbilical
cord MSC not only improved inflammation and collagen deposition in the liver induced by CCl, fibrosis but also
inhibited TGF-Bl-induced EMT in HL7702 cells. This mechanism involves the inhibition of the TGF-B1/Smad2
signaling pathway, reducing the levels of COL V/III and ECM markers, E/N-cadherin and vimentin-positive cells.*
TGF-B1 can induce mouse HSC activation, and exosomes derived from MSC miRNA-181-5p inhibit HSC activation,
reduce the production of pro-fibrotic proteins COL I and a-SMA, and thereby alleviate liver collagen deposition and
improve liver fibrosis.>' Exosomes derived from MSCs carrying miRNA-618 have an inhibitory effect on the liver
fibrosis model induced by TGF-Pl activation of LX-2 cells, reducing the activated phenotype of liver fibrosis.*
Exosomes released by natural killer cells can inhibit TGF-fB1-induced activation of HSC, reduce collagen deposition
and hepatocyte necrosis, and reverse liver fibrosis.>® Similarly, studies have shown that exosomes derived from natural
killer cell miRNA-223 inhibit TGF-B1-induced activation of HSC and prevent liver fibrosis.>* Wang et al demonstrated
that exosomes derived from Schistosoma japonicum eggs, Sja-miRNA-71a, can improve liver fibrosis. This mechanism
involves directly targeting the 4D signaling protein and inhibiting the TGF-B1/Smad/IL-13/signal transducer and
activator of transcription (STAT)-6 pathway, thereby reducing the release of a-SMA and COL I.** In summary, exosomes
from various sources primarily inhibit HSC activation by blocking the TGF-$1/Smad signaling pathway and reducing the
release of collagen and a-SMA, thereby exerting anti-liver fibrosis/chronic liver disease effects.

Exosomes Mediate TGF-B1/Smads Signaling Pathway and Liver Cancer

Liver cancer represents an advanced stage of chronic liver disease and ranks as the third most lethal cancer in clinical
practice. The global incidence of liver cancer is progressively increasing.’® Recent advancements in understanding the
regulatory mechanisms of cellular vesicle transport have highlighted the significance of exosomes in tumor invasion and
metastasis. Deng Jinghuan et al have confirmed that exosomes present in the serum of patients with metastatic liver
cancer significantly contribute to the epithelial-mesenchymal transition of cancer cells via the TGF-B1/Smad3 signaling
pathway.?” Similarly, Li Wenhua et al demonstrated that exosomes secreted by Huh7 liver cancer cells through autocrine
mechanisms upregulate the TGF-B1/Smads pathway, thereby influencing liver cancer metastasis. This elucidates the
developmental mechanisms of liver cancer and offers novel therapeutic approaches for hepatocellular carcinoma.*® Given
the pivotal role of tumor-derived exosomes in the migration and invasion of receptor cells, exosomes may emerge as

novel therapeutic and prognostic targets for patients with liver cancer.
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Exosomes Mediate TGF-B1/Smads Signaling Pathway to Promote Liver Cancer

Exosomes modulate the TGF-B1/Smads signaling pathway, facilitating the formation of cancer stem cells and EMT,
thereby promoting liver cancer progression. Research indicates that miRNA-126, originating from hepatoblastoma cells,
enhances the expression of TGF-f1 and IL-6 in bone marrow MSCs, significantly increasing the proportion of CD44+,
CD90+, and CD133+ cells, ultimately inducing the differentiation of bone marrow MSCs into cancer stem cells, thus
promoting liver cancer development.’® Exosomes related to endoplasmic reticulum stress, specifically HSP70 in liver
cancer cells, markedly upregulate TGF-B1 expression, stimulate the secretion of IL-6/10 by macrophages, and elevate
TLR4 expression in macrophages, thereby promoting M2 polarization of macrophages.*® SBF2-AS1, a long non-coding
RNA (IncRNA) with oncogenic properties, functions as a competitive endogenous RNA for miRNA-140-5p. TBRI has
been identified as a direct target of miRNA-140-5p, and the enforced expression of SBF2-AS1 augments TBRI
expression in liver cancer cells, thereby promoting liver cancer progression.*' Exosomes derived from various liver
cancer cell sources can activate the TGF-B1/Smad signaling pathway to induce EMT.*?

Exosomes Mediate TGF-B1/Smads Signaling Pathway to Inhibit Liver Cancer

Exosomes are instrumental in facilitating the TGF-B1/Smads signaling pathway, thereby exerting anti-hepatocarcinogenic
effects and enhancing drug sensitivity in hepatocellular carcinoma cells. Exosomes derived from camel colostrum have
been demonstrated to downregulate the expression of inflammation-related genes, such as TGF-B1, TNF-a, and NF-«xB,
as well as genes associated with angiogenesis in HepaRG liver cancer cells, thus exhibiting both anti-cancer and anti-
angiogenic properties.”” In the context of TGF-Bl-induced EMT in Hep3B cells, exosomes enriched with hsa-miRNA
-374a-5p have been observed to inhibit the proliferation, migration, and invasion of liver cancer cells.** Additionally, it
has been reported that long non-coding RNA can inhibit the TGF-B1 signaling pathway in liver cancer cells, thereby
enhancing their sensitivity to therapeutic agents.*> Zhang et al identified that exosomal miRNA-663a functions as
a tumor suppressor, playing a crucial role in inhibiting the proliferation, invasion, and tumorigenesis of liver cancer
by modulating TGF-B1, both in vitro and in vivo.*® Furthermore, IncRNA SBF2-AS1 was markedly upregulated in liver
cancer, whereas miRNA-361-5p was significantly downregulated. miRNA-361-5p acts as a negative regulator of TGF-f1
in liver cancer, and the downregulation of IncRNA SBF2-AS1 modulates miRNA-361-5p to intervene in the TGF-B1
signaling pathway, thereby inhibiting the proliferation and migration of liver cancer cells.*’

Exosomal TGF-B1/Smads Signaling Pathway and Related Chronic Liver Diseases

Liver diseases can be broadly divided into two main categories: infectious and noninfectious. Non-infectious liver diseases
include metabolic, autoimmune, drug-induced, alcoholic, genetic, and oncological conditions. As the largest metabolic
organ in the body, the liver is vulnerable to oxidative stress, damage, and inflammatory reactions due to the accumulation of
metabolites or the invasion of toxic substances during metabolic processes. Excessive inflammatory infiltration may lead to
hepatitis, which can progressively advance to fibrosis/cirrhosis and potentially liver cancer.*® Therefore, inhibiting
oxidative stress and inflammatory responses is a crucial strategy for preventing and treating chronic liver diseases.
Research indicates that the overexpression of miRNA-374a significantly reduces TGF-B1 levels, decreases a-SMA and
COLI levels, inhibits the activation of HSC, and prevents the onset of related liver diseases.*” Ma et al discovered that
hepatocyte exosomes stimulated by thyroid-stimulating hormone modulate hepatic triglyceride accumulation in mice via

the TGF-B1/fatty acid triglyceride lipase axis, thereby reducing the likelihood of metabolic liver diseases.”®

Exosomes Mediate TGF-B1/Smads Signaling Pathway to Promote Liver Injury

Exosomes have been recognized for their role in regulating protein factor expression by activating the TGF-f1/Smads
signaling pathway, which in turn leads to HSC activation and worsens liver injury. In the context of Hepatitis C Virus
(HCV) infection, liver cells release exosomes enriched with miRNA-19a, which targets the suppressor of cytokine
signaling 3 (SOCS3) in HSC. This action activates the STAT3-mediated TGF-B1 signaling pathway, thereby facilitating
HCV progression.”’ Kim et al demonstrated that during HCV replication, there is an increased release of exosomes
containing miRNA-192, which boosts the expression of TGF-f1, COL I al, and a-SMA in HSC, thus activating the
TGF-B1 signaling pathway and promoting HSC activation.’® Furthermore, hepatocytes that secrete exosomes with TGF-
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B1 contribute to the expansion of regulatory T cells within the follicle during HCV infection, thereby impairing the
antiviral immune response and exacerbating HCV infection.”® Additionally, exosomes derived from adipocytes have been
shown to disrupt the TGF-B1 signaling pathway, leading to an imbalance in collagen and ECM deposition, which
promotes the progression of non-alcoholic liver disease.”® Collectively, these studies highlight the significant role of
exosomes in the pathogenesis of chronic liver diseases via the TGF-B1 pathway, suggesting a promising avenue for future
research on liver disease development and treatment.

Exosomes Mediate TGF-1/Smads to Improve Liver Injury

In a model of liver injury induced by schistosomiasis, exosomes derived from MSC significantly reduced liver granuloma
formation and decreased the expression of Smadl1/3 and proline, thereby offering a protective effect on the liver. In vitro
studies have demonstrated that MSC-derived extracellular vesicles (MSC-EVs) inhibit the activation of HSC triggered by
TGF-B1, lower the levels of a-SMA and Smad1/3, and consequently alleviate liver injury.”> In mouse models of liver
injury and liver tumors induced by CCly, exosomes from human umbilical cord mesenchymal stem cells reduced TGF-B1
levels in liver cells, improved liver injury, and inhibited tumor development.”® Zheng et al showed that exosomes derived
from dendritic cells enhanced the expression of anti-inflammatory cytokines TGF-f1 and IL-10 by modulating the
balance between regulatory T cells (Tregs) and Thl17 cells and downregulating IL-17, thereby ameliorating liver
ischemia-reperfusion injury.”” In a non-alcoholic steatohepatitis (NASH) rat model, MSC-derived exosomes significantly
decreased TGF-B1 levels, reduced the release of inflammatory cytokines TNF-a, IL-1B, and IL-6, diminished liver
inflammation, and improved NASH.®

Mediated Regulation of TGF-f1/Smads Signaling Pathway by Exosomes by
Traditional Chinese Medicine

Traditional Chinese Medicine Formula

Jianpi Huayu Decoction, a traditional Chinese medicinal formulation, is employed in the treatment of various malignant
tumors, including liver cancer. Both in vivo and in vitro studies have demonstrated that Jianpi Huayu Decoction
downregulates the expression of miRNA-23a-3p in exosomes, thereby inhibiting the TGF-f1/Smads signaling pathway
and obstructing the proliferation, migration, invasion, and EMT of liver cancer.”® Feng Kunliang et al utilized TGF-1 to
stimulate MHCC97H cells, inducing an EMT model of liver cancer cells, and discovered that Jianpi Huayu Formula
intervened in the migration, invasion, and EMT of MHCC97H cells via exosomes.®® Jianpi Xiaoai Formula is known for
its detoxification properties, ability to dispel wind and dampness, and promotion of diuresis and swelling reduction, and
is extensively used in the clinical treatment of advanced cancers. Yang Xiao et al identified that exosomes derived from
colon cancer cells could up-regulate the expression of TGF-B1 in hepatic Kupffer cells through macrophage migration
inhibitory factor (MIF), while Jianpi Xiaoai Formula containing drug serum could inhibit MIF expression and reduce
TGF-B1 expression in hepatic Kupffer cells, thereby preventing liver metastasis of cancer cells.®! Astragalus Decoction,
a classic Chinese medicinal formula, has been shown to significantly reduce liver fibrosis. Research indicates that Lnc-
C180rf26-1 is upregulated in TGF-B1-activated HSC and competitively binds to miRNA-663a. Astragalus Decoction
increases miRNA-663a expression in HSC and reduces Inc-C18orf26-1 expression. Recent studies have shown that
Astragalus Decoction suppresses COLIo2, a-SMA, TGF-1, TBRI, and p-Smad2 expression in HSC. The reversal of
these effects by miRNA-663a inhibitors implies that Astragalus Decoction may partially inhibit HSC proliferation and
activation by modulating the Inc-c180rf26-1/miRNA-663a/TGF-p1/TPRI/p-Smad2 axis.®* Xue Sanjiashan is acknowl-
edged for its capacity to enhance circulation, eliminate stasis, and clear heat while nourishing the blood. Zhang et al
demonstrated that Xue Sanjiashan upregulates miRNA-29b-3p expression and inhibits the expression of VEGFA, PDGA,
and TGF-B1, which is advantageous for mitigating pathological angiogenesis in liver tissue.®> Zhan Jie et al identified
that Danshao Huaxian Capsule upregulates miRNA-21 and downregulates Smad7 expression, suggesting potential
preventive effects on liver fibrosis induced by arsenic exposure in rats.** The anti-liver-disease effects of traditional
Chinese medicine compounds through exosome-mediated modulation of the TGF-B1/Smad signaling pathway are
summarized in Table 1.
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Table | The Mechanism by Which Traditional Chinese Medicine Compound Formulas and Single Chinese Herbs Exert Anti-Liver
Disease Effects Through Exosomes by Inhibiting the TGF-B1/Smads Signaling Pathway

Traditional Chinese Mechanism of Action Effective Constituent Related | References
Medicine Compound Liver
Prescriptions and Diseases

Single Herbs

Jianpihuayu decoction Reduce the expression of mMiRNA-23a-3p in | Ginseng, Atractylodes, Poria, Yam, Salvia Liver [59,60]
exosomes, inhibit the TGF-f1/Smads miltiorrhiza, Peony bark, Curcuma Cancer

signaling pathway, and impede the zedoaria, Ligusticum chuanxiong,
proliferation, migration, invasion and EMT of Paeonol, Chaihu, Licorice
liver cancer.

Jianpixiaoai decoction Inhibiting the expression of MIF (exosomes | Ginseng, Atractylodes, Poria, Coix Seed, Liver [61]
can upregulate TGF-$1 expression in Curcuma, Curcuma zedoaria, Radix Cancer
hepatocytes through MIF) reduces the Ophiopogon, Nicotiana tabacum, Licorice

expression of TGF-B1 in hepatocytes and
prevents liver metastasis of cancer cells.

Huangqi decoction Increase the expression of miRNA-663a in Astragalus, dried tangerine peel, white Liver [62]
HSCs, reduce the expression of Inc- honey, hemp seeds Fibrosis

C18orf26-1, and inhibit the expression of

TGF-B1, TBRI and p-Smad2 in HSCs.
Xueshisanjia powder Increase the expression of miRNA-29b-3p, Turtle shell, pangolin, batryticated Liver [63]
and inhibit the expressions of VEGFA, PDGA | silkworm, ground beetle, peach kernel, Injury
and TGFf bupleurum

Danshao huaxian Upregulate the expression of miRNA-21 and | Acanthopanax senticosus methyl ether, Liver [64]
Capsules downregulate the expression of Smad7, and Salvia miltiorrhiza, Red Peony Root, Fibrosis

inhibit the TGF-B/Smads signaling pathway Astragalus membranaceus, Ginkgo biloba

leaves

Ligustrazine Increase the expression of exosomal Ligustilide Liver [65]

miRNA-145 and inhibit the TGF-f1/Smads Fibrosis

signaling pathway, reducing the levels of o-

SMA, COL | and p-Smad2/3

Effective Components of Traditional Chinese Medicine

Emodin, an anthraquinone derivative, exhibits significant anticancer properties in various cancer types. In co-culture
experiments involving M2 macrophages and liver cancer cell lines (HepG2 and Huh7), M2 macrophages facilitated the
proliferation and migration of these cells. However, emodin counteracted this effect by downregulating exosomal
miRNA-26a, thereby inhibiting the expression of TGF-p1 and reversing these outcomes.®® Rhodiola rosea is character-
ized by its ability to promote blood circulation, arrest bleeding, clear heat, eliminate dampness, detoxify, and reduce
swelling, making it a common therapeutic agent in the clinical management of liver diseases. Exosomes loaded with
rhodiola acid were found to decrease the mRNA levels of TGF-1 and Smad4, while upregulating the epithelial marker
E-cadherin and downregulating the mesenchymal marker vimentin, thereby inhibiting the EMT in liver cancer.®’
Curcumin, a yellow pigment derived from turmeric rhizomes, is known for its lipid-lowering and antitumor effects. It
modulates the miRNA-21/TIMP3 signaling pathway to deactivate the TGF-Bl/smad3 signaling pathway, thereby
inhibiting the proliferation and apoptosis of HepG2 and HCCLM3 cells and exerting anti-liver cancer effects.®®
Chlorogenic acid, also known as coffee tannic acid, possesses antioxidant, tumor-preventive, antibacterial, and antiviral
properties. Wang et al reported that chlorogenic acid reduces protein levels of connective tissue growth factor, p-Smad1/
2/3, TBRI, and a-SMA through the interaction of exosomal miRNA-21/IL-13/Smad7 signaling, while increasing Smad7
levels, thus inhibiting liver fibrosis induced by LX-2 cells and schistosomiasis-infected mice.®* Similarly, studies have
demonstrated that chlorogenic acid, by blocking the regulation of the TGF-B1/Smad7 signaling pathway by exosomal
miRNA-21, reduces serum levels of a-SMA, COL I, and TGF-B1, thereby ameliorating liver fibrosis.”” Methyl salicic
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acid, an active component of Salix alba, exhibits protective effects against liver injury in mice. In vitro experiments
revealed that methyl salicic acid inhibits HSC activation and reduces collagen accumulation. Further in vivo studies
confirmed that methyl salicylate modulates the ERK and TGF-B1/Smads signaling pathways mediated by exosomal
miRNA-21, thereby reducing collagen production and inflammatory factor release and inhibiting the progression of liver
fibrosis.”' Tannic acacia extract has been shown to inhibit the TGF-B1/Smads signaling pathway regulated by exosomal
miRNA-21, reducing the levels of a-SMA, COL I, and p-Smad2/3, and exerting hepatoprotective effects.”> Oxymatrine
is frequently used in the clinical treatment of chronic liver diseases. It reduces the expression of exosomal miRNA-195
and 0-SMA induced by TGF-B1 in HSCs, upregulates Smad7 expression, and prevents liver fibrosis.”> Dalbergine, an
active component found in plants such as sandalwood, blueberry, grape, and guava palm, possesses anticancer, anti-
inflammatory, and antioxidant properties. In vitro experiments demonstrated that dalbergine reduced the expression of
fibroblast-specific protein 1 and vimentin during EMT while increasing E-cadherin levels. In vivo studies have indicated
that dalbergine downregulates liver extracellular exosomal miRNA-34a, inhibits TGF-B1/Smad signaling, and prevents
EMT in liver cells during liver fibrosis.”* Cinnamaldehyde, a compound derived from cinnamon, exhibits extensive
pharmacological activity. It targets the downregulation of its expression by exosomal miRNA-17-5p, upregulates Smad7
expression, thereby interfering with the TGF-B1/Smads pathway, inhibiting ECM deposition, and protecting against
thioacetamide-induced liver fibrosis in mice.”> Schisandrin B exhibits various biological activities, including hepatopro-
tective, anti-inflammatory, and anticancer effects. It upregulates the expression of exosomal miRNA-101-5p, thereby
obstructing the TGF-B1 signaling pathway and inhibiting liver fibrosis in rats.”® Polygonum cuspidatum saponin, an
active component of Polygonum cuspidatum rhizomes, exerts protective effects in patients with liver fibrosis and in
experimental animal models. It promotes the expression of exosomal miR-203 by inhibiting the nuclear translocation of
zinc finger E-box binding homeobox 1 (ZEB1) and intervenes in the TGF-B1/Smads pathway of survivin protein
activation, thereby ameliorating fructose-induced liver fibrosis in rats.”” Glycyrrhetinic acid modulates the miRNA-
663a/TGF-B1/Smads signaling pathway, downregulates the expressions of TGF-B1, TBRI, a-SMA, Smad4, and p-Smad2/
3 in HSC, and prevents HSC activation.”® The anti-liver-disease effects of the active ingredients of traditional Chinese

medicine are mediated by exosomes through the TGF-B1/Smads signaling pathway, as illustrated in Table 2.

Table 2 The Mechanism by Which the Active Components of Traditional Chinese Medicine Exert Anti-Liver Disease Effects Through
Inhibiting the TGF-B1/Smads Signaling Pathway via Exosomes

Chinese Medicine Mechanism of Action Related Liver | References
Effective Constituents Diseases
Rheum emodin Down-regulate exosomal miRNA-26a to inhibit the expression of TGF-f1, and Liver Cancer [66]

inhibit the proliferation and migration of HepG2 cells and Huh7 cells
Asiatic acid The exosomes loaded with snowdrop oxalic acid down-regulate TGF-B1 and Liver Cancer [67]
Smad4, up-regulate the epithelial marker E-cadherin and down-regulate the
mesenchymal marker vimentin.
Curcumin Regulating exosomal miRNA-21/TIMP3 inactivates the TGF-$1/smad3 pathway, Liver Cancer [68]
inhibiting the proliferation and apoptosis of HepG2 cells and HCCLM3 cells.
Chlorogenic acid By interacting through exosomal miRNA-21/IL-13/Smad7 signaling, the protein Liver Fibrosis [69,70]
levels of connective tissue growth factor, p-Smad|1/2/3, TBRI and a-SMA are
reduced, while the level of Snad7 is increased, and the release of a-SMA, COL | and
TGF-BI is decreased.

Methyl helicterte Regulate the miRNA-21 in exosomes to mediate the ERK and TGF-$1/Smads Liver Injury, [71]
pathways, and reduce collagen production and the release of inflammatory factors Liver Fibrosis
Corilagin Inhibit the miRNA-21-regulated TGF-1/Smads signaling pathway, and reduce the Liver Injury [72]

levels of 0-SMA, COL |, and p-Smad2/3

(Continued)
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Table 2 (Continued).

Chinese Medicine Mechanism of Action Related Liver | References
Effective Constituents Diseases
Oxymatrine Reduce the expression of miRNA-195 and a-SMA in HSCs induced by TGF-B1, and Liver Fibrosis [73]

upregulate Smad7
Pterostilbene Down-regulate miRNA-34a in hepatocyte exosomes, inhibit the TGF-f1/Smads Liver Fibrosis [74]
signaling, reduce the expression of fibroblast-specific protein | and vimentin in
EMT, and increase the content of E-cadherin
Piperine The extracellular vesicles from the target downregulate miRNA-17-5p, increase Liver Fibrosis [75]
the expression of Smad7, inhibit the TGF-B1/Smads signaling pathway, and reduce
ECM deposition.
Schisandrin B Increase the expression of exosomal miRNA-101-5p, thereby blocking the TGF-B | Liver Fibrosis [76]
signaling pathway
Polydatin Inhibition of zinc finger E-box binding homology | nuclear translocation Liver Fibrosis [77]
upregulates the expression of exosomal miRNA-203, and inhibits the activation of
the TGF-B1/Smads signaling pathway by Survivin protein.
Glycyrrhetinic acid Regulate the miRNA-663a/TGF-$1/Smads signaling pathway, and reduce the Liver Injury [78]
expressions of a-SMA, TGF-B1, TBRI, Smad4, and p-Smad2/3 in HSCs.

Single Chinese Herb

Ligustrazine, a compound extracted from the rhizome of Ligusticum chuanxiong, is primarily used to treat ischemic diseases.
In a study conducted by Qiu et al, ligustrazine was administered to a rat model of liver fibrosis induced by ethanol-induced
biliary atresia and to an HSC model activated by TGF-B1. The findings indicated that ligustrazine enhances the expression of
exosomal miRNA-145 and inhibits the TGF-B1/Smad signaling pathway. This results in a reduction in a-SMA, COL I, and
p-Smad2/3 protein levels, thereby reversing liver fibrosis.®> The effects of individual Chinese herbs on liver disease, mediated
through exosomes via the TGF-1/Smad signaling pathway, are summarized in Table 1.

Summary and Outlook

Liver diseases continue to pose a significant threat to human health owing to their complex and diverse pathogenesis,
presenting a formidable challenge to the medical community. Among these, the TGF-f1/Smad signaling pathway is
intricately linked to the activation of HSC and liver diseases, making it a potential target for therapeutic intervention.
Exosomes from various sources contribute to the onset and progression of liver diseases by modulating the TGF-B1/
Smad signaling pathway. These exosomes can target and regulate the antagonist Smad7 protein, thereby influencing the
TGF-B1/Smads signaling pathway, or they can target and bind to the upstream receptors TBRI/II to mediate this pathway.
Additionally, exosomes can modulate the expression of downstream Smad2/3/4 proteins to disrupt TGF-B1 signal
transduction or interfere with the TGF-B1/Smad signaling pathway through other regulatory factors. The pathogenesis
of liver diseases involves multiple molecules and signaling pathways, with the TGF-B1/Smads signaling pathway being
a crucial pro-fibrotic pathway regulated by one or more exosomes. Notably, most exosomes play a dual role in either
promoting or inhibiting liver diseases. This review aims to synthesize the existing evidence to elucidate the regulatory
mechanisms of exosome-mediated TGF-B1/Smad signaling pathways in liver diseases. In the contexts of liver fibrosis,
hepatocellular carcinoma, and liver injury, exosomes mediate the TGF-f1/Smads pathway by regulating the expression of
related factors such as Smad2/3/4 and TPRI/II, thereby inhibiting the release of a-SMA and COL I/III and mitigating
inflammatory responses.

Current investigations into the role of exosomes in liver cancer, particularly in the context of the TGF-B1/Smads
signaling pathway, are limited to a few studies. Exosomes are intricately associated with liver cancer progression. On the
one hand, although exosomes do not directly regulate liver cancer promotion via the TGF-B1/Smads signaling pathway,
they can induce modifications in cancer-related factors by modulating this pathway, thereby facilitating the development
of liver cancer. On the other hand, Exosomes inhibit liver cancer progression by directly suppressing the expression of
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liver cancer-associated factors or enhancing drug sensitivity. Furthermore, in the context of liver injury, exosomes
derived from damaged liver cells are known to alter factors associated with the TGF-B1/Smad signaling pathway,
potentially stimulating HSC activation or exacerbating existing liver conditions. Conversely, exosomes derived from
MSCs have been shown to ameliorate liver injury by inhibiting the expression of inflammatory cells and factors.

Investigating the specific mechanisms of exosomes within the TGF-B1/Smads signaling pathway presents significant
challenges due to their dual nature. Exosomes derived from the same cell type can have opposing effects. For example,
NEAT1 exosomes from macrophages activate HSC by elevating TGF-B1 and p-Smad2/3 levels, thereby promoting liver
fibrosis.'” Conversely, exosomes from macrophages secrete anti-inflammatory factors IL-10 and TGF-B, which inhibit
liver injury.” Similarly, miRNA-142 and miRNA-223 exosomes from macrophages inhibit the proliferation of hepato-
cellular carcinoma when transferred to hepatoma cells.®® Furthermore, the same exosomes can exhibit contrasting effects
when derived from different sources. In NAFLD mice, miRNA-21 expression is reduced, and following miRNA-21
knockout, there is an increase in lipid levels, fibrosis, and TGF-B1 levels.*' In TGF-B1-induced HSC, miRNA-21-5p
expression is upregulated, enhancing the expression of the pro-fibrotic genes a-SMA and COLIal by inhibiting Smad7
expression.®? Additionally, variations in exosome isolation methods and purity are also evident. Exosomes derived
in vivo and those prepared in vitro differ fundamentally in their origin, composition, function, and application, leading to
variations in the results. In vivo, it is challenging to ascertain whether a single exosome acts independently or interacts
with multiple exosomes. Consequently, comprehensive research on the molecular mechanisms of exosomes, purification
methods, and in vivo effects is urgently needed.

TCM offers notable advantages in the treatment of chronic liver diseases, primarily because of its active ingredients,
which often exhibit hepatoprotective and hepatolytic properties. TCM emphasizes a holistic approach and syndrome
differentiation in disease treatment, exerting therapeutic effects across multiple levels and targets. This comprehensive
perspective helps overcome the limitations of single-efficacy treatments. Currently, scholarly attention is increasingly
focused on the impact of TCM on exosomes and their regulation of the TGF-B1/Smad signaling pathway in ameliorating
liver diseases. Although research on the regulation of the TGF-B1/Smad signaling pathway by TCM through exosomes
remains limited, it presents a promising avenue for further investigation, potentially offering novel insights into the
treatment of liver disease with TCM. Future advancements in bioinformatics, high-throughput sequencing, and metabo-
lomics are expected to facilitate the screening and prediction of disease-drug-target associations related to exosomes. This
will enhance our understanding of the molecular mechanisms underlying the effects of exosomes, TCM active ingredients,
and their anti-liver disease properties. By drawing on network pharmacology methodologies, a comprehensive and
systematic exosome/TGF-1/Smads signaling pathway molecular network can be established. This will enable the effective
application of research findings and the exploration of new research questions, thereby broadening research perspectives
and contributing significantly to the treatment and study of liver disease. In conclusion, strengthening research on the
mechanisms by which TCM regulates the TGF-B1/Smad signaling pathway through exosomes provides a foundation for the

clinical application of TCM in the treatment of liver disease.
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